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Abstract 

Microelectrode arrays designed to map and modulate neuronal circuitry have enabled greater 

understanding and treatment of neurological injury and disease. Reliable detection of neuronal activity 

over time is critical for the successful application of chronic recording devices. Here, we assess device-

related plasticity by exploring local changes in ion channel expression and their relationship to device 

performance over time. We investigated four voltage-gated ion channels (Kv1.1, Kv4.3, Kv7.2, and Nav1.6) 

based on their roles in regulating action potential generation, firing patterns, and synaptic efficacy. We 

found that a progressive increase in potassium channel expression and reduction in sodium channel 

expression accompanies signal loss over 6 weeks (both LFP amplitude and number of units). This 

motivated further investigation into a mechanistic role of ion channel expression in recorded signal 

instability. We employed siRNA in neuronal culture to find that Kv7.2 knockdown (as a model for the 

transient downregulation observed at 1 day in vivo) mimics excitatory synaptic remodeling around 
devices. This work provides new insight into the mechanisms underlying signal loss over time. 
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Introduction 

Charge movement across the cell membrane through ion channels enables the conduction and propagation 

of electrical signals that underlie neuronal communication and function1. The remarkable diversity of ion 

channels in the mammalian brain (comprising more than 90 voltage-gated potassium channels alone) 

facilitates the rich repertoire of excitable properties that shape neuronal signaling  to encode information 

along neuronal networks1,2. The effective use of microelectrode arrays implanted in the brain relies on the 

ability to record electrical signals from single neurons and their populations over time3–6. Neuronal loss 

and glial encapsulation are well-known consequences of implanting commonly used electrode designs7–9, 

but impacts on the residual function of remaining neurons are unknown. Ion channel expression and 

function is highly dynamic and modulated by many factors1, including changes to the surrounding 

environment caused by injury10–13 and inflammation14–16. Channel modulation can impact not only the 

signal generation capabilities of single neurons, but also their frequencies, patterns, and waveform 

characteristics that underlie information encoding1,2. Channel modulation can also contribute to neuronal 

network dysfunction (e.g., transcriptional and post-translational channel effects of cytokine exposure can 

result in cortical circuit hyperexcitability and epileptogenesis17). Therefore, injury caused by device 

insertion could influence the signal detection of microelectrodes by modifying the firing properties and 

coordinated function of surrounding neurons over time. 

Several lines of evidence support the notion that injury and inflammation associated with device 

insertion could result in changes to the structure and function of nearby neurons. Cytokines and 

gliotransmitters released by reactive astrocytes have been shown to impact neuronal health 

(neurotoxic/protective effects18–21) and function (ion channel/synaptic remodeling17,22–24) to modify the 

composition, connectivity and excitability of local neuronal networks17,18,23,24. Inflammatory cytokines 

possess neuromodulatory properties that alter ion channel expression and function in neuronal circuits 

that develops over acute and chronic periods of time16,17. Although results vary25, general observations 

follow a trend from acute hyperexcitability to chronic hypoexcitability within affected neuronal 

networks17. Similar trends have frequently been observed following traumatic brain and axonal injury 

models, where shifts in excitation/inhibition likewise occur26–28. Interestingly, axonal damage produces 

transient changes in electrophysiological properties of both axotomized and surrounding intact neurons 

in the injured cortex29, where transient increases in membrane potentials (~10mV) occurred within initial 

days that are of sufficient magnitude to impact the signal detection capabilities of implanted electrode 

arrays30 (where a ~10mV intracellular amplitude difference can equate to ~70uV extracellular amplitude 

difference30). The authors attributed these effects to changes in ion channel expression and function in 

axonal compartments (specifically, sodium channel and A-type potassium channel expression29). 

In this work, we have developed a platform for assessing local changes in ion channel expression 

surrounding implanted functional electrode arrays over time. While recognizing that neurons express a 

diverse repertoire of ion channels, we have chosen to initially explore four voltage-gated ion channels 

(Kv1.1, Kv4.3, Kv7.2, and Nav1.6) based on their roles in regulating action potential generation31, firing 

patterns32–34, and synaptic efficacy33 (Table 1). Nav1.6 has been implicated in electrophysiological 

abnormalities following axonal injury29, where induced channel alterations have been demonstrated 

following axonal trauma35, traumatic brain injury10, and exposure to inflammatory cytokines36 that can 

evolve over time17,37,38.  Likewise, A-type potassium channels (e.g., Kv4.3/Kv4.2) have been proposed to 

contribute to the loss of intrinsic bursting activity surrounding axotomized neurons29, where expression is 

transiently downregulated following traumatic brain injury12. Upregulated Kv1.1 expression at 6-8 weeks 

following CNS injury39 has been shown to be a mechanism for axonal dysfunction in surviving axons, where 

increased K+ conductance was proposed to act as a shunt for blocking axonal conduction39,40. Finally, Kv7.2 
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regulates vesicular glutamate transporter 1 (VGLUT1) expression and acts as a brake for repetitive firing33, 

where our group observed changes in VGLUT1 expression surrounding implanted microelectrodes over 

time that motivated further investigation into a mechanistic role of this channel41. Here, we report a 

progressive elevation in potassium channel expression coupled with a loss of sodium channel expression 

surrounding devices. These changes accompany a loss of signal over 6 weeks. Further, we provide insights 

into a mechanistic role of these ion channels in signal loss using siRNA in culture.  Our study shows novel 

mechanisms of plasticity surrounding implanted devices that may affect their signal instability and long-

term performance. 

 

Ion Channel Channel Type Functional Role Motivator 

Nav1.6 Most abundant Na+ 

channel / clustered at 

axon hillock 

Initiating action potentials 

(depolarization) 

Down-regulation 

shown to induce 

hypoexcitability42 

Kv1.1 Delayed rectifier Setting action potential 

threshold / for AP down-

stroke 

Blocking/KO shown 

to induce 

hyperexcitability32 

Kv4.3 A-type / inactivating Setting inter-spike 

interval/firing rate 

Blocking/KO shown 

to induce 

hyperexcitability43 

Kv7.2 M-type Regulating synaptic 

transmission / acts as a 

brake for repetitive firing 

↓Im(M-current) 

↑excitatory synaptic 

density33 

Table 1 | Motivation for ion channel selection. 

 

 

Results 

Ion channel expression evolves over time 

Based on motivations described in Table 1, we chose to explore whether shifts in the expression of selected 

ion channels occurs at the interface of implanted single-shank microelectrode arrays over 6 weeks using 

quantitative immunohistochemistry (with time points at 1 day, 1 week and 6 weeks). Images obtained 

using confocal laser scanning microscopy (Fig. 1) were analyzed using a custom-modified MATLAB script 

as previously reported41. Briefly, ion channel expression intensity was analyzed as a function of distance 

from the insertion site, where fluorescence intensity was calculated within 10um bins that were generated 

to extend radially from the user-defined insertion site (a total of 27 bins spanning a 270um radius). The 

same secondary antibody was used for all ion channels and distinct spatiotemporal patterns of expression 

were observed for each channel, mitigating the likelihood that non-specific background labeling 
contributed to our results. 
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Figure 1 | Confocal laser scanning microscopy of ion channel expression surrounding the insertion site. 

Example images of ion channel expression surrounding the device tract. Immunohistochemistry reveals 

fluorescently stained ion channels on horizontal tissue sections taken from layer V of the primary motor cortex using 

the same secondary antibody.  Electrodes illustrated for reference with dimensions to scale (100um x 15um). 

