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Abstract

Biological inflammation induced during penetrating cortical injury can disrupt functional neuronal
and glial activity within the cortex, resulting in potential recording failure of chronically implanted
neural interfaces. Oligodendrocytes provide critical support for neuronal health and function
through direct contact with neuronal soma and axons within the cortex. Given their fundamental
role to regulate neuronal activity via myelin, coupled with their heightened vulnerability to
metabolic brain injury due to high energetic demands, oligodendrocytes are hypothesized as a
possible source of biological failure in declining recording performances of intracortical
microelectrode devices. To determine the extent of their contribution to neuronal activity and
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function, a cuprizone-inducible model of oligodendrocyte depletion and demyelination in mice
was performed prior to microelectrode implantation. At 5 weeks of cuprizone exposure, mice
demonstrated significantly reduced cortical oligodendrocyte density and myelin expression. Mice
were then implanted with functional recording microelectrodes in primary visual cortex and
neuronal activity was evaluated up to 7 weeks alongside continued cuprizone administration.
Cuprizone-induced oligodendrocyte loss and demyelination was associated with significantly
reduced recording performance at the onset of implantation, which remained relatively stable yet
decreased over time compared to mice on normal diet. Further, electrophysiological analysis
revealed deficits in multi-unit firing rates, frequency-dependent disruptions in neuronal
oscillations, and altered laminar communication within the cortex of cuprizone-treated mice. Post-
mortem immunohistochemistry revealed robust depletion of oligodendrocytes around implanted
microelectrode arrays alongside comparable neuronal densities to control mice, suggesting that
oligodendrocyte loss was a possible contributor to chronically impaired device performances. This
study highlights potentially significant contributions from the oligodendrocyte lineage population
concerning the biological integration and long-term functional performance of neural interfacing
technology.

2.0. Introduction

Investigative and clinical neuroscience have the potential to benefit from the use of
penetrating cortical neural interfaces, which can be applied as tools to reveal unknown
neuroscientific phenomenon or alleviate neurological deficiencies following central nervous
system (CNS) injury or disease [1-9]. Despite the wide versatility of implantable
microelectrode arrays, overwhelming biological inflammation and large variability in
recording performances debilitate the long-term applications of neural interfacing
technology [10-20]. Investigations into proposed biological failure modes of microelectrode
devices, such as chronic neurodegeneration or glial scar formation, have been unable to
account for the characteristic degradation in device performances over time [21-24].
However, the brain parenchyma is not limited to neurons, microglia, and astrocytes, nor are
these the only cells whose physiological activity can be compromised during CNS injury
[10, 25-27]. Cells of the oligodendrocyte lineage, which have gone largely uninvestigated in
regards to chronic device implantation, are intimately associated with neurons and may have
a more direct contribution to the chronic degradation in recordable neuronal signals around
intracortical microelectrode interfaces [26, 28].

Oligodendrocytes, a third type of glia alongside microglia and astrocytes, possess the ability
to directly regulate neuronal health and function through the deposition of myelin
membranes around axons [29-31]. Myelin sheaths support saltatory conduction of neuronal
signals by providing electrical insulation of far-projecting axons within the white matter
[32]. Both oligodendrocytes and myelin exist within gray matter structures, such as the
cortex, although at relatively lower numbers compared to the white matter [33, 34].
Furthermore, a fraction of oligodendrocytes existing in the gray matter, termed satellite
oligodendrocytes, maintain close contact with neuronal soma and may have a more critical
role in providing metabolic and neurotrophic support [35-37]. However, the presence of
monocarboxylate transporters in myelin suggest that myelinating oligodendrocytes are also a
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sustainable source of support for neurons [38, 39]. Oligodendrocyte densities are maintained
by a self-renewing population of differentiating progenitor cells, called oligodendrocyte
precursor cells, which replenish lost or damaged oligodendrocytes following demyelinating
CNS injury [40-42]. This precursor population can become exhausted in their capacity to
form new oligodendrocytes following persistent demyelinating injury or from experiencing
differentiation block [43]. As a result, neurological symptoms can occur due to a loss of
oligodendrocyte support or myelin encapsulation and are commonly observed during
multiple sclerosis (MS) and other demyelinating diseases with the CNS [44, 45].

Due to their need for continuous production of lipid-dense myelin membranes,
oligodendrocytes are considered one of the most energy demanding glial cells within the
brain, and therefore have an increased susceptibility to metabolically damaging CNS injury
[46-48]. Low levels of the antioxidant glutathione in oligodendrocytes and their precursors
render them increasingly vulnerable to oxidative stresses that can occur during ischemia,
traumatic brain injury (TBI), or autoimmune-mediated inflammatory diseases such as MS
[49, 50]. Oligodendrocyte degeneration and demyelination are commonly observed during
focal cerebral ischemia and white matter stroke [51]. Similarly, traumatic brain injury has
demonstrated oligodendrocyte cell death and myelin loss in gray and white matter regions of
the CNS [52-54]. Penetrating cortical injuries, such as microelectrode device insertion,
demonstrate inflammation cascades similar to stroke and TBI and induce similar damage on
the oligodendrocyte lineage population [26]. Winslow et al. demonstrated myelin loss as
well as signs of blood-brain barrier leakage near chronically implanted single-shank
electrodes [55, 56]. We have recently shown oligodendrocyte degeneration, myelin
reorganization, and reactive oligodendrocyte precursor population preferentially around
implanted electrode arrays [28, 57]. However, how oligodendrocyte loss or dysfunction
affects the intrinsic electrophysiological properties of neuronal tissue and the functional
performance of intracortical recording microelectrodes has yet to be investigated.

Cuprizone, a copper-chelating agent, can be administered as a highly reproducible model of
oligodendrocyte depletion and demyelination within distinct brain regions, such as the
corpus callosum and cortex [58]. It is often used as an alternative to experimental
autoimmune encephalomyelitis (EAE), which induces activation of immunological and
inflammatory processes to mimic biological symptoms of MS [59]. Cuprizone is most often
administered via rodent chow, and acute exposure (<5-6 weeks) can effectively deplete a
significant population of oligodendrocytes and myelin within the CNS [60, 61]. The effects
of cuprizone administration can be reversed if mice are returned to normal diet following
this acute period [62, 63]. A chronic state of oligodendrocyte depletion and demyelination
can be achieved by administrating cuprizone continuously for up to 12 weeks, effectively
exhausting the precursor population and incapacitating their ability to generate new
oligodendrocytes and myelin [58]. Finally, cuprizone preferentially targets mature
oligodendrocytes with no significant changes to neurons or axons within the brains of young
mice, allowing for specific investigation of the effects of oligodendrocyte and myelin
depletion on neuronal function [59, 64].

Since oligodendrocytes mediate neuronal health and activity via metabolic and trophic
support as well as myelin ensheathment, we hypothesized that the presence of
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oligodendrocytes is critical for the neuronal signals acquired by intracortical microelectrode
arrays. In this study, we used a cuprizone-induced oligodendrocyte depletion model to
deplete oligodendrocytes and myelin within the cortex and evaluate the recording
performance of chronically implanted intracortical devices. We demonstrate that cuprizone
effectively depletes a majority of cortical oligodendrocytes resulting in myelin loss by 5
weeks of diet administration. We also show that the oligodendrocyte loss and demyelination
due to cuprizone-treatment significantly reduces recording performance at the onset of
device insertion and remains relatively steady over a 7-week implantation period compared
to mice on control diets. Additional recording analyses revealed chronic alterations in multi-
unit firing rate, neuronal oscillatory activity, and laminar coherence within the cortex of
cuprizone-treated mice. Furthermore, histology at 7 weeks post-insertion and 12 weeks of
cuprizone administration depicted robust loss of oligodendrocytes in cuprizone-treated mice
coinciding with matched neuronal densities compared to controls. In summary, we establish
that the presence of oligodendrocytes and myelin within the cortex is necessary to maintain
normal electrophysiological properties of neurons and that their loss or dysfunction could
underlie possible biological failure modes of chronically implanted neural interfaces.

3.0. Methods

Neural recording performances were compared between C57BL/6J mice fed with cuprizone
diet (depleted oligodendrocyte) and C57BL/6J mice on a normal diet (normal
oligodendrocyte). Post-mortem immunohistochemical analysis was performed for end-point
analyses of different cellular markers following device implantation with and without
cuprizone administration. All animal care and procedures were performed under approval of
the University of Pittsburgh Institutional Animal Care and Use Committee and in accordance
with regulations specified by the Division of Laboratory Animal Resources.

3.1. Animals and cuprizone administration

Cortical oligodendrocyte depletion and demyelination was induced by feeding 6-8 week old,
male C57BL/6J mice (22-30g, Jackson Laboratory, Bar Harbor, ME) rodent chow infused
with 0.2% cuprizone (bis-cyclohexanone oxaldihydrazone; Evigo, Cambridgeshire, United
Kingdom). Mice were fed cuprizone diet for 5 weeks prior to electrode insertion, following
which diet was maintained for another 7 weeks during recording experimentation for a total
of 12 weeks of cuprizone administration, which is the maximum length of cuprizone
exposure before mice begin to experience epileptic seizures in response to environmental
stress [65]. A separate cohort of cuprizone-treated mice (7= 3) along with control mice (7=
3) were sacrificed after 5 weeks of cuprizone administration for immunohistological analysis
in non-implanted brain tissue. Food and water were made available ad /ibitum, and since
cuprizone is easily degraded due to environmental exposure [60], feeds were replaced every
other day with fresh pellets.

3.2. Surgical electrode implantation

Single shank Michigan-style electrodes (A16—-3 mm-50-703-CM15) were inserted into the
left primary monocular (V1m) visual cortex of cuprizone-fed (n=5) and control (7= 5)
mice. Procedures for surgical device implantation were performed as described previously
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[21]. Briefly, an anesthetic cocktail of xylazine (7 mg/kg) and ketamine (75 mg/kg) was
injected intraperitoneally (1.P.) for surgery sedation prior to fixing the animal onto a
stereotaxic frame. Hair, skin, and connective tissue were removed from the top of the skull
to reveal the site of surgical implantation. Vetbond adhesive was used to dry the surface of
the skull prior to drilling and provide a supportive grip for a dental cement head cap. Three
bone screw holes were drilled (two over both motor cortices and one over the contralateral
visual cortex) prior to insertion of 4 mm long, 0.86 mm diameter stainless steel bone screws
(Fine Science Tools, British Columbia, Canada) for wrapping of ground and reference wires.
The ground wire was wrapped around the bone screw over the ipsilateral motor cortex while
the reference wire was wrapped over the bone screws located above the contralateral motor
and visual cortex. A drill-sized craniotomy positioned at 1 mm anterior to Lambda and 1.5
mm lateral to midline was made using a high speed dental drill and 0.7 mm drill bit. Saline
was periodically applied to prevent thermal damage due to drilling. A microelectrode device
was perpendicularly inserted at a speed of 15 mm/s using a DC motor-controller (C-863,
Physik Instructmente, Karlsruhe, Germany). The electrode was inserted to a cortical depth of
800 um, visually confirming that the last contact site disappeared beneath the pial surface. A
silicone elastomer (Kwik-Sil) was used to fill the craniotomy around the electrode prior to
sealing with a dental cement head cap. Body temperature was maintained and monitored
using a rectangular heating pad (Deltaphase isothermal pad, Braintree Scientific Inc.
Braintree, MA). Mice were given an I.P. injection of ketofen (5 mg/kg) on the day of surgery
and up to two days after for post-operative recovery.

3.3. Electrophysiological recording

Electrophysiological recordings were conducted inside a grounded Faraday cage to prevent
electrical interference from environmental noise as described previously [10, 11, 66-68].
Mice were situated on a rotating platform for awake, head-fixed recording. Trials to obtain
spontaneous neural activity were recorded in a dark room. Visually-evoked neural activity
was stimulated using the MATLAB-based Psychophysics toolbox on a 24” LCD (V243H,
Acer. Xizhi, New Taipei City, Taiwan) monitor located 20 cm from the contralateral eye of
the mouse covering a 60° wide by 60° high visual field. A drifting gradient of solid white
and black bars were presented and synchronized with the neural recording system (RX7,
Tucker-Davis Technologies, Alachua, FL) at a sample rate of 24,414 Hz. Each white and
black grating was presented for 1 s (rotated in 135° increments), separated by 1 s of a dark
screen, and repeated for a total of 64 trials per recording session.

3.4. Neural signal data processing

3.4.1. Current source density—Current source density (CSD) was used to identify
layer 1V along the length of the electrode following evoked activity within the visual cortex.
CSD plots were generated by computing the average evoked (stimulus-locked) LFP for each
electrode site, smoothing the signal across all electrode sites, and then calculating the second
spatial derivative. CSDs were averaged across 64 stimulus trials and layer IV was identified
as an inversion in LFP polarity within the first 100 ms following stimulus onset. Cortical
drift and the magnitude change in drift of implanted arrays over time was reported as the
average change in layer IV depth relative to depth at day 0 (day of surgery). All
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electrophysiological evaluation between different cortical depths occurred following
alignment of all animals in each group for each day to their corresponding layer 1V depth.

3.4.2. Single-unit (SU) sorting and analysis—Processing of raw signal data
occurred offline using a custom MATLAB script modified from previously published
methods [11]. Data was passed through a Butterworth filter with a passband from 2 to 0.3
kHz to produce data containing information on local field potentials (LFP) and 0.3 to 5 kHz
to isolate spiking information. Common average referencing was applied to the data as
previously described [69]. A fixed threshold value of 3.5 standard deviations below the mean
was used to identify potential neuronal single-unit (SU) and multi-unit (MU) activity. Only
channels which exhibited a signal-to-noise ratio (SNR) >2 were considered for single-unit
sorting. Signal-to-noise ratios (SNR) were calculated by dividing the peak-to-peak
amplitude of each single unit by the noise and reported as average SNR and average SNR
per active site (electrode channels reporting detection of SU) over time. Sortable single units
were confirmed by observing the quality and shape of neuronal waveforms, auto-
correlograms, and peri-stimulus time histograms (PSTH) with 50 ms bins. SU yield was
calculated as the percentage of electrode sites (out of 16) with at least one identifiable single
unit. The noise floor for each electrode site was taken as two times the standard deviation
(2*STD) of the entire recorded data stream after removing all threshold crossing events.
Finally, the SNR of any channels without a sortable SU waveform were reported as zero for
the purposes of calculating averages.

3.4.3. Multi-unit (MU) analysis—Multi-unit activity was measured as any threshold
crossing event that occurred within the 1 s period after each stimulus-locked trigger or
pseudotrigger was recorded. Peri-stimulus time histograms (PSTHSs) of 50 ms bin size were
generated to gauge the dynamics of multi-unit activity. Multi-unit firing rate was measured
as the average number of threshold crossing events within a 1-s period after each stimulus
presentation or pseudotrigger. Evoked multi-unit activity was evaluated by calculating multi-
unit yield and signal-to-noise firing rate ratio (SNFRR). Parameters for multi-unit spike
counts involved varying the temporal bin size and latency after stimulus presentation from 0
to 1 seconds in length via 1 ms increments in order to evaluate multi-unit yield and SNFRR.
Multi-unit yield was defined as the number of electrode sites that had a significantly
different (p < 0.05) spike count for a given bin size and latency following stimulus
presentation (stim ON) compared to spike counts within that same bin size immediately
before stimulation (stim OFF). SNFRR measured the difference in the firing rate of multi-
unit activity before and after stimulus relative to the average standard deviation between
each stimulus condition:

SNFRR = HON — HOFF

5(6ON +00FF)

where uon and up F are the average firing rates (across 64 trials) during stimulus ON and
OFF conditions and 6o and oo are the standard deviations of firing rates during ON and
OFF conditions, respectively. Reported values were calculated as absolute SNFRR.

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wellman et al.

Page 7

3.4.4. Local field potential analysis—LFP power spectra were calculated using a
multitaper method of 1 s duration, 1 Hz bandwidth, and a taper number of 1. Relative power
was calculated as the ratio of power within a specific frequency band over the entire
frequency range of LFP power (broadband power). LFP power was normalized by
subtracting the spontaneous power spectrum from the evoked power spectrum.

R0
- TS0

SE) }

where Ris relative power, S() is the LFP power spectrum, aand b are lower and upper
values of the specific frequency range, M7 is the normalized power spectrum, and Sg(7) and
Srs(#) are evoked and resting-state power spectra, respectively.

3.4.5. Laminar coherence analysis—Electrophysiological activity within and
between different laminar depths was evaluated by calculating the magnitude-squared
coherence, described previously [70]. Coherence is a quantitative description of the
similarity between two signals based on their frequency-dependent responses. Coherence
was reported as a value between 0 and 1, with 0 indicating no relationship and 1 indicating a
perfect linear relationship between two corresponding signals. Coherence was calculated as
follows:

Sxy(f)

C - M
xAS) Sxx(NSyy(F)

ACxy(f) = CEN - X3 (1)

where Cy (1) is the coherence, Sy,(f) is the cross spectrum, and Sy,(/) and S,,(/) are the
autospectra of LFP activity between electrode sites x and y, respectively. Normalized
coherence AC,,(f) was calculated by taking the difference between evoked coherence ny( §a)

RS

and resting-state coherence Cyy’(f). Coherence calculations were performed within 1 s

intervals following each stimulus presentation or pseudotrigger, at a half-bandwidth of 3 Hz
and a taper number of 5, and then averaged across all trials. Coherence between different
cortical regions was assessed by comparing the average coherence of all electrode sites
located within each respective layer. Coherence values for a specific frequency band were
reported as the average coherence within that frequency range across all animals within each

group.
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3.5. Electrochemical impedance spectroscopy

Electrochemical impedances were measured prior to each recording session. Mice were
awake and head-fixed on a rotating platform while the implanted device was connected to an
Autolab potentiostat along with a 16 channel multiplexer. Impedances were measured from
each channel using a 10 mV RMS sine wave ranging from 10 Hz to 32 kHz. Impedances
were reported as the average impedance at 1 kHz over all animals for each day unless
otherwise noted.