 

Spatial differences in expression: To assess spatial differences between stains at each time point, we 

normalized intensity bins for each stain to their respective final bins as previously reported41 and began 

with comparing the first 40um to the last 40um for statistical significance using a linear mixed effects 

model (Fig. 2A). At 1 day, we observed a significant reduction in both Kv7.2 (*) and Kv4.3 (***), followed 

by significant elevations in Kv7.2, Kv4.3, and Nav1.6 (***) at 1 week, and finally significant elevations in 

Kv7.2, Kv4.3, and Kv1.1 (***) at 6 weeks. Early local reductions in potassium channel expression at 1 day 

are followed by robust elevations at 1 and 6 weeks, and an elevation in Nav1.6 expression at 1 week is 

subsequently reduced by 6 weeks. The results reveal a progressive increase in potassium channel 

expression coupled with a reduction in sodium channel expression surrounding devices over 6 weeks.  

Next, we compared the first 40ums between channels at each time point for statistical significance, 

as depicted in Fig. 2B. Although represented with bar graphs for visual ease, these results still incorporated 

distance-related effects using the same mixed model in Fig. 2A (each bar represents the averaged value for 

the first 40um of the given stain). At 1 day, both Nav1.6 and Kv1.1 were statistically different from Kv7.2 

(*) and Kv4.3 (***), followed by significant differences between all ion channels at 1 week (***).  At 6 weeks, 

Nav1.6 was significantly different from all other ion channels (***) and Kv1.1 was significantly different 

from both Kv7.2 and Kv4.3 (***) (Fig. 2B). The results support a shift toward a decrease in sodium channel 
expression and an increase in potassium channel expression over the chronic 6-week time course. 
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Figure 2 | Spatial differences in expression at each time point: Progressive increase in potassium channel 

expression is coupled with a reduction in sodium channel expression over 6 weeks. A) Averaged intensity 

from ion channel expression (normalized to final bin) revealed an increase in potassium channel expression and a 

loss of sodium channel expression over 6 weeks (p-values comparing 0-40um and 230-270um depicted). B) 

Significance compared between 0-40um of each ion channel. Significance depicted as *p<0.05 and ***p<0.001. “NS” 

denotes non-significance. Standard error bars depicted in both panels. For each ion channel, there was an average 

of 7 devices and 21 tissue sections analyzed per time point. 
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Temporal differences in expression: To investigate temporal differences in expression levels, we 

normalized 1 and 6 week expression values to 1 day expression values (bin-for-bin) and displayed the 

results as a relative percentage change (Fig. 3). To quantify temporal shifts, we calculated the area under 

the curve to assess the relative percentage change for the total area for each ion channel (Fig. 3B).  At 1 

week, the total integrated area revealed a relative decrease in Nav1.6 (-12%), and a relative increase in 

Kv1.1, Kv4.3 and Kv7.2 (94%, 175%, and 255%, respectively). At 6 weeks, the total area showed a greater 

relative decrease in Nav1.6 (-154%), and a sustained relative increase in Kv1.1, Kv4.3 and Kv7.2 channels 

(98%, 97% and 180%, respectively). 

Since these total values did not appear to represent the interfacial differences observed (Fig. 3A), 

we further segmented the surveyed distance into two distinct regions to assess temporal shifts in 

expression levels within the estimated radius generating detectable single unit (0-130um)30 or LFP-only 

(140-270) activity (Fig. 3A). These distances were chosen based on the seminal work by Henze et. al, which 

determined the distances capable of producing sufficient amplitude for spike detection and clustering30. 

The results indicate variability in the time course of ion channel expression surrounding devices. At 1 week, 

the integrated area for the “unit” region revealed a relative increase in Nav1.6 (+47% integrated area), 

Kv1.1 (+52%), Kv4.3 (+132%), and Kv7.2 (+208%), while the integrated area for the “LFP” region revealed 

a relative decrease in Nav1.6 (-56%) and increase in Kv1.1 (+39%), Kv4.3 (+38%), and Kv7.2 (+40%). At 6 

weeks, the “unit” region showed a decrease in Nav1.6 (-81%), and increase in Kv1.1 (+73%), Kv4.3 

(+110%), and Kv7.2 (+143%). The integrated area for the “LFP” region had a decrease for both Nav1.6 (-

68%) and Kv4.3 (-14%), and an increase in Kv1.1 (+22%) and Kv7.2 (+33%). Therefore, the relative shift 

in “unit” region Nav1.6 from elevation at 1 week to depression at 6 weeks, coupled with the sustained 

elevation in all Kv channels at both time points, indicates a temporal shift from hyper- to hypo-excitability 
within the recordable radius of the device relative to previous values.  
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Figure 3 | Temporal differences in expression: Percentage change in expression relative to 1 day values 

corroborates progressive reduction in sodium channel expression and heightened potassium channel 

expression over time. A) Averaged percentage change for 1 and 6 week expression values relative to 1 day 

expression values with standard error bars. B) Area under the curve calculated for unit region (0-130um) and LFP 

region (140-270um) for both 1 and 6 week expression curves, as well as total integrated area calculated for the 

combined 270um radius.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


Alterations in ion channel expression accompany signal loss 

Bi-weekly recordings taken across subjects demonstrated a progressive decline in single unit detection 

over 6 weeks (Fig. 4A). A relatively stable LFP amplitude experienced a decline at ~3 weeks that remained 

at a steady state over the remaining time course (Fig. 4A). To further investigate the relationship between 

ion channel expression and signal loss, we plotted ratios to explore relative interactions (Fig. 4B). The 

results revealed that Nav1.6/Kv7.2 expression ratio may be most predictive of unit loss, as the two metrics 

decrease in accordance with one another over 6 weeks (Fig. 4), whereas Nav1.6/Kv4.3 may be most 

predictive of LFP amplitude (Fig. 4). Nav1.6/Kv1.1, however, does not appear to correspond to either of 

the signal metrics. These results may provide insight into novel metrics for guiding device-tissue 

integration.  

 

 

 

 

Figure 4 | Alterations in ion channel expression accompany decline in unit detection. A) Example of putative 
unit and LFP snippet from microelectrode arrays, accompanied by the quantified data (# of units and LFP amplitude) 
obtained from bi-weekly recording sessions across subjects (with standard error bars). Average LFP amplitude and 
# of units plotted on bar graphs for each time point. B) Averaged data within 0-40um for intensity ratios are plotted. 
Nav1.6/Kv7.2 intensity ratio appears to coincide closest with unit detection over the 6 week time course, whereas 
Nav1.6/Kv4.3 ratio appears to best correspond to LFP amplitude over 6 weeks. In contrast, Nav1.6/Kv1.1 does not 
appear to correspond to either signal metric. 
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Early observations suggest Kv7.2 expression modulates excitatory synaptic transporters 

To explore whether ion channel expression may be a mechanism for shaping synaptic circuitry, we 

delivered siRNA in cultured rat cortical neurons to assess the consequences of Kv7.2 knockdown on 

excitatory synapses (to mimic transient reduction in Kv7.2 at 1 day, Fig. 2A). Neurons were transfected 

with either negative control siRNA (“scramble”) or siRNA against Kv7.2, and cells were harvested at either 

3 or 7 days. RNA was collected to make cDNA, and primers for Kv7.2 (KCNQ2), VGLUT1, and PSD95 (post-

synaptic density 95, an excitatory postsynaptic marker) were used to perform qPCR. Detection levels were 

normalized to scramble control levels for the respective primer. We observed elevations in VGLUT1 at 3 

and 7 days when comparing Kv7.2 siRNA with negative control siRNA (Fig. 5). We observed a robust 

elevation in PSD95 at 3 days that was drastically reduced by 7 days (Fig. 5). These results suggest that 

Kv7.2, in accordance with previous reports33, regulates excitatory synaptic density (where previous 

reports demonstrated this relationship to VGLUT1 and PSD95 by pharmacological blockade of Kv7.233). 