3.6. Post-mortem immunohistochemistry

Mice were intracardially perfused with 4% paraformaldehyde (PFA), post-fixed in 4% PFA
for 18 hours and equilibrated in 30% sucrose at 4°C. Brain s were frozen while embedding
with optimum cutting temperature (OCT) media directly on the headpiece of the cryostat
(Leica) and sectioned horizontally at 14 um thickness starting from the convexity of the
brain down to 800 um below the cortex. Sections adhered to positively charged slides were
permeabilized and blocked using 0.1% Triton-X with 10% normal goat serum in PBS at
room temperature for 1 hour and incubated with primary antibodies to CC1 (1:100,
Millipore, Burlington, Massachusetts USA, #0P80), Olig2 (1:200 Millipore, Burlington,
Massachusetts USA, #Mabn50), NG2 (1:100, Millipore, Burlington, Massachusetts USA,
#Ab5320), GFAP (1:1000 Abcam, Cambridge, Massachusetts USA, #Ab4674), 1ba-1
(1:1000 Wako, Richmond, Virginia USA, #019-19741), MBP (1:500 Abcam, Cambridge,
Massachusetts USA, #Ab40390), NeuN (1:200 Millipore, Burlington, Massachusetts USA,
#MAB377), Neurofilament (NF-200) (1:200, Sigma-Aldrich, St. Louis, Missouri USA #
N4142-.2ML), and phosphorylated NF-200 (SMI-31, Stenberger Monoclonals) overnight at
4°C. Alexa Fluor 488/594 conjugated secondary Ab (1:300 Jackson ImmunoResearch, West
Grove, Pennsylvania USA # 115585-003, # 111-605-003, #111-545-003), 1gG2b isotope
specific (1:300 anti-mouse 488 Jackson ImmunoResearch, West Grove, Pennsylvania USA
#115-545-207) and 633 anti-chicken (1:300 Thermo Fisher Scientific, Waltham,
Massachusetts #a21103) were reacted for 1 hr at RT. Sections were washed and allowed to
dry overnight in the dark before mounting with Fluoromount-G and DAPI (SouthernBiotech,
Birmingham, Alabama USA, #0100-20).

3.7. Imaging and data analysis

For cellular markers, 20x TIFF images were captured over the probe site and at an
equivalent area in the contralateral hemisphere or baseline tissue with an Olympus (Center
Valley, Pennsylvania USA) BX-51 epifluorescent microscope with MicroSuite software.
Grey scale, individual layer images were cropped to square and loaded into using a
previously published I.N.T.E.N.S.L.T.Y. MATLAB script where the binning was applied
around the probe site [71, 72]. Three bins were applied 0-50 pm, 50100 pm and 100-150
um extending from the center of the probe site or image of non-implanted tissue. Labeled
cells were counted per bin at 400-800 um through the cortical depth per brain. For intensity
analysis, images were acquired by collecting 20x z-stack fields with 9 steps (1 pm step size)
using Nikon A1R Confocal microscope (Melville, NY USA) with NIS Elements software.
The sum intensity projections (SUMIP) were processed through MATLAB by applying 10
pum bins up to 15 bins concentrically around the site of probe insertion, contralateral tissue,
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or baseline tissue in non-implanted mice. Data were expressed as the fold intensity change at
the probe site over the intensity in the corresponding area in the contralateral hemisphere
[71].

3.8. Statistics

Changes in recording metrics with respect to time were modeled using a linear mixed effects
model, described previously [73]. To fit the model to nonlinear relationships, a restricted
cubic spline was implemented by placing 4 knots at the 5%, 35!, 651, and 95! percentiles
of the data. Group (cuprizone versus control) and group-by-time interactions were included
as fixed effects. A likelihood ratio test was performed on the estimated model. Confidence
intervals were determined using a bootstrapping method with 1000 iterations. A 95%
confidence interval was taken as 1.96 times the standard error of the model output. For
histological analysis, a two-way ANOVA (o < 0.05) was used to determine significant
differences in tissue stains between cuprizone-treated and control mice. Pairwise
significances were determined using a post hoc t-test followed by a Bonferroni correction, to
reduce the probability of type I error when performing multiple comparisons.

4.0. Results

4.1. Cuprizone administration induces oligodendrocyte loss and demyelination within the
mouse cortex

For safety reasons, cuprizone could only be administered consecutively for 12 weeks [65].
Therefore, C57BL/6J mice (/7= 8) were pre-treated with cuprizone for 5 weeks to deplete
oligodendrocytes and myelin within the visual cortex prior to electrode insertion while
longitudinal electrophysiological recordings were carried out during the last 7 weeks of
cuprizone administration- (Fig. 1a). To determine the extent of oligodendrocyte loss and
demyelination at the time of implantation, cortical tissue was examined in experimental
mice following 5 weeks of cuprizone treatment (/7= 3) as well as age-matched mice on
control diet (7 =3) without electrode implantation to confirm success of the cuprizone
depletion model. The CC1 marker was used to measure the survival of mature
oligodendrocytes after cuprizone administration. At five weeks following cuprizone
exposure, mice demonstrated significant reductions in CC1+ oligodendrocyte density (~85—
90%) within the visual cortex (Fig. 1b). Similarly, MBP, a marker used to stain myelin
fibers, showed significant decreases in MBP+ fluorescence intensity (~65-70%) compared
to control mice (Fig. 1c). Staining for the NG2+ oligodendrocyte precursor population
demonstrated a slight, yet not significantly different, elevation in NG2 glial densities (Fig.
1d). This reported increase in NG2+ glial density following cuprizone administration is
expected after five weeks of treatment alongside a reduced oligodendrocyte population,
since NG2 glia proliferate in an attempt to repopulate lost oligodendrocyte densities. Since
glial cell activation is associated with cuprizone-induced oligodendrocyte and myelin loss
[60, 74], mice were also examined for microglia and astrocyte density within the cortex
following 5 weeks of cuprizone administration. Cuprizone-treated mice demonstrated
comparable Iba-1+ fluorescence intensities relative to control animals, indicating no
activation of microglia cells following cuprizone treatment (Fig. 1e). However, cuprizone-
treated mice did exhibit a slight increase in GFAP+ staining intensity, indicating partial
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activation of astrocyte cells following cuprizone toxicity, although there were no
significantly reported differences in the GFAP+ fluorescence intensities between cuprizone-
treated and control groups (Fig. 1f). Overall, cuprizone demonstrated effective depletion of
oligodendrocytes and myelin with little influence on glial activation within the cortex by 5
weeks of diet administration.

4.2. Electrode implantation and neural recording setup

Five weeks of continuous cuprizone administration can induce near-complete depletion of
oligodendrocytes and myelin within the visual cortex. To test whether oligodendrocyte and
myelin depletion impairs neuronal electrophysiology, cuprizone-treated mice (77 =5) and
mice on normal rodent diet (n7= 5) were implanted with a 16 channel single-shank
Michigan-style microelectrode array (50 pm site spacing) to a depth of 800 um below the
visual cortex. For electrophysiological data acquisition, mice were head-fixed on a rotating
platform inside a grounded, electrically-isolated Faraday cage for awake recording (Fig 2a—
b). The cage was enclosed in a blackout curtain to record spontaneous visual activity in a
dark environment. To record visually-evoked activity, mice were positioned in front of an
LED screen displaying a drifting bar gradient. Electrophysiological signals were passed
through a biological amplifier before being collected by an external recording system for
further signal processing. Raw data streams were passed through a high-frequency filter to
isolate neuronal spiking events, which were aligned to the onset of visual stimulation (Fig.
2c). Spike sorting was performed using principal component analysis to isolate distinct
recorded signals and assign them to individual clusters (Fig. 2d). For each recording session,
waveforms on each channel were aligned to the onset of visual stimulation or to
pseudotriggers assigned to spontaneously recorded data for single-unit and multi-unit
classification (Fig. 2e—f). Authentic neuronal units were confirmed based on average
waveform shape and stimulus-evoked firing properties (Fig. 2g-h).

Current source density (CSD) plots were generated to identify the position of cortical layer
IV along the depth of the implanted microelectrode shank following visual stimulus
presentation (Fig. 2i). Electrical activity was evoked at the onset of visual stimulation (‘stim
on’), causing neurons to depolarize (current sink) within the input layer (layer IV) of the
visual cortex. This appears as a negative deflection in LFP polarity within CSD plots. Layer
IV depth can also be confirmed by the temporally delayed activity in cortical layer 11/111
above and layer V below. For drift analysis, the depth of layer IV on the day of surgery was
defined as the starting point (0 um) to compare subsequent changes in electrode drift
between groups. Cuprizone-treated mice experienced a gradual decrease in layer IV depth
along the microelectrode array for the first two weeks post-insertion before remaining stable
throughout the remainder of device implantation (Fig. 2j). In contrast, mice on control diet
demonstrated an upward shift in layer 1V position along the microelectrode array for the first
two weeks before stabilizing until experimental end-point. Analysis of the magnitude change
in depth demonstrated that most of the drift in layer IV position occurred within the first two
weeks post-insertion (Fig. 2k). These patterns in layer 1V drift are similarly supported by
previously published results [21]. An electrode site spacing of 50 pm and an average change
in layer 1V depth of only ~30-50 um beyond the first two weeks of implantation indicates
the implanted microelectrode experienced minimal drift within the range of 1 electrode site
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throughout the duration of implantation. As a result, we employed a robust and reproducible
model of oligodendrocyte and myelin depletion around chronically implanted
microelectrode arrays to study the electrophysiological properties of neurons within the
demyelinated cortex.

4.3. Cuprizone-induced oligodendrocyte loss and demyelination impairs neuronal single-
unit activity at the onset of device implantation

The use of microscale recording arrays with high spatial and temporal resolution allowed
observation of how oligodendrocyte loss and demyelination influences the
electrophysiological characteristics of individual neurons. Due to the dense distribution of
oligodendrocytes and myelin fibers, particularly within cortical input (layer 1V) and output
layers (layer V) [75], cuprizone-induced oligodendrocyte depletion and demyelination was
expected to significantly alter the health and strength of detectable neural signals within the
visual cortex. To demonstrate the impact of oligodendrocyte loss and demyelination on
electrophysiological recording quality, comparison of recording metrics was first examined
independent of cortical depth by averaging across all 16 microelectrode channels. Due to the
residual effects of anesthesia, specifically the influence of ketamine/xylazine on evoked
activity within the visual cortex on the day of surgery [70], acute recording metrics were
evaluated with respect to data collected on day 1 post-implantation. One day after electrode
insertion following 5 weeks of cuprizone administration, oligodendrocyte-depleted mice
demonstrated a significant reduction of nearly 36% in electrode yield compared to mice on
normal diets (cuprizone: 40 + 5%, control: 62.5 + 8.6%, Fig. 3a). By 7 weeks post-insertion,
SU vyield of cuprizone mice was reduced to 30 + 9.1%. Control mice, however, experienced
a greater and more pronounced decline in yield over time, reducing to 42.5 + 4.1% and
demonstrating no significant differences in yield compared to cuprizone-treated animals by 7
weeks post-insertion. Similar patterns of significant difference between cuprizone-treated
and control mice were reported for SNR (Fig. 3b). Average SNR on day 1 following
implantation was significantly reduced by nearly 52% in cuprizone-treated animals
compared to control mice (cuprizone: 1.3 £ 0.62, control: 2.7 + 0.44). Over time, SNR in
control mice gradually declined to the level of cuprizone-treated animals (cuprizone: 1.75 £
0.6, control: 1.75 £ 0.29). Evaluation of only active electrode sites (channels which detected
SU activity) revealed no significant differences in SNR between cuprizone-treated and
control mice over time, although cuprizone-treated animals demonstrated overall reduced
values of SNR (Fig. 3c). The average amplitude of cuprizone-treated mice on day 1 post-
insertion was 7.5 £ 1.1 pV compared to 14.3 £ 1.4 pV in control mice (Fig. 3d). Over the
course of the subsequent 4 weeks, signal amplitude in control mice remained elevated before
declining to the level of cuprizone-treated mice by 7 weeks post-insertion (cuprizone: 8.8 +
2.8 pV, control: 10.6 £ 2.0 pV). Similarly, cuprizone-treated mice demonstrated reduced
amplitudes of the noise floor compared to control mice on day 1 post-insertion (Fig. 3e,
cuprizone: 1.69 £ 2.1 pV, control: 3.4 + 4.6 uV). Control mice maintained elevated noise
amplitudes until declining to the level of cuprizone-treated animals by 7 weeks post-
insertion (cuprizone: 1.93 + 5.8 uV, control: 2.5 + 5.3 uV). Device impedances in cuprizone-
treated animals were reduced significantly compared to control mice for the first week post-
insertion, slightly fluctuating until 14 days post-insertion, and then stabilized after 3 weeks
(Fig. 3f).
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Reduction of single-unit recording metrics in cuprizone-treated mice compared to mice on
control diets was also observed in a depth-dependent manner (Fig. 4a—d). Animals at each
time point were aligned to their average layer IV depth, determined from their CSD analysis.
Recording performance within different cortical depths along the electrode shank as well as
over time post-insertion were demonstrated in the form of averaged heat maps. Smoothing
was applied to easily visualize gradual changes in recorded metrics over time and depth.
Cuprizone-treated animals demonstrated visually apparent reductions in electrode recording
yield compared to control mice specifically in cortical layers II/111, IV, and V (Fig. 4a).
Control mice demonstrated a reduction in yield over time, most notably decreasing in
cortical layer 1I/111 by 6 and 7 weeks post-insertion. Average SNR was reduced in cuprizone-
treated mice vs. control mice within layer 11/111, 1V, and V, demonstrating the most loss in
SNR values within layer 11/111 and IV (Fig. 4b). Furthermore, amplitudes were most visibly
reduced in layer 1I/111 and IV following cuprizone-administration compared to control mice
(Fig. 4c). Single-unit amplitudes in control mice were particularly reduced in cortical layer
IV after 4 weeks post-insertion. Finally, cuprizone-treated mice demonstrated reduced noise
amplitudes within each cortical layer (11/111, 1V, and V) compared to control mice (Fig. 4d).
Control mice demonstrated a decline in noise amplitude in all cortical layers after 5-6 weeks
post-insertion. Collectively, the results indicate that a deficiency in oligodendrocyte function
and myelination within the cortex can alter the detectability and recording strength of
individual neurons around implanted microelectrode arrays.

4.4. Cuprizone administration reduces spontaneous and evoked neuronal firing rate

After demonstrating that oligodendrocyte and myelin depletion impairs single-unit
recordings, we asked whether cuprizone administration would affect the functional multiunit
firing properties of local neuronal populations within the visual cortex. Given the dual
purpose of myelin as electrical insulation for fast propagation of action potentials as well as
being a conduit for metabolic and neurotrophic support to satisfy energetic demands of
neurons, cuprizone-induced demyelination was expected to reduce overall neuronal firing
rates within the vicinity of microelectrode arrays. Multi-unit activity was compared between
cuprizone-treated and control mice by evaluating all threshold-crossing events (non-sorted
spiking activity) that occurred during resting-state and evoked recording sessions. Average
firing rate was defined as the number of threshold-crossing events that occurred within a 1
second period after each visual stimulus trial (or 1 second after each pseudotrigger assigned
to spontaneous activity). As expected, neuronal firing rate was increased following visually
evoked stimulation compared to spontaneous (resting-state) activity in both cuprizone-
treated and control mice (Fig. 5a-b). However, cuprizone administration effectively reduced
firing rate compared to control mice under both spontaneous and visually-evoked recording
conditions, albeit not significantly. Neuronal firing rate during resting-state activity was
highest on day 1 post-insertion for both cuprizone (12.1 + 0.6 spikes/s) and control mice
(13.9 £ 0.7). By 7 weeks post-insertion, spontaneous firing rate decreased in both groups
(cuprizone: 9.5 £ 0.9 spikes/s, control: 9.81 0.8 spikes/s). Similarly, firing rate was highest
during visually-evoked stimulation on day 1 post-insertion for cuprizone-treated mice (17.4
+ 1.6 spikes/s) and control mice (18.5 + 1.0 spikes/s) before firing rate in both groups
gradually declined by 7 weeks post-insertion (cuprizone: 12.9 + 1.3 spikes/s, control: 13.9 =
1.4 spikes/s). Changes in neuronal firing rate for cuprizone-treated and control mice were
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also observed in a depth-dependent manner (Fig. 5¢c—d). Reductions in firing rate over time
during resting-state and visually-evoked activity for both cohorts occurred predominantly in
cortical layer 1l/111, matching depth-dependent patterns of single-unit recording.
Interestingly, evoked firing rate for both groups increased within layer 11/111 following 2
weeks post-insertion. Together, these findings establish that oligodendrocytes and myelin
modulate the firing properties of neuronal networks during resting-state and evoked cortical
activity.