While preliminary, these results correspond with the in vivo results of VGLUT1 upregulation at 3 and 7 

days (Fig. 5), using data from a previous report41. These results suggest that the transient reduction of 

Kv7.2 at 1 day in vivo (Fig. 2A) could contribute to the upregulation of VGLUT1 surrounding devices at 3 

and 7 days (Fig. 5A)41. 

 

 

 

Figure 5 | Preliminary observations suggest Kv7.2 knockdown impacts excitatory synapses in culture. A) In 
vivo results of vesicular glutamate transporter 1 (VGLUT1), using data from a previous report41, show an elevation 
in VGLUT1 at 3 and 7 days. B) In vitro, cortical neurons transfected with Kv7.2 siRNA show successful transient 
knockdown of Kv7.2, a similar trend in VGLUT elevation at 3 and 7 days compared to in vivo expression, and an 
impact on PSD95 in the form of a reduction at 7 days. Taken together, these data suggest that the transient 
downregulation of Kv7.2 at 1 day in vivo (Fig. 2A) may be a mechanism for the upregulation of VGLUT1 at 3 and 7 
days in vivo. Two biological replicates were performed for the preliminary in vitro data. 
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Discussion 

Neuronal loss and glial encapsulation are traditionally used as metrics to assess the biocompatibility of 

devices for chronic neural interfacing9,44–52. However, recent work indicates that these conventional 

methods  are insufficient to explain long-term signal quality53, where inter-day variability and progressive 

signal loss burden chronic recording arrays3,5,6,54,55. Well-characterized alterations in ion channels and 

synapses following cortical injury10,12,22–25,35,56 and inflammation14–17,37,57 suggest that similar alterations 

may accompany implanted devices. In fact, recent studies using non-functional microelectrode arrays have 

revealed changes in network connectivity (synaptic circuitry41) and function (calcium activity58) within the 

recordable radius of the device interface (~100um30,59), providing evidence of local circuit remodeling that 

may contribute to chronic signal instability. Here, we reveal changes in the fundamental components that 

underlie neuronal signaling (ion channels) within the recordable radius of the device interface30,59. The 

findings support our previously described trend from acute hyperexcitability to chronic hypoexcitability 

at the device interface41 and expand upon it by providing a potential link between ion channel and synaptic 

transporter expression (Figs. 2 & 5)41. Novel observations of ion channel expression surrounding devices 

revealed a progressive elevation in potassium and a reduction in sodium channel expression that 

temporally coincided with signal loss (Figs. 2 & 4). This work reveals insight into device-related 

mechanisms affecting the signal generation and firing properties (e.g., spike shape, firing rates, etc.) that 
underlie the characteristics of recorded signals.  

The four ion channels were chosen based on their fundamental roles in regulating action potential 

generation31, firing patterns32–34, and synaptic efficacy33. Nav1.6, critical for action potential generation, 

has been implicated in electrophysiological abnormalities following axonal injury35, TBI10,29, and 

inflammation17,36–38. In addition, electrophysiological abnormalities following axonal injury can persist in 

both axotomized and neighboring intact neurons29. The authors attributed these electrophysiological 

abnormalities to changes in the expression of sodium channels10,29,35, where blocking sodium channel 

upregulation following TBI has been shown to improve outcomes by reducing excitability13. The authors 

additionally attributed abnormal activity to A-type potassium channels (with fast-activating/inactivating 

kinetics60), where reductions in channel expression has been shown to contribute to seizure susceptibility 

within initial days following TBI12 by increasing the excitability and firing rates of local neurons12. This is 

consistent with the transient downregulation of Kv4.3 observed at 1 day (Fig. 2), where the subsequent 

upregulation at 1 and 6 weeks may be a compensatory mechanism for counteracting hyperexcitability and 

epileptogensis. Combined, these data suggest that the reduction in Nav1.6 and upregulation of Kv4.3 at 6 

weeks could inhibit action potential generation and dampen excitability/firing rates within the immediate 

vicinity of the implant. Kv1.1 upregulation due to CNS injury39 has been shown to likewise underlie axonal 

dysfunction in surviving axons, where increased K+ conductance was proposed to act as an axonal 

conduction block by shunting Na+ current39,40. This resulted in a reduction in the amplitude and area of 

compound action potentials for surviving axons at 6-8 weeks post-injury39. Therefore, the late upregulation 

of Kv1.1 observed at 6 weeks post-implantation may act as a shunt for preventing signal propagation 

within the recordable radius of the device-interface. Kv7.2 produces slowly activating and inactivating 

subthreshold M-currents, which are responsible for regulating excitability, responsiveness to synaptic 

inputs, and neuronal discharge frequency61–63. Kv7.2 channels located at pre- and post-synaptic 

terminals62,63 have been shown to be responsible for modulating neurotransmitter release, where M-

current agonists prevent neurotransmitter release64,65. Therefore, an upregulation of Kv7.2 as observed at 

1 and 6 weeks can reduce excitability, firing frequency and neurotransmission.  Taken together, Nav1.6 

reduction and Kv4.3 upregulation can limit the probability of action potential generation and dampen 

excitability/firing rate, Kv1.1 upregulation can provide excess shunt current to block downstream axonal 
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conductance, and Kv7.2 upregulation can reduce responsiveness to synaptic inputs, inhibit repetitive firing 

and reduce neurotransmitter release at the synapse. Therefore, the reduced excitability and 

propagation/transmission of signals by ion channel alterations indicates a novel source for impaired signal 

detection by implanted recording arrays. 

Signal loss over the 6 week time course was accompanied by a progressive elevation in potassium 

and reduction in sodium channel expression surrounding devices (Figs. 2, 3 & 4). At 1 day, the local 

reductions in Kv7.2 and Kv4.3 in the absence of effects on Nav1.6 or Kv1.1 may reflect a hyperexcitable 

state, which accompanied optimal unit detection (Figs. 2 & 4). The shift at 1 week to elevated Nav1.6, Kv4.3 

and Kv7.2 coincided with a modest reduction in unit detection (Figs. 2, 3 & 4), which could be more heavily 

affected by the dual Kv4.3/Kv7.2 upregulations. The final shift at 6 weeks to a relative loss of Nav1.6 and 

gain in Kv1.1 indicates a more hypoexcitable state, which coincided with the poorest unit detection (Fig. 

4). To further investigate this relationship, ion channel intensity ratios were plotted to compare with signal 

decline (Fig. 4). Nav1.6/Kv7.2 intensity ratio appears to temporally coincide best with unit detection. The 

decreased Nav1.6/Kv7.2 ratio indicates lower action potential probability from reduced sodium currents 

and increased sub-threshold K+ currents. Thus, the Nav1.6/Kv7.2 ratio could provide insight into neuronal 

excitability and firing rates that may contribute to unit loss. While the origin of the LFP was historically 

considered to largely emerge from postsynaptic potentials66,67, recent work indicates that it is instead 

mostly composed of non-synaptic currents68. Here, the Nav1.6/Kv4.3 ratio appears to correspond best with 

the LFP (Fig. 4), which coincides with modeling data showing that the LFP is dominated by active 

membrane currents rather than postsynaptic conductance changes68. Kv4.3 channels are critical for 

producing high-frequency activity (which is achieved by their fast inactivation recovery60). Enhanced 

activity from Kv4.3 upregulation could increase active membrane conductances, which could in turn 

attenuate LFP amplitude68. Moreover, the combined upregulation with Kv1.1 and Kv7.2 channels could 

also contribute to increased membrane leakiness that may underlie LFP attenuation by 6 weeks68 (Fig. 4). 