4.5. Cuprizone-induced oligodendrocyte loss and demyelination reduces multi-unit
activity in a latency-dependent manner

Multi-unit activity was evaluated further to determine how oligodendrocytes and myelin,
whose function is to regulate conduction velocities of neuronal signals, affect
electrophysiological latency following evoked visual stimulation within the cortex.
Contribution of oligodendrocytes and myelin on evoked neuronal population responses were
further evaluated by observing dynamic changes in multi-unit activity (MUA) following
implantation. Multi-unit yield and SNFRR were metrics generated by comparing spike
counts before and after visual stimulation, whose responses can differ based on parameters
such as bin duration and temporal latency from stimulation onset [70]. Therefore, a range of
bin sizes and latencies post-stimulation were evaluated to observe patterns in MUA
responses between cuprizone-treated and control mice over time (Fig. 6a). Bin sizes and
latencies varied from 1 ms to 1000 ms with a temporal bin resolution of 1 ms, generating
heat maps that highlight hotspots of MU yield and SNFRR for certain durations of bin size
and latency (Fig. 6b). Naturally, bin sizes and latencies less than 50 ms produced low or
virtually no evoked responses in MUA due to the time required for evoked responses to be
recognized by the recording electrode within the visual cortex (Fig. 2i). Most dynamic
changes occurred within a bin size duration up to 200 ms and latencies up to 800 ms, which
were further observed as the difference in MU yield and SNFRR between cuprizone-treated
and control mice over time (Fig. 6¢c—d). On the day of surgery, control mice demonstrated
greater MU yield and SNFRR compared to cuprizone-treated mice for all bin durations and
latencies. Interestingly, cuprizone-treated mice exhibited higher MU yield and SNFRR
compared to control mice on day 1 post-implantation. Beyond this first day after device
insertion, MU yield and SNFRR were elevated in mice on control diets for latencies greater
than 200 ms. Note that most significant differences in MU yield and SNFRR were observed
only when values were higher in control mice and when latencies were greater than ~400
ms. Significant differences that did occur in cuprizone-treated animals generally occurred
less than ~400 ms after stimulus presentation. In line with aforementioned trends in single-
unit activity and firing rate, control mice demonstrated virtually no significant differences in
MU vyield or SNFRR compared to cuprizone-treated mice at 6 and 7 weeks post-insertion,
indicating a reduction in evoked MUA of control mice over time. To summarize, loss of
cortical oligodendrocytes and myelin following cuprizone administration impaired evoked
multi-unit activity with increasing latency post-stimulation, a difference which deteriorated
in mice fed on control diets over time.
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4.6. Cuprizone-induced oligodendrocyte loss and demyelination alters evoked oscillatory
activity within the visual cortex

The previous findings demonstrated that oligodendrocyte and myelin depletion alters
electrophysiological properties within local neuronal populations. Knowing that
oligodendrocytes and myelin regulate neuronal activity in a time-dependent manner, we then
asked how the frequency-dependent oscillations in neuronal signaling are influenced by
cuprizone administration. The contribution of oligodendrocytes and myelin on evoked
oscillatory neuronal activity within the cortex was evaluated by performing power spectral
analysis. Power was calculated by taking the base 10 logarithm of recorded local field
potentials. Evoked power was normalized by subtracting spontaneous power across a
frequency range of 0.5 to 125 Hz (Fig. 7a—b). While both cuprizone-treated and control mice
experienced similar evoked power across frequencies, cuprizone-treated mice demonstrated
greater fluctuations in power within the first two weeks post-insertion across the entire
frequency spectrum (Fig. 7c). Furthermore, while power did not change in a depth-
dependent manner between cuprizone-treated and control mice over time, similar
fluctuations in evoked power over the first two weeks were observed in cuprizone-treated
mice. Conversely, evoked power in control mice remained relatively stable except for slight
increases in power at 1 and 6 weeks post-insertion (Fig. 7d). These fluctuations in LFP
activity were further reflected by averaging evoked power over the entire frequency range
between cuprizone-treated and control mice (Fig. 7e). Additionally, cuprizone-treated mice
demonstrated a reduced peak in evoked power within the first week of insertion compared to
control mice before gradually increasing and stabilizing over time (Fig. 7f). Finally, evoked
power was evaluated at distinct frequency ranges between cuprizone-treated and control
mice over time (Fig. 7g). Cuprizone-treated mice demonstrated reduced power within delta
(24 Hz), theta (5-7 Hz), and alpha (8-14 Hz) frequency bands compared to control animals.
Alternatively, cuprizone-treated mice exhibited an increase in power in gamma (30-90 Hz)
and high frequency bands (>90 Hz). At all frequency bands, cuprizone-treated mice
demonstrated high fluctuations in evoked power compared to control mice, which remained
relatively stable over time. Together, these results indicate that cuprizone-induced
oligodendrocyte loss and demyelination alters evoked oscillatory activity in a frequency-
dependent manner within the mouse visual cortex.

4.7. Cuprizone-induced oligodendrocyte loss and demyelination alters evoked laminar
communication within the visual cortex

Since the evoked oscillatory activity differed between wildtype and oligodendrocyte
depleted mice, we next investigated the influence of oligodendrocytes and myelin on
functional communication within and between cortical laminar circuits through coherence
analysis. It is expected that the loss of myelin, a critical substance considered to facilitate
information transmission of far-reaching projections, would have significant impacts on
interlaminar, if not intralaminar, communication following cuprizone administration.
Coherence, reported as a value between 0 and 1, was first normalized by subtracting
spontaneous coherence from evoked coherence and then calculated for all 16 pairs of
electrode channels, resulting in heat maps of evoked coherence values in a 16 x 16 site
diagram (Fig. 8a—-b). The greatest difference in coherence between cuprizone-treated and
control mice was observed at 8 days post-insertion. Therefore, this time point was compared
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alongside the experimental endpoint of 49 days post-insertion, which has demonstrated
comparable performance between cuprizone-treated and control mice for all
electrophysiological metrics observed so far. At 8 days post-insertion, cuprizone-treated
mice demonstrated increases in evoked coherence within superficial (layer 11/111) and deep
layers (layer V/V1) as well as between granular-supragranular (G-SG: layer IV to layer 11/
I11), granular-infragranular (G-1G: layer IV to layer VV/VI), and supragranular-infragranular
(SG-IG: layer I1/111 to layer V/VI) regions (Fig. 8a). These responses in cuprizone-treated
mice differed from control mice most within higher frequency beta (7-30 Hz) and gamma
(30-90 Hz) bands. By day 49 post-insertion, previously coherent regions in cuprizone-
treated mice were reduced, demonstrating similar or reduced coherence heat maps compared
to control mice (Fig. 8b). These temporal trends in evoked coherence between cuprizone-
treated and control mice are further reflected by observing interlaminar connectivity as a
function of frequency. Cuprizone-treated mice demonstrated the greatest difference in
coherence compared to control mice in G-1G and G-SG regions at 8 days post-insertion (Fig.
8c). Due to a decrease in evoked coherence in cuprizone-treated mice by 49 days post-
insertion, coherence between cuprizone-treated and control mice were virtually the same
(Fig. 8d). Finally, evaluating the coherence averaged between 7 and 90 Hz between laminar
regions demonstrated a significant increase in coherence within G-SG regions over the first 4
weeks post-insertion between cuprizone-treated and control mice (Fig. 8e). Furthermore,
synchronicity between neuronal populations is an important property of functional resting-
state activity. Therefore, we measured coherence between and within different cortical layers
and demonstrated similar trends in coherence during resting-state in cuprizone-treated mice
(Supplementary Fig. 1). This analysis indicates that the loss in function of oligodendrocyte
and myelin compromises functional communication during resting-state and evoked activity
within and between laminar structures of the visual cortex.

4.8. Histological analysis of microelectrode explants reveals sustained oligodendrocyte
loss around chronically implanted microelectrode arrays

Following 7 weeks of implantation in control and 12 weeks of cuprizone administration,
cortical tissue around microelectrode explants were analyzed for changes in cellular and
subcellular dynamics resulting from device-induced inflammation and cuprizone-mediated
toxicity. A chronic loss of oligodendrocytes and myelin coupled with damage incurred
during chronic device implantation was expected to impair neurons around the device-tissue
interface and account for the late-stage decline in recording performance of mice fed control
diet. Surprisingly, staining for NeuN+ neurons showed no device-dependent changes in
neuronal density between cuprizone-treated or control mice (Fig. 9a—b). However, staining
for NF-200+ axons demonstrated increased, yet not significant, levels in neurofilament
immunoreactivity in cuprizone-treated mice around the microelectrode implant, suggesting a
cuprizone-induced impact on axonal pathology following injury (Supplementary Fig. 2).
Further staining for SMI-31+ phosphorylated NF200 axons demonstrated increased
immunoreactivity as well as increased neurofilament accumulations in cuprizone-treated
mice around an implanted microelectrode array (Supplementary Fig. 2 and 3). Additionally,
cuprizone-treated mice maintained low oligodendrocyte density following 7 weeks post-
implantation (Fig. 9c—d), consistent with previous cuprizone studies reporting a chronic
depletion of oligodendrocytes by 12 weeks of cuprizone administration. Cuprizone-treated
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mice demonstrated markedly reduced oligodendrocyte density compared to control animals.
However, there was no significant differences in oligodendrocyte density between
cuprizone-treated animals and controls, on account of high variability in CC1+ cell counts in
control mice. This variability may be explained by the heterogeneous presence of
oligodendrocytes throughout the cortex, which may be differentially susceptible to device
insertion injury [26]. Staining for MBP+ myelin revealed comparable fluorescence
intensities in control mice at 7 weeks post-insertion (Fig. 9e—f) relative to pre-insertion
results (Fig. 1¢). Analysis of contralateral tissue demonstrated significantly reduced MBP+
fluorescence intensities in cuprizone-treated mice compared to controls, confirming that 12
weeks of cuprizone administration induced a chronic state of demyelination within the
visual cortex. (Supplementary Fig. 4). Interestingly, cuprizone-treated mice demonstrated an
increase in myelin intensity around the site of microelectrode implantation relative to
baseline (Fig. 9e—f). As a result, no significant differences in MBP+ myelin intensity
compared to control mice were reported at 7 weeks post-insertion, similar to observed
oligodendrocyte density. Together, the results suggest that impaired recording performances
over time could be explained by the chronic depletion of oligodendrocytes and myelin
following long-term cuprizone administration.

Since glial cell activation is commonly reported in both models of cuprizone administration
and intracortical electrode implantation, we wanted to determine the extent of glial
activation by experimental endpoint. Chronic implantation of a microelectrode array induced
glial reactivity with spatial preference around the device interface (Fig. 10). However, only
certain glial cells responded to chronic cuprizone administration. The number of NG2+
oligodendrocyte precursor cells within 150 um radius from site of device insertion was lower
in cuprizone-treated mice compared to mice on control diet, demonstrating significant
reduction within 50 um from the site of insertion (Fig. 10a—b). While oligodendrocyte
precursor cells in cuprizone-treated mice maintained similar densities within each bin,
control mice demonstrated greater NG2+ cell density with increasing proximity to the site of
probe implantation and compared to pre-implantation cell counts, indicating specific glial
reactivity in response to device implantation injury. Chronic implantation of a
microelectrode array induced similar distance-dependent activation of Iba-1+ microglia and
GFAP+ astrocytes (Fig. 10c—f). However, the average Iba-1+ fluorescence intensity was
virtually the same between cuprizone-treated and control mice indicating no cuprizone-
specific influences on microglia activation post-injury (Fig. 10c—d). On the other hand,
cuprizone demonstrated specific astrocyte reactivity, with increased, and more highly varied,
GFAP+ signal intensity in cuprizone-treated animals compared to controls (Fig. 10e—f).
These results indicate that long-term cuprizone toxicity induces a reduction in
oligodendrocyte precursor density as well as mild activation of astrocyte populations around
chronically implanted microelectrode arrays.

5.0. Discussion

The contribution of oligodendrocytes and myelin on electrophysiological activity within the

mouse visual cortex was observed in a cuprizone-inducible model of demyelination. Sixteen
channel, single-shank microelectrode arrays were used to record neuronal data over a 7 week
period following 5 weeks of cuprizone administration in oligodendrocyte- and myelin-
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depleted mice compared to control mice fed with normal diets. Changes in single- and multi-
unit activity as well as changes in local field potentials were analyzed to reveal the influence
of oligodendrocyte loss and demyelination on the electrophysiological properties of
individual neurons, activity of local neuronal populations, neuronal oscillatory activity, and
laminar connectivity of cortical circuits. Overall, cuprizone administration induced
significant reductions in the evoked firing properties of recordable neurons, decreased firing
rates of resting-state and evoked neuronal activity, decreased multi-unit activity in a latency-
dependent manner, disrupted the evoked frequency of neuronal oscillations, and altered
interlaminar communication within the cortex. Furthermore, post-mortem histology revealed
chronic depletion of oligodendrocytes alongside quantitatively matched neuronal densities
near the site of microelectrode insertion in cuprizone-treated mice compared to control mice,
promoting the idea that loss or dysfunction of oligodendrocytes is a possible source of
recording performance failure around intracortical neural interfaces.

5.1. Targeted depletion of cortical oligodendrocytes following 5 weeks of cuprizone
administration

After 5 weeks of cuprizone exposure, oligodendrocytes and myelin were significantly
(p<0.001) depleted within the visual cortex (Fig. 1). It is important to note that cuprizone
depletion does not lead to complete elimination of oligodendrocytes, since a complete loss
of oligodendrocyte would likely be fatal. Even though cuprizone does not target myelin
directly, loss of oligodendrocytes and inability for oligodendrocytes to regenerate and re-
myelinate during cuprizone administration results in demyelinating injury [76]. /n vitro
analysis determined that cuprizone exposure does not affect the viability of cultured
neurons, microglia, or astrocytes, nor does it affect the proliferation or survival of
oligodendrocyte progenitor cells [77]. Furthermore, cuprizone treatment does not induce a
copper deficiency or toxicity in cultured neurons, demonstrating that cuprizone does not
readily pass through neuronal cell membranes [64]. Thus, cuprizone acts with high
specificity on oligodendrocyte cells through cellular dysfunctions in a copper-dependent and
independent manner [78].While the underlying mechanisms of cuprizone-induced
oligodendrocyte toxicity are unclear, the most common theories are disturbances in
mitochondrial function important for energy metabolism [59, 78, 79]. Oligodendrocytes
require high amounts of generated ATP to sustain their metabolic output due to continuous
synthesis of lipid myelin membranes, which heightens their vulnerability to mitochondrial
injury above other metabolically active cells within the CNS [46]. Cuprizone treatment
reportedly alters mitochondrial enzymes dependent on copper as a co-factor and can disrupt
electron transport function of complexes I-111 within the respiratory chain [80-82]. As a
result, reductions in intracellular energy, accumulation of reactive oxidative species, and
inherently low antioxidant levels in oligodendrocytes can lead to cellular apoptosis following
cuprizone administration [30, 59]. Alternatively, cuprizone-induced copper deficiency has
the potential to directly affect the production or deposition of myelin within
oligodendrocytes, which requires the translation, transcription, and translocation of myelin-
related proteins within endosomes that fuse with an expanding myelin membrane [83].
Endosome fusion to the oligodendrocyte cellular membrane is the principle method for
depositing myelin proteins and lipids necessary to generate and maintain myelination.
Copper has been implicated in the regulation of intrinsic cellular mechanisms which control
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fatty acid synthesis within the brain as well as mMRNA gene expression of myelin-related
proteins during cuprizone-induced toxicity [84-86]. Furthermore, as a transitional metal ion
whose abundance can lead to cellular toxicity, copper can induce vesicular fusion with the
plasma membrane (exocytosis) in order to maintain homeostatic levels, and in the process
promotes the repair or replacement of damaged cellular membranes [87]. As a result, a lack
of copper due to cuprizone administration could possibly inhibit this myelin forming process
within oligodendrocytes, resulting in CNS demyelination.

In response to oligodendrocyte loss, oligodendrocyte precursor cells migrate, proliferate, and
differentiate into myelinating oligodendrocytes in order to restore homeostatic density [40].
As a result, an increase in oligodendrocyte precursors within the cortex is expected
following acute cuprizone toxicity (Fig. 1d). Existing myelin is degraded following
cuprizone-induced oligodendrocyte cell death and the remaining debris is cleared away by
microglia (Fig. 1c). Additionally, protection of mature oligodendrocytes during cuprizone
administration results in attenuation of myelin loss and reduced microglia or astrocyte
reactivity in white matter tracts, suggesting that debris left from oligodendrocyte and myelin
degeneration induces glial cell activation [74]. Therefore, glial cell activation is commonly
reported in white matter tracts of the cuprizone model [88, 89]. However, we report no
significant differences in activation of microglia or astrocytic markers in cortex by 5 weeks
of cuprizone administration (Fig. 1e—f). This could be accounted for by a different temporal
course of cortical glial activation and extent of glial response due to lower amount of myelin
and, consequently, accumulation of myelin debris in the cortex compared to the heavily
myelinated white matter tracts. Furthermore, this phenomenon is known to be strain-
dependent, which would explain why we demonstrate little to no activation of microglia or
astrocytes within the cortex of C57BL/6J mice following 5 weeks of cuprizone toxicity [58].

5.2. Loss of cortical oligodendrocytes and myelin on electrophysiological recording
properties of individual neurons

Neural electrophysiology was evaluated in the mouse visual cortex due to the fact that visual
stimulation can elicit robust neural responses and is a more reliable and reproducible method
of stimulation compared to somatosensory or motor cortex stimulation. Single-shank
Michigan-style microelectrode arrays were implanted to a depth of 800 pm within the cortex
(layer V/V1) in order to avoid insertion into white matter areas beneath the cortex which
consist of a different distribution of oligodendrocyte cells and myelin fibers. Mice were
recorded while head-fixed on a movable platform for linear ambulation and while awake to
avoid unwanted influences in neural responses seen with anesthetized recording [70].
Motion artifacts that appeared during recording were minimized by repeating trials as
needed to collect continuous, undisrupted data [90]. Current source density analysis showed
that the electrode did not drift more than the distance occupied by one electrode site in either
direction (<50 pm) within the first two weeks of insertion before stabilizing, indicating
electrode position was relatively stable throughout the course of implantation (Fig. 2).
Control mice demonstrated a slight increase in layer 1V position along the implanted
microelectrode array, which is a result of tissue swelling that can occur following brain
injury [91]. Interestingly, cuprizone mice experienced, on average, a decrease in layer IV
position along the implanted microelectrode array indicative of tissue shrinkage, which may
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be a result of a bulk loss and clearance of oligodendrocyte and myelin following cuprizone
administration (Fig. 2j). The insulating properties of myelin decrease the capacitance of
axonal membranes [32]. Therefore, the reduction of myelin via cuprizone toxicity would
effectively increase axonal membrane capacitance and may reduce impedances around an
implanted microelectrode. Here, we show that electrode impedances were significantly
reduced in cuprizone-treated animals for the first week after insertion (Fig. 3f). Abnormally
high or low impedances, which would be indicative of mechanical or material failure, were
not reported in either cuprizone-treated or control mice, demonstrating electrode stability
and functionality throughout the course of implantation [23, 92]. This may be due to revised
fabrication methods or subtle design differences compared to previously reported work using
100 pm site spacing probes [93]. Regardless, hardware issues should equally affect both
experimental group and control, which should not diminish the significant differences of the
electrophysiological recording properties reported here.