Finally, these results could potentially explain electrophysiological mechanisms that underlie inter-day 

variability of unit detection and amplitude3,5,6,54,55. For example, modeling data for ionic current 

contributions to extracellular action potentials demonstrate that conductance densities for heterogeneous 

subtypes of K+ currents largely underlie variability in recorded waveforms69. Thus, the fluctuations seen 

in Kv1.1, Kv4.3, and Kv7.2 across the 6 week time course could explain unit variability observed by chronic 

neural interfaces3,5,6,54,55. In addition, the fluctuations in Nav1.6 could likewise explain inter-day variability 

in amplitude5,6,55,69. Taken together, these results may provide novel metrics to assess the biocompatibility 

of devices for improved long-term function. 

Our results must be interpreted relative to the well-known changes in cellular densities that are 

associated with chronically implanted electrodes, including neuronal loss and glial encapsulation7,9,44–

46,48,49. However, density changes do not fully explain inadequate performance, day-to-day variability, and 

signal loss accompanied by ideal histology and device integrity53. Another important consideration is the 

potential for expression of ion channels to occur in non-neuronal cell types. Of the four ion channels 

assessed, the only channel expressed in non-neuronal cells (to the best of our knowledge) is Kv1.1, which 

is also expressed in microglia70. However, because the elevation in Kv1.1 did not occur until 6 weeks, this 

indicates that it is unlikely that microglia are the source of Kv1.1 expression, as a stark microglial layer 

forms around the device within initial hours and days71. The fact that Kv1.1 expression is stable at 1 day 

and 1 week across the observed 270um (Figs. 2 & 3), therefore, supports non-microglial labeling. In 

general, we observed subcellular expression patterns which were consistent with neuronal labeling. Kv1.1 

appeared to be localized to axons and terminals as previously described32,39 (also validated with the vendor 

antibody72). Nav1.6 labeling appears consistent with somatic and axonal initial segment localization35,42, 

which aligns with previous reports using the same antibody73,74. Kv4.3 labeling is consistent with somatic  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


localization in layer V pyramidal neurons75, and corresponds with validated labeling in hippocampal CA3 

neurons using the vendor antibody76. Finally, Kv7.2 labeling appears to be expressed in axons and synaptic 

terminals62,63, where our specific antibody has been confirmed with heavy colocalization in the Nodes of 

Ranvier77. While these results will be further validated in future work, the staining appears to be consistent 
with neuronal localization. 

Since Kv7.2 activity is known to regulate excitatory synaptic density (specifically VGLUT1 and 

PSD9533), we chose to explore the impact of Kv7.2 knockdown on excitatory synapses in vitro. Our 

preliminary results revealed upregulated VGLUT1 expression at both 3 and 7 days following Kv7.2 

knockdown. These outcomes suggest that the reduced Kv7.2 expression observed at 1 day in vivo may be 

a mechanism for upregulating VGLUT1 expression at 3 and 7 days in vivo (Figs. 2 & 5) as previously 

reported41. The subsequent reduction in PSD95 at 7 days may be initiated by excitotoxicity at earlier time 

points. Since glutamate release scales with VGLUT1 expression78, excessive glutamate release (coupled 

with hyperexcitability) could explain the loss of PSD95 (where dramatic decreases in PSD95 have been 

shown in excitotoxic models79). Therefore, the observed trend toward hypoexcitability (Fig. 2) could be a 

reparative effort to promote neuroprotection and prevent further excitotoxicity. While acute alterations in 

potassium channel expression may be responsible for the shift in synaptic circuitry in vivo, the 

underpinnings responsible for the shift in ion channel expression will need to be identified in future work. 

Sources may include reactive signaling cascades initiated by insertion (such as the release of inflammatory 

cytokines that alter ion channel expression and function)9,17, and strategies to modify inflammatory 

mechanisms have improved long-term recording quality in previous reports80,81. This work may provide 
new insight into mechanisms of tissue reactivity surrounding devices that may contribute to signal loss.  

Next-generation device designs are emerging to tune the tissue response to mitigate gliosis and 

neuronal loss44–49 in an effort to develop recording arrays with improved long-term function. However, 

ideal histology and device integrity based on these traditional methods have still not guaranteed adequate 

recording quality53, suggesting that the principles guiding the design of improved devices may require 

further consideration. By assessing the fundamental components that underlie neuronal signaling (ion 

channels and synaptic circuitry), the innovative methods described herein may provide a more reliable 

indication of recorded signal quality based on their inherent contributions to neuronal signaling events. 

We have provided four (4) fundamental ion channels that appear to be especially informative of recording 

quality based on their corresponding relationships (Figs. 2, 3 & 4). Specifically, the number of units 

detected over 6 weeks appears to correspond best with the Nav1.6/Kv7.2 ratio (Fig. 4), and LFP amplitude 

appears to correspond most closely with the Nav1.6/Kv4.3 ratio (Fig. 4). This technique can be 

implemented to not only guide next-generation device designs (e.g., architecture, size, flexibility, surface 

chemistry/topography9,44–47), but also intervention strategies (e.g., coatings, microfluidic delivery, etc.82–

85) aimed at improving long-term recording quality.  
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Methods 

Surgery 

Adult male Sprague-Dawley rats (SAS, 250-400g, Charles River, Wilmington, MA) were bilaterally 

implanted in the primary motor cortex with 16-channel single-shank microelectrode arrays (A1x16-3mm, 

703um2 site sizes, NeuroNexus, Ann Arbor, MI) using a surgical procedure similar to that previously 

described41. Briefly, animals were anesthetized and maintained at ~2.0% isoflurane throughout surgery, 

whereby a 2x2mm craniotomy was performed over the primary motor cortex (+3.0mm AP, 2.5 ML), the 

dura was resected, and a single-shank probe was stereotaxically inserted 2mm from the cortical surface. 

Dental acrylic was used to secure the bilateral implants, where a bone screw was placed posterior of each 

device to anchor the headcap. Bupivacaine and Neosporin were topically applied around the wound to 

minimize discomfort and risk of infection, and meloxicam was administered for pain management. All 
surgical procedures were approved by the Michigan State University Animal Care and Use Committee. 

Extracellular electrophysiology 

Bi-weekly recording sessions were performed with isoflurane (~1-1.5%) using TDT software (Tucker 

Davis Technologies, TDT, Alachua, FL) by connecting a ZIF-clip headstage to a Z25 pre-amplifier (TDT) and 

PZ2 amplifier (TDT), to obtain 5 minute recording blocks per device per recording session. Low-pass filter 

for local field potential (LFP, 300Hz) and high bandpass filter for unit activity (500Hz-5KHz), yielded 

recording blocks that were then analyzed using a previously reported MATLAB script8,46 to determine the 

LFP amplitude and number of units. Single units were detected based on threshold crossings (3.5 standard 

deviations from noise floor), where principal component analysis and fuzzy c-means clustering were then 
used to isolate putative units (in combination with visual inspection of mean waveforms). 

Histology 

Animals were deeply anesthetized using sodium pentobarbital at predetermined time points (24hrs, 1wk, 

6wks) and transcardially perfused with PBS followed by 4% PFA. Explanted brains were postfixed 

overnight in 4% PFA at 4°C, and then sucrose protected for cryoembedding. Immunohistochemistry was 

performed according to previously reported methods41, where 20μm-thick horizontal cryosections from 

depths estimated in layer V of primary motor cortex were hydrated in PBS, blocked in 10% normal goat 

serum (NGS) in PBS and subsequently incubated in primary antibodies overnight at 4°C. The sections were 

rinsed the following day with PBS, incubated with secondary antibodies, and coverslipped with ProLong 

Gold antifade reagent (Molecular Probes by Life Technologies, Carlsbad, CA). Antibodies were diluted in 

carrier solution consisting of 5% NGS and 0.3% Triton X-100 in PBS. Primary antibodies included rabbit 

anti-Nav1.6, -Kv1.1, -Kv4.3, and –Kv7.2 (1:200, Alomone Labs, Jerusalem, Israel). Secondary antibodies 

included goat anti-rabbit IgG (H+L) alexa fluor 594 conjugate (1:200, Thermo Fisher Scientific, Waltham, 

MA). An Olympus Fluoview 1000 inverted confocal microscope was used to image samples with a 20x 

PlanFluor dry objective (0.5NA), where settings were optimized for individual images as previously 

described86. Images were then analyzed with a previously reported MATLAB script41 adapted from Kozai 

et. al86.  Briefly, 10um concentric bins were generated to radiate concentrically from a user-drawn injury 

outline (a total of 27 bins spanning a 270um radius), where the pixel intensity was averaged within each 

bin. In this way, image intensity was analyzed as a function of distance to quantify interfacial patterns of 

protein expression over distance and time. Area under the curve was calculated using the trapz function in 
MATLAB to perform discrete integration on the averaged intensity data points. 
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Cell culture and transfection 

Rat primary cortical neurons (E18, Life Technologies, Carlsbad, CA) were cultured in neurobasal medium 

(1mL B27, 125 uL GlutaMax in 50mL Neurobasal Media) for one week prior to transfection. For transient 

transfections, siRNA (Kv7.2 or negative control stealth, Life Technologies, Carlsbad, CA) was mixed with 

Optimem and Lipofectamine RNAiMax (according to manufacturer’s instructions) and incubated 

overnight, followed by a complete exchange with fresh neurobasal media. Cells were harvested after 3 or 

7 days post-transfection (RNEasy mini kit, Qiagen), whereby cDNA was made and amplified via qPCR with 

primers for GAPDH, KCNQ2 (Kv7.2), VGLUT1, and PSD95. All primer levels were normalized to GAPDH 
levels, and then normalized to the scramble siRNA control levels for each primer. 

Statistical analysis 

A linear mixed effects model was performed with SPSS (IBM, Chicago, IL) and incorporated both distance 

and temporal effects. Results were assessed using a Fischer’s Least Significance Difference test and defined 

as significant at *p<0.05 and ***p<0.001. For each ion channel, there was an average of 7 devices and 21 

tissue sections analyzed per time point. At 1 day, there was an average of 5 devices and 12 tissue sections 

analyzed per ion channel stain; at 1 week, an average of 9 devices and 30 tissue sections; and at 6 weeks, 

an average of 7 devices and 21 tissue sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgments 

This work was supported by NIH grant 1R21NS094900 (NINDS), and the Departments of Biomedical 

Engineering and Electrical and Computer Engineering at Michigan State University. Thanks to Steven Suhr 

of Biomilab, LLC for in vitro knockdown training, Melinda Frame from Center for Advanced Microscopy for 

confocal training, Stefanos Palestis for assistance with signal processing, Matthew Drazin for assistance 

with cyrosectioning, and TK Kozai and Bailey Winter for the intensity profiling MATLAB script. Thanks to 
TK Kozai and Ali Mohebi for valuable feedback. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


References 

1. Hille, B. Ion Channels of Excitable Membranes; Sinauer Sunderland, MA, 2001; vol507. 

2. Bean, B. P. The Action Potential in Mammalian Central Neurons. Nature Reviews Neuroscience 2007, 8, 451–
465. 

3. Perge, J. A.; Homer, M. L.; Malik, W. Q.; Cash, S.; Eskandar, E.; Friehs, G.; Donoghue, J. P.; Hochberg, L. R. Intra-
Day Signal Instabilities Affect Decoding Performance in an Intracortical Neural Interface System. Journal of 
neural engineering 2013, 10, 036004. 

4. Jackson, A.; Fetz, E. E. Compact Movable Microwire Array for Long-Term Chronic Unit Recording in Cerebral 
Cortex of Primates. Journal of neurophysiology 2007, 98, 3109–18. 

5. Chestek, C. A.; Gilja, V.; Nuyujukian, P.; Foster, J. D.; Fan, J. M.; Kaufman, M. T.; Churchland, M. M.; Rivera-
Alvidrez, Z.; Cunningham, J. P.; Ryu, S. I.; Shenoy, K. V Long-Term Stability of Neural Prosthetic Control 
Signals from Silicon Cortical Arrays in Rhesus Macaque Motor Cortex. Journal of Neural Engineering 2011, 8, 
045005. 

6. Gilja, V.; Chestek, C. A.; Diester, I.; Henderson, J. M.; Deisseroth, K.; Shenoy, K. V Challenges and Opportunities 
for Next-Generation Intracortically Based Neural Prostheses. IEEE Transactions on Biomedical Engineering 
2011, 58, 1891–1899. 

7. Biran, R.; Martin, D. C.; Tresco, P. A. Neuronal Cell Loss Accompanies the Brain Tissue Response to 
Chronically Implanted Silicon Microelectrode Arrays. Experimental Neurology 2005. 

8. Purcell, E. K.; Thompson, D. E.; Ludwig, K. A.; Kipke, D. R. Flavopiridol Reduces the Impedance of Neural 
Prostheses in Vivo without Affecting Recording Quality. Journal of Neuroscience Methods 2009, 183, 149–
157. 

9. Salatino, J. W.; Ludwig, K. A.; Kozai, T. D. Y.; Purcell, E. K. Glial Responses to Implanted Electrodes in the 
Brain. Nature Biomedical Engineering 2017. 

10. Mao, Q.; Jia, F.; Zhang, X. H.; Qiu, Y. M.; Ge, J. W.; Bao, W. J.; Luo, Q. Z.; Jiang, J. Y. The Up-Regulation of Voltage-
Gated Sodium Channel Nav1.6 Expression Following Fluid Percussion Traumatic Brain Injury in Rats. 
Neurosurgery 2010, 66, 1134–1139. 

11. Bolkvadze, T.; Pitkänen, A. Development of Post-Traumatic Epilepsy after Controlled Cortical Impact and 
Lateral Fluid-Percussion-Induced Brain Injury in the Mouse. Journal of Neurotrauma 2012. 

12. Lei, Z.; Deng, P.; Li, J.; Xu, Z. C. Alterations of A-Type Potassium Channels in Hippocampal Neurons after 
Traumatic Brain Injury. Journal of neurotrauma 2012, 29, 235–45. 

13. Huang, X.-J.; Li, W.-P.; Lin, Y.; Feng, J.-F.; Jia, F.; Mao, Q.; Jiang, J.-Y. Blockage of the Upregulation of Voltage-
Gated Sodium Channel Nav1.3 Improves Outcomes after Experimental Traumatic Brain Injury. Journal of 
neurotrauma 2013, 12, 1–12. 