Recording yield, which is a measure of device recording efficacy, was significantly impaired
at the onset of implantation in cuprizone-treated mice (Fig. 3a). Given that other established
modes of recording performance failure, such as glial scar formation and neurodegeneration,
are identified as late-stage events that occur following chronic device implantation (>2—4
weeks post-implantation), this decrease in yield can likely be attributed to the absence of
cortical oligodendrocytes and myelin membranes following the cuprizone pretreatment [94].
Reduced single-unit yields can suggest a failure in signal transduction of demyelinated
axons, resulting in decreased signal amplitudes of more distal neurons, which would not be
threshold detected by the recording device. Indeed, the amplitude of evoked neuronal
responses in cuprizone-treated mice were decreased compared to controls (Fig. 3d). This is
consistent with an observed decrease in signal-to-noise ratios (SNRs), a metric that measures
the strength of detected signals against the recorded noise (Fig. 3b). SNRs are dependent on
the amplitude or strength of neuronal action potentials as well as electrophysiological noise
(i.e. neuronal noise, glial reactivity) for each contact site, which also appeared reduced in
cuprizone-treated mice. Furthermore, oligodendrocytes and myelin populate the gray matter
cortex in a layer-specific manner, with oligodendrocyte and myelin densities the highest in
deeper laminar structures [33]. This spatial distribution is consistent with a recorded loss in
yield, SNR, and amplitudes in layer IV and V of cuprizone-treated mice, indicating that
recording performance is altered as a function of depth along the implanted microelectrode
array due to spatial specificity of oligodendrocytes and myelin within the cortex (Fig. 4).
This may also explain the plateau in recording yield between 20-40% in cuprizone-treated
animals (Fig. 3a), which equates to ~3-6 recording sites (~150-300 um of cortical depth).
Considering that cuprizone toxicity significantly depletes most oligodendrocytes (Fig. 1b),
but not all oligodendrocytes within the CNS, as well as the fact that not all neurons within
the gray matter cortex are myelinated (and therefore unaffected from cuprizone
demyelination) suggests that this is the maximum possible deficiency in recording
performance we can observe given the limitations of the model and the myeloarchitecture of
the brain.

Trends in single-unit activity were relatively stable throughout the 7 week implantation
period in cuprizone-treated mice (Fig. 3). Recording performance in the oligodendrocyte-
depleted group began at a low performance state on day 1 and remained plateaued at that
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low performance state over time. In contrast, recordings in control mice, which began with
healthy oligodendrocytes were significantly higher (p<0.05) relative to cuprizone-treated
mice before experiencing a gradual decline over time, which is consistent with previously
published data [21, 95, 96]. By 7 weeks post-insertion, electrophysiological performance in
control mice was indistinguishable from that of cuprizone-treated mice. These results were
contradictory to our initial hypothesis, that recording performance in cuprizone-treated mice
would decline more rapidly than control animals given a lack of oligodendrocyte- and
myelin-mediated support for neurons and axons. In fact, by 7 weeks post-insertion, neuron
density was similar between the two groups (Fig. 9B). However, it is important to note that
previous studies have demonstrated that the presence of NeuN staining does not necessarily
indicate that the neuron is functional as opposed to being silenced or otherwise
dysfunctional [97]. Indeed, previous evaluation of cortical neurogenesis following injury or
via induced differentiation has demonstrated the inability for new neurons to integrate
functionally due to an unfavorable microenvironment [98, 99]. Instead, an alternative
hypothesis is that the initial pre-insertion depletion of oligodendrocytes (Fig. 1) leads to an
environment where neurons are more susceptible to becoming dysfunctional even without
(or following) a microelectrode implantation. This could explain why recording performance
starts low and remains plateaued over the course of cuprizone treatment (Fig. 3-8). Taken
together, significant decreases in oligodendrocytes and myelin with cuprizone-treatment
prior to array implantation (Fig. 1b—c) leads to significantly lower initial recording
performance (Fig. 3—-8) without significantly impacting neuronal density (Fig. 9b) compared
to controls. However, over the course of 7 weeks, there are complex cell dynamics and the
significant differences between the two groups are lost for oligodendrocyte density (Fig. 9d;
cuprizone 0-50 um: 168.6 + 55.5 cells/mm?, control 0-50 um: 449.3 + 124.2 cells/mm?),
which is accounted for in large part by the drop in CC1+ cells in control mice and a small
increase of CCL1 in the cuprizone group (compare Fig. 1 with Fig. 9), myelin intensity (Fig.
9f; cuprizone 0-50 um: 617.3 + 137.1 A.U./um?, control 0-50 pm: 690.9 + 45.6 A.U./um?),
which is largely accounted for by the increase in MBP staining in the cuprizone group
(compare control in Fig. 1 and Fig. 9), and recording performances (Fig. 3-8). Interestingly,
the number of NG2 cells in control mice is unchanged at 7 weeks versus the time of
implantation while it is reduced to half in the cuprizone group. The latter could represent a
depletion of NG2 cells that have differentiated into oligodendrocytes, possibly explaining
the increase in CC1+ cells in the cuprizone group and leading to increase in myelin density.
This supports the notion that over time in wildtype controls (that recapitulates normal
implantation injury), the microenvironment around the electrode within the recording radius
becomes depleted of oligodendrocytes and myelin, which contribute to recording
performance degradation. While the current study does not establish causation, this work
motivates future mechanistic studies that link oligodendrocyte health and their metabolic
and/or neurotrophic function to recording performance.

While recording performances trend slightly higher in the cuprizone treated group at later
time points, these changes are non-significant (Fig. 3). In contrast to NeuN, neurofilament
expression was actually increased in cuprizone-treated mice (Supplementary Fig. 2-3).
However, SMI-31 labeling was also substantially elevated around the implant, which is
associated with dystrophic neurite formation and abnormal axonal transport [100].
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Therefore, it is important to keep in mind that the presence of antibody labeling (NF-200)
does not necessarily indicate that those cells or cellular elements are functional as previously
shown with NeuN staining [97]. Given the limitation in endpoint analyses with the
cuprizone model, it is uncertain whether recording performance in control mice would have
plateaued at this level by 7 weeks post-insertion or would have continued declining over
time. However, these findings suggest that the microenvironment around chronically
implanted electrodes in healthy mice gradually becomes increasingly similar to cuprizone-
treated cortical tissue. Furthermore, the observed decrease in electrophysiological properties
of control mice to a level that is comparable to recordings in cuprizone-treated mice suggest
that loss or dysfunction in oligodendrocytes and myelin could potentially act as a source of
biological failure for chronically implanted intracortical devices. These findings support the
premise that preserving the function of oligodendrocytes and myelin can help improve
neural recording performances following injury induced by chronically implanted
microelectrode devices.

5.3. Cuprizone-induced oligodendrocyte loss and demyelination impairs multi-unit
activity within the cortex

Analysis of multi-unit recordings provided insight on how oligodendrocytes and myelin
modulate the functional activity of local neuronal populations within the visual cortical
circuit. Cuprizone-induced oligodendrocyte loss and demyelination reduced neuronal firing
rates compared to control mice at the onset of device insertion and remained reduced
throughout the course of implantation (Fig. 5). This was observed in a depth-dependent
manner, with cuprizone-treated mice experiencing the most reduction in multi-unit firing
rate within layers I1/111. Beyond two weeks post-insertion, firing rate appeared to non-
significantly increase in cuprizone-treated mice, which may be due to the unexpected
increase in oligodendrocyte density and myelination observed during explant histology.
Myelin sheaths cluster voltage-gated Na* sodium channels into nodes along axons,
providing saltatory propagation of neuronal signals [32]. The loss or addition of myelin can
result in a redistribution of those sodium channels, weakening or strengthening the
propagative effect of action potentials down the axon [101]. Therefore, weakened axonal
conduction velocities due to cuprizone-induced demyelination could diminish signals before
they are detected by the microelectrode, reducing recorded firing rates. One study
investigating the effects of increases in myelin sheath thicknesses of ERK1/2-mutant mice
demonstrated a decrease in latency-to-peak of evoked amplitudes within the auditory cortex
compared to wild-type mice, suggesting that myelin provides direct functional consequences
of neuronal activity by regulating conduction velocity [102]. However, significant
differences were not detected during the 15t action potential peak, which would be indicative
of a conduction velocity issue during myelin sheathing, but during the 29, 34, and 5t peak
after stimulus presentation, suggesting perhaps a deficiency in metabolic or trophic support
from damaged or dysfunctional oligodendrocytes, which would be necessary for repetitive
neuronal firing [103]. Demyelinated axons require more energy to support repolarization of
active neurons as well as match the levels of metabolic transport within previously
myelinated axons [104]. Indeed, we show comparable recording outcomes within the first
100 ms after stimulation onset in multi-unit yield and SNFRR between cuprizone-treated
and control mice, which is within the range of normal physiological latencies reported for
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visual information to reach the cortex (Fig. 6). Furthermore, we report that significant
differences in multi-unit dynamics, where recording of multi-unit activity was increased (i.e.
repetitive neuronal firing) in control mice over cuprizone-treated mice (Fig. 6), were more
apparent following sustained evoked visual stimulation. These results are more indicative of
a loss in energetic support from oligodendrocytes impairing recurrent neuronal firing activity
than a reduction in myelin-mediated conduction velocities. In either case, these results
establish that loss of oligodendrocytes and myelin can reduce the firing properties of local
neuronal populations.