14. Vezzani, A.; Maroso, M.; Balosso, S.; Sanchez, M.-A.; Bartfai, T. IL-1 Receptor/Toll-like Receptor Signaling in 
Infection, Inflammation, Stress and Neurodegeneration Couples Hyperexcitability and Seizures. Brain, 
Behavior, and Immunity 2011, 25, 1281–1289. 

15. Vezzani, A.; French, J.; Bartfai, T.; Baram, T. Z. The Role of Inflammation in Epilepsy. Nature reviews. 
Neurology 2011, 7, 31–40. 

16. Viviani, B.; Gardoni, F.; Marinovich, M. Cytokines and Neuronal Ion Channels in Health and Disease. 
International Review of Neurobiology 2007, 82, 247–263. 

17. Vezzani, A.; Viviani, B. Neuromodulatory Properties of Inflammatory Cytokines and Their Impact on 
Neuronal Excitability. Neuropharmacology 2015, 96, 70–82. 

18. Burda, J. E.; Bernstein, A. M.; Sofroniew, M. V. Astrocyte Roles in Traumatic Brain Injury. Experimental 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


Neurology 2016, 275, 305–315. 

19. Sofroniew, M. V Molecular Dissection of Reactive Astrogliosis and Glial Scar Formation. Trends in 
neurosciences 2009, 32, 638–47. 

20. Buffo, A.; Rolando, C.; Ceruti, S. Astrocytes in the Damaged Brain: Molecular and Cellular Insights into Their 
Reactive Response and Healing Potential. Biochemical pharmacology 2010, 79, 77–89. 

21. Zhang, Y.; Barres, B. A. Astrocyte Heterogeneity: An Underappreciated Topic in Neurobiology. Current 
opinion in neurobiology 2010, 20, 588–94. 

22. Weissberg, I.; Wood, L.; Kamintsky, L.; Vazquez, O.; Milikovsky, D. Z.; Alexander, A.; Oppenheim, H.; 
Ardizzone, C.; Becker, A.; Frigerio, F.; Vezzani, A.; Buckwalter, M. S.; Huguenard, J. R.; Friedman, A.; Kaufer, D. 
Albumin Induces Excitatory Synaptogenesis through Astrocytic TGF-β/ALK5 Signaling in a Model of 
Acquired Epilepsy Following Blood-Brain Barrier Dysfunction. Neurobiology of disease 2015, 78, 115–25. 

23. Heinemann, U.; Kaufer, D.; Friedman, A. Blood-Brain Barrier Dysfunction, TGFβ Signaling, and Astrocyte 
Dysfunction in Epilepsy. Glia 2012, 60, 1251–7. 

24. Baldwin, K. T.; Eroglu, C. Molecular Mechanisms of Astrocyte-Induced Synaptogenesis. Current Opinion in 
Neurobiology 2017, 45, 113–120. 

25. Ding, M.-C.; Wang, Q.; Lo, E. H.; Stanley, G. B. Cortical Excitation and Inhibition Following Focal Traumatic 
Brain Injury. Journal of Neuroscience 2011, 31, 14085–14094. 

26. Prince, D. A.; Parada, I.; Graber, K. Traumatic Brain Injury and Posttraumatic Epilepsy; National Center for 
Biotechnology Information (US), 2012. 

27. Prince, D. A.; Parada, I.; Scalise, K.; Graber, K.; Shen, F. Epilepsy Following Cortical Injury: Cellular and 
Molecular Mechanisms as Targets for Potential Prophylaxis. 2010, 50, 30–40. 

28. Jin, X.; Prince, D. A.; Huguenard, J. R. Enhanced Excitatory Synaptic Connectivity in Layer v Pyramidal 
Neurons of Chronically Injured Epileptogenic Neocortex in Rats. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 2006, 26, 4891–900. 

29. Greer, J. E.; Povlishock, J. T.; Jacobs, K. M. Electrophysiological Abnormalities in Both Axotomized and 
Nonaxotomized Pyramidal Neurons Following Mild Traumatic Brain Injury. Journal of Neuroscience 2012, 
32, 6682–6687. 

30. Henze, D. A.; Borhegyi, Z.; Csicsvari, J.; Mamiya, A.; Harris, K. D.; Buzsáki, G. Intracellular Features Predicted 
by Extracellular Recordings in the Hippocampus in Vivo. Journal of neurophysiology 2000, 84, 390–400. 

31. Caldwell, J. H.; Schaller, K. L.; Lasher, R. S.; Peles, E.; Levinson, S. R. Sodium Channel Nav1.6 Is Localized at 
Nodes of Ranvier, Dendrites, and Synapses. PNAS 2000, 97, 5616–5620. 

32. Smart, S. L.; Lopantsev, V.; Zhang, C. L.; Robbins, C. A.; Wang, H.; Chiu, S. Y.; Schwartzkroin, P. A.; Messing, A.; 
Tempel, B. L. Deletion of the KV1.1 Potassium Channel Causes Epilepsy in Mice. Neuron 1998, 20, 809–819. 

33. Figueiro-Silva, J.; Gruart, A.; Clayton, K. B.; Podlesniy, P.; Abad, M. A.; Gasull, X.; Delgado-Garcia, J. M.; Trullas, 
R. Neuronal Pentraxin 1 Negatively Regulates Excitatory Synapse Density and Synaptic Plasticity. Journal of 
Neuroscience 2015, 35, 5504–5521. 

34. Guatteo, E.; Franceschetti, S.; Bacci, A.; Avanzini, G.; Wanke, E. A TTX-Sensitive Conductance Underlying 
Burst Firing in Isolated Pyramidal Neurons from Rat Neocortex. Brain research 1996, 741, 1–12. 

35. Yuen, T. J.; Browne, K. D.; Iwata, A.; Smith, D. H. Sodium Channelopathy Induced by Mild Axonal Trauma 
Worsens Outcome after a Repeat Injury. Journal of Neuroscience Research 2009, 87, 3620–3625. 

36. Diem, R.; Hobom, M.; Grötsch, P.; Kramer, B.; Bähr, M. Interleukin-1β Protects Neurons via the Interleukin-1 
(IL-1) Receptor-Mediated Akt Pathway and by IL-1 Receptor-Independent Decrease of Transmembrane 
Currents in Vivo. Molecular and Cellular Neuroscience 2003, 22, 487–500. 

37. Zhou, C.; Qi, C.; Zhao, J.; Wang, F.; Zhang, W.; Li, C.; Jing, J.; Kang, X.; Chai, Z. Interleukin-1β Inhibits Voltage-

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


Gated Sodium Currents in a Time- and Dose-Dependent Manner in Cortical Neurons. Neurochemical 
Research 2011, 36, 1116–1123. 

38. Li, X.; Chen, W.; Sheng, J.; Cao, D.; Wang, W. Interleukin-6 Inhibits Voltage-Gated Sodium Channel Activity of 
Cultured Rat Spinal Cord Neurons. Acta Neuropsychiatrica 2014, 26, 170–177. 

39. Nashmi, R.; Jones, O. T.; Fehlings, M. G. Abnormal Axonal Physiology Is Associated with Altered Expression 
and Distribution of Kv1.1 and Kv1.2 K+ Channels after Chronic Spinal Cord Injury. European Journal of 
Neuroscience 2000, 12, 491–506. 

40. Nashmi, R.; Fehlings, M. G. Mechanisms of Axonal Dysfunction after Spinal Cord Injury: With an Emphasis on 
the Role of Voltage-Gated Potassium Channels. Brain Research Reviews 2001, 38, 165–191. 

41. Salatino, J. W.; Winter, B. M.; Drazin, M. H.; Purcell, E. K. Functional Remodeling of Subtype-Specific Markers 
Surrounding Implanted Neuroprostheses. Journal of Neurophysiology 2017, 118. 

42. Blumenfeld, H.; Lampert, A.; Klein, J. P.; Mission, J.; Chen, M. C.; Rivera, M.; Dib-Hajj, S.; Brennan, A. R.; Hains, 
B. C.; Waxman, S. G. Role of Hippocampal Sodium Channel Nav1.6 in Kindling Epileptogenesis. Epilepsia 
2009, 50, 44–55. 

43. Lei, Z.; Deng, P.; Li, J.; Xu, Z. C. Alterations of A-Type Potassium Channels in Hippocampal Neurons after 
Traumatic Brain Injury. Journal of Neurotrauma 2012, 29, 235–245. 

44. Wellman, S. M.; Eles, J. R.; Ludwig, K. A.; Seymour, J. P.; Michelson, N. J.; McFadden, W. E.; Vazquez, A. L.; 
Kozai, T. D. Y. A Materials Roadmap to Functional Neural Interface Design. Advanced Functional Materials 
2017, 1701269. 

45. Seymour, J. P.; Kipke, D. R. Neural Probe Design for Reduced Tissue Encapsulation in CNS. Biomaterials 
2007, 28, 3594–3607. 

46. Kozai, T. D. Y.; Langhals, N. B.; Patel, P. R.; Deng, X.; Zhang, H.; Smith, K. L.; Lahann, J.; Kotov, N. a; Kipke, D. R. 
Ultrasmall Implantable Composite Microelectrodes with Bioactive Surfaces for Chronic Neural Interfaces. 
Nature materials 2012, 11, 1065–73. 

47. Xie, C.; Liu, J.; Fu, T.-M.; Dai, X.; Zhou, W.; Lieber, C. M. Three-Dimensional Macroporous Nanoelectronic 
Networks as Minimally Invasive Brain Probes. Nature Materials 2015, 14, 1286–1292. 

48. Purcell, E. K.; Seymour, J. P.; Yandamuri, S.; Kipke, D. R. In Vivo Evaluation of a Neural Stem Cell-Seeded 
Prosthesis. Journal of neural engineering 2009, 6, 026005. 

49. Harris, J. P.; Capadona, J. R.; Miller, R. H.; Healy, B. C.; Shanmuganathan, K.; Rowan, S. J.; Weder, C.; Tyler, D. J. 
Mechanically Adaptive Intracortical Implants Improve the Proximity of Neuronal Cell Bodies. Journal of 
neural engineering 2011, 8, 066011. 

50. Kozai, T. D. Y.; Jaquins-gerstl, A. S.; Vazquez, A. L.; Michael, A. C.; Cui, X. T. Biomaterials Dexamethasone 
Retrodialysis Attenuates Microglial Response to Implanted Probes in Vivo. Biomaterials 2016, 87, 157–169. 

51. Mercanzini, A.; Reddy, S. T.; Velluto, D.; Colin, P.; Maillard, A.; Bensadoun, J.-C.; Hubbell, J. A.; Renaud, P. 
Controlled Release Nanoparticle-Embedded Coatings Reduce the Tissue Reaction to Neuroprostheses. 
Journal of Controlled Release 2010, 145, 196–202. 

52. Nguyen, J. K.; Park, D. J.; Skousen, J. L.; Hess-Dunning, A. E.; Tyler, D. J.; Rowan, S. J.; Weder, C.; Capadona, J. R. 
Mechanically-Compliant Intracortical Implants Reduce the Neuroinflammatory Response. Journal of neural 
engineering 2014, 11, 056014. 

53. Michelson, N. J.; Vazquez, A. L.; Eles, J. R.; Salatino, J. W.; Purcell, E. K.; Williams, J. J.; Cui, X. T.; Kozai, T. D. Y. 
Multi-Scale, Multi-Modal Analysis Uncovers Complex Relationship at the Brain Tissue-Implant Neural 
Interface: New Emphasis on the Biological Interface. Journal of Neural Engineering 2018, 15. 

54. Jackson, A.; Fetz, E. E. Compact Movable Microwire Array for Long-Term Chronic Unit Recording in Cerebral 
Cortex of Primates. Journal of Neurophysiology 2007, 98. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


55. Chestek, C. A.; Cunningham, J. P.; Gilja, V.; Nuyujukian, P.; Ryu, S. I.; Shenoy, K. V. Neural prosthetic systems: 
Current problems and future directions. In 2009 Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society; IEEE, 2009; pp. 3369–3375. 

56. Prince, D. A.; Parada, I.; Graber, K. Traumatic Brain Injury and Posttraumatic Epilepsy; National Center for 
Biotechnology Information (US), 2012. 

57. Liddelow, S. A.; Guttenplan, K. A.; Clarke, L. E.; Bennett, F. C.; Bohlen, C. J.; Schirmer, L.; Bennett, M. L.; Munch, 
A. E.; Chung, W.; Peterson, T. C.; Wilton, D. K.; Frouin, A.; Napier, B. A.; Panicker, N.; Kumar, M.; Buckwalter, 
M. S.; Rowitch, D. H.; Dawson, V. L.; Dawson, T. M.; Stevens, B.; Barres, B. A. Neurotoxic Reactive Astrocytes 
Are Induced by Activated Microglia. Nature 2017, 541, 481–487. 

58. Eles, J. R.; Vazquez, A. L.; Kozai, T. D. Y.; Cui, X. T. In Vivo Imaging of Neuronal Calcium during Electrode 
Implantation: Spatial and Temporal Mapping of Damage and Recovery. Biomaterials 2018, 174, 79–94. 

59. Neto, J. P.; Lopes, G.; Frazão, J.; Nogueira, J.; Lacerda, P.; Baião, P.; Aarts, A.; Andrei, A.; Musa, S.; Fortunato, E.; 
Barquinha, P.; Kampff, A. R. Validating Silicon Polytrodes with Paired Juxtacellular Recordings: Method and 
Dataset. Journal of Neurophysiology 2016, 116. 

60. Carrasquillo, Y.; Burkhalter, A.; Nerbonne, J. M. A-Type K + Channels Encoded by Kv4.2, Kv4.3 and Kv1.4 
Differentially Regulate Intrinsic Excitability of Cortical Pyramidal Neurons. The Journal of Physiology 2012, 
590, 3877–3890. 

61. Wang, H. S.; Pan, Z.; Shi, W.; Brown, B. S.; Wymore, R. S.; Cohen, I. S.; Dixon, J. E.; McKinnon, D. KCNQ2 and 
KCNQ3 Potassium Channel Subunits: Molecular Correlates of the M-Channel. Science (New York, N.Y.) 1998, 
282, 1890–3. 

62. Hansen, H. H.; Waroux, O.; Seutin, V.; Jentsch, T. J.; Aznar, S.; Mikkelsen, J. D. Kv7 Channels: Interaction with 
Dopaminergic and Serotonergic Neurotransmission in the CNS. The Journal of Physiology 2008, 586, 1823–
1832. 

63. Hernandez, C. C.; Zaika, O.; Tolstykh, G. P.; Shapiro, M. S. Regulation of Neural KCNQ Channels: Signalling 
Pathways, Structural Motifs and Functional Implications. The Journal of Physiology 2008, 586, 1811–1821. 

64. Martire, M.; Castaldo, P.; Amico, M. D. ’; Preziosi, P.; Annunziato, L.; Taglialatela, M. M Channels Containing 
KCNQ2 Subunits Modulate Norepinephrine, Aspartate, and GABA Release from Hippocampal Nerve 
Terminals. 2004. 

65. Martire, M.; D?Amico, M.; Panza, E.; Miceli, F.; Viggiano, D.; Lavergata, F.; Iannotti, F. A.; Barrese, V.; Preziosi, 
P.; Annunziato, L.; Taglialatela, M. Involvement of KCNQ2 Subunits in [ 3 H]Dopamine Release Triggered by 
Depolarization and Pre-Synaptic Muscarinic Receptor Activation from Rat Striatal Synaptosomes. Journal of 
Neurochemistry 2007, 102, 179–193. 

66. Buzsáki, G. Large-Scale Recording of Neuronal Ensembles. Nature Neuroscience 2004, 7, 446–451. 

67. Buzsáki, G.; Anastassiou, C. a.; Koch, C. The Origin of Extracellular Fields and Currents — EEG, ECoG, LFP and 
Spikes. Nature Reviews Neuroscience 2012, 13, 407–420. 

68. Reimann, M. W.; Anastassiou, C. A.; Perin, R.; Hill, S. L.; Markram, H.; Koch, C. A Biophysically Detailed Model 
of Neocortical Local Field Potentials Predicts the Critical Role of Active Membrane Currents. Neuron 2013, 
79, 375–390. 

69. Gold, C.; Henze, D. A.; Koch, C.; Buzsáki, G. On the Origin of the Extracellular Action Potential Waveform: A 
Modeling Study. Journal of Neurophysiology 2006, 95, 3113–3128. 

70. Wu, C.-Y.; Kaur, C.; Sivakumar, V.; Lu, J.; Ling, E.-A. Kv1.1 Expression in Microglia Regulates Production and 
Release of Proinflammatory Cytokines, Endothelins and Nitric Oxide. Neuroscience 2009, 158, 1500–1508. 

71. Kozai, T. D. Y.; Vazquez, A. L.; Weaver, C. L.; Kim, S.-G.; Cui, X. T. In Vivo Two-Photon Microscopy Reveals 
Immediate Microglial Reaction to Implantation of Microelectrode through Extension of Processes. Journal of 
neural engineering 2012, 9, 066001. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811


72. Bagchi, B.; Al-Sabi, A.; Kaza, S.; Scholz, D.; O’Leary, V. B.; Dolly, J. O.; Ovsepian, S. V. Disruption of Myelin 
Leads to Ectopic Expression of KV1.1 Channels with Abnormal Conductivity of Optic Nerve Axons in a 
Cuprizone-Induced Model of Demyelination. PLoS ONE 2014, 9, e87736. 

73. Liu, Y.; Lai, S.; Ma, W.; Ke, W.; Zhang, C.; Liu, S.; Zhang, Y.; Pei, F.; Li, S.; Yi, M.; Shu, Y.; Shang, Y.; Liang, J.; 
Huang, Z. CDYL Suppresses Epileptogenesis in Mice through Repression of Axonal Nav1.6 Sodium Channel 
Expression. Nature Communications 2017, 8, 355. 

74. Arancibia-Cárcamo, I. L.; Ford, M. C.; Cossell, L.; Ishida, K.; Tohyama, K.; Attwell, D. Node of Ranvier Length as 
a Potential Regulator of Myelinated Axon Conduction Speed. eLife 2017, 6. 

75. Burkhalter, A.; Gonchar, Y.; Mellor, R.; Nerbonne, J. Differential Expression of IA Channel Subunits Kv4.2 and 
Kv4.3 in Mouse Visual Cortical Neurons and Synapses. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2006, 26, 12274–12282. 

76. Rizwan, A. P.; Zhan, X.; Zamponi, G. W.; Turner, R. W. Long-Term Potentiation at the Mossy Fiber-Granule 
Cell Relay Invokes Postsynaptic Second-Messenger Regulation of Kv4 Channels. Journal of Neuroscience 
2016, 36, 11196–11207. 

77. Bekku, Y.; Vargova, L.; Goto, Y.; Vorisek, I.; Dmytrenko, L.; Narasaki, M.; Ohtsuka, A.; Fassler, R.; Ninomiya, Y.; 
Sykova, E.; Oohashi, T. Bral1: Its Role in Diffusion Barrier Formation and Conduction Velocity in the CNS. 
Journal of Neuroscience 2010, 30, 3113–3123. 

78. Wilson, N. R.; Kang, J.; Hueske, E. V.; Leung, T.; Varoqui, H.; Murnick, J. G.; Erickson, J. D.; Liu, G. Presynaptic 
Regulation of Quantal Size by the Vesicular Glutamate Transporter VGLUT1. Journal of Neuroscience 2005, 
25. 

79. Gascón, S.; Sobrado, M.; Roda, J. M.; Rodriguez-Pena, A.; Gascó N, S.; Sobrado, M.; Roda, J.; Rodríguez-Peñ, A.; 
Díaz-Guerra, M. Excitotoxicity and Focal Cerebral Ischemia Induce Truncation of the NR2A and NR2B 
Subunits of the NMDA Receptor and Cleavage of the Scaffolding Protein PSD-95. 2008. 

80. Kozai, T. D. Y.; Li, X.; Bodily, L. M.; Caparosa, E. M.; Zenonos, G. A.; Carlisle, D. L.; Friedlander, R. M.; Cui, X. T. 
Effects of Caspase-1 Knockout on Chronic Neural Recording Quality and Longevity: Insight into Cellular and 
Molecular Mechanisms of the Reactive Tissue Response. Biomaterials 2014, 35, 9620–34. 

81. Golabchi, A.; Wu, B.; Li, X.; Carlisle, D. L.; Kozai, T. D. Y.; Friedlander, R. M.; Cui, X. T. Melatonin Improves 
Quality and Longevity of Chronic Neural Recording. Biomaterials 2018, 180, 225–239. 

82. Eles, J. R.; Vazquez, A. L.; Snyder, N.; Lagenaur, C. F.; Murphy, M. C.; Kozai, T. D. Y.; Cui, X. T. Neuroadhesive L1 
Coating Attenuates Acute Microglial Encapsulation of Neural Electrodes as Revealed by Live Two-Photon 
Microscopy. Biomaterials 2017, 113, 279–292. 

83. Kozai, T. D. Y.; Jaquins-Gerstl, A. S.; Vazquez, A. L.; Michael, A. C.; Cui, X. T. Dexamethasone Retrodialysis 
Attenuates Microglial Response to Implanted Probes in Vivo. Biomaterials 2016, 87, 157–169. 

84. Thompson, C. H.; Zoratti, M. J.; Langhals, N. B.; Purcell, E. K. Regenerative Electrode Interfaces for Neural 
Prostheses. Tissue Engineering Part B: Reviews 2016, 22, 125–135. 

85. Winter, B. M.; Daniels, S. R.; Salatino, J. W.; Purcell, E. K. Genetic Modulation at the Neural Microelectrode 
Interface: Methods and Applications. Micromachines 2018, 9, 476. 

86. Kozai, T. D. Y.; Gugel, Z.; Li, X.; Gilgunn, P. J.; Khilwani, R.; Ozdoganlar, O. B.; Fedder, G. K.; Weber, D. J.; Cui, X. 
T. Chronic Tissue Response to Carboxymethyl Cellulose Based Dissolvable Insertion Needle for Ultra-Small 
Neural Probes. Biomaterials 2014, 35, 9255–9268. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/518811doi: bioRxiv preprint 

https://doi.org/10.1101/518811