5.4. Oligodendrocyte depletion and demyelination alters oscillatory activity and
functional laminar connectivity within the cortex

Cogpnition and other brain functions are highly dependent on synchronized neural circuits to
achieve highly coordinated levels of rhythmic activity. Alterations in myelin are known to
have direct influences on neuronal oscillatory dynamics given their regulation on axonal
conduction velocities important for fast information transmission over far-reaching brain
regions [105-107]. Here, we demonstrated that peak LFP power was visibly reduced in
cuprizone-treated mice compared to control mice and that cuprizone administration induced
large fluctuations in average power within the first two weeks post-insertion (Fig. 7).
Changes in power were not reflected in a depth-dependent manner, which is expected given
that neuronal oscillations occur between large neuronal networks in the brain. However,
relative changes in power (evoked power in relation to spontaneous power) were observed to
be altered within distinct frequency bands following cuprizone administration. At lower
frequency ranges, such as the theta (2-4 Hz), delta (5-7 Hz), and alpha (8-15 Hz) frequency
range, relative power was reduced in cuprizone-treated mice compared to controls.
Oscillations in neuronal activity over larger distances are often governed by these lower
frequency ranges given that small changes in neuronal conduction velocities can have
profound impacts on network synchronization [105]. This would explain the reduced power
observed within lower frequency bands, given demyelination of far-reaching neuronal
projections following cuprizone administration. Alternatively, power at higher frequency
bands, such as gamma (30-90 Hz) bands and beyond (high-frequency oscillations, >90 Hz),
were increased in cuprizone-treated mice relative to controls. Satellite oligodendrocytes have
been shown to be entrained to high-frequency activity of pyramidal neurons [36], which
could influence the high-frequency oscillations within these local circuits depending on the
cuprizone-induced depletion of satellite versus non-satellite oligodendrocyte cells. One
study reported higher survivability in satellite oligodendrocytes above other
oligodendrocytes following cuprizone administration [108]. Perineuronal oligodendrocytes
also demonstrated active re-myelination following demyelinating injury and could explain
the observed increase in power within higher frequency bands observed in cuprizone-treated
mice. In all, these alterations in spectral power demonstrate that cuprizone-induced
oligodendrocyte loss and demyelination alter the synchronicity of neuronal circuits within
the cortex.

Brain connectivity can also be evaluated in terms of coherence, which is a statistical metric
measuring how populations of neurons within different regions are activated in a similar
fashion [109, 110]. Changes in resting-state coherence between brain regions have been
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observed to occur naturally throughout development and adulthood [111]. During
development, increases in coherence between hemispheric brain regions are hypothesized
due to increased myelination by enhancing neural transmission and reducing phase lag
[112]. However, we report that coherence actually increases following cuprizone-induced
oligodendrocyte depletion and demyelination (Fig. 8). We demonstrate that cuprizone-
treated mice exhibit the greatest difference in resting-state and evoked G-SG coherence and
G-IG coherence, with relatively little change between SG-1G regions. This disruption in
layer IV communication is reflected by reductions in evoked single- and multi-unit activity
of cuprizone-treated mice compared to controls. Furthermore, cuprizone administration
altered communication within cortical layers, particularly superficial and deeper layers of
the cortex. Despite the fact that myelin is traditionally viewed as insulating far-projecting
axons, mainly the excitatory pyramidal neurons that connect both cortical hemispheres and
other distal brain regions, recent advances in electron microscopy (EM) techniques have
revealed that a significant portion of cortical interneurons, which are important for local
circuit function, are also myelinated [113]. Specifically, EM revealed that parvalbumin-
positive (PV+) interneurons possess about half of all myelinated axons in layer I1/I11 and a
quarter of myelinated axons in layer 1V. Since inhibitory interneurons are important for
regulating the excitability of different regions of the cortex, it is possible that a significant
demyelinating insult to cortical interneurons following cuprizone administration can reduce
the inhibitory influence of local circuits, altering the intricate balance in neuronal excitation/
inhibition and, by extension, the functional coherence within and between different cortical
layers. Indeed, vulnerability of inhibitory interneurons has been observed previously in
experimental demyelinating models of MS [114, 115]. Furthermore, abnormal increases in
cortical coherence are commonly observed in different brain disorders. For example, EEG
studies track increases in coherence between different brain regions to predict areas of
seizure onset in epilepsy patients [116, 117]. Fluctuations in coherence are also observed in
ADHD patients in an age-dependent manner [118]. The sensitive balance in neuronal
excitation and inhibition is necessary for different brain regions to function coherently. In
all, we show that myelinating oligodendrocytes are important regulators of communication
between different cortical circuits and that cuprizone-induced depletion of oligodendrocytes
and myelin alters normal intra- and interlaminar coherence within the cortex.

5.5. Histological state of explanted cortical tissue following chronic cuprizone
administration

Explant histology provided insight into cellular and subcellular tissue changes following 7
weeks of device implantation and 12 weeks of cuprizone administration that led to
functional neural activity (Fig. 9-10). Labeling for neurons showed that 12 weeks of
cuprizone administration did not have an effect on neuronal distribution around chronically
implanted microelectrode arrays (Fig. 9ab), which is consistent with previously reported
findings that cuprizone itself does not induce neuronal damage or cell death within young
mice [59]. However, NF-200 fluorescence demonstrated increased immunoreactivity of
axonal neurofilaments in cuprizone-treated mice compared to controls (Sup. Fig. 2). Indeed,
histological labeling demonstrated altered neurofilament distribution around the implanted
probe hole for cuprizone-treated mice, indicating axonal re-organization in response to
combined influence of implantation injury and cuprizone administration. This result stands
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contrary to our hypothesis that a lack of trophic support from oligodendrocytes and myelin
due to cuprizone administration would reduce the number of neurons and axons during
device implantation injury, particularly given the limited capacity for the CNS to regenerate.
One possible explanation is the lack of inhibitory chondroitin sulfate proteoglycans (CSPGs)
secreted by astrocytes and NG2 glia in cuprizone-treated animals, which can prevent axons
from extending through the lesion to re-establish functional neural circuits following injury
[119-121]. Furthermore, the presence of NG2 glial cells themselves, which can form
specialized synapses with neurons, are hypothesized to be axon inhibitory by acting as
regulators of neurite outgrowth [122]. Of note is that the elevation of NG2 cells reverses
between cuprizone-treated and control groups before device implantation (Fig. 1d, cuprizone
0-50 pm: 169.4 + 31.2 cells/mm?, control 0-50 pm: 83.1 + 29.2 cells/mm?2) and 7 weeks
after implantation (Fig. 10b; cuprizone 0-50 pum: 82.2 + 18.3 cellssmm?, control 0-50 pm:
139.5 + 11.2 cells/mm?2). These observations, together with changes in MBP, NF200, and
SMI31 may provide an avenue for future investigations. This hinderance to axonal
regeneration coupled with an exhausted population of oligodendrocyte precursor cells (and
therefore fewer deposited CSPGs) following chronic cuprizone administration may explain
the increase in neurofilament staining observed around the site of injury. However, it is again
important to note that the presence of antibody labeling does not necessarily indicate
functionality [97].

By 7 weeks post-insertion and 12 weeks of cuprizone exposure, cuprizone-treated mice
demonstrated reduced oligodendrocyte densities around chronically implanted
microelectrode arrays compared to control mice. (Fig. 9cd) This level of oligodendrocyte
loss is consistent with previous studies employing long-term administration of the cuprizone
toxin, which can induce chronic depletion of oligodendrocytes in white and gray matter
tissue. However, cuprizone-treated mice remarkably demonstrated an increase in
oligodendrocyte density following 7 weeks of insertion and 12 weeks of cuprizone
administration (Fig. 9d; cuprizone 0-50 pm: 168.6 + 55.5 cells/mm?2) compared to pre-
insertion at 5 weeks of cuprizone treatment (Fig. 1b; cuprizone 0-50 pm: 69.5 + 33.9
cellssmm?). Furthermore, while myelin staining demonstrated reduced fluorescence intensity
in cuprizone-treated mice compared to control mice at the experimental endpoint, there were
no significant differences in myelin fluorescence between the two groups, and myelin
intensity of cuprizone-treated mice was in fact upregulated compared to pre-insertion
baseline (Fig. 9ef). Furthermore, myelin expression was upregulated near the site of
insertion in both cuprizone-treated and control animals compared to myelin intensity on
contralateral hemispheres (Sup Fig. 4). Despite this increase in myelination near the
electrode, deficits in recording performance persisted, suggesting a lack of functional
connectivity with newly generated myelin or newly myelinated axons with the local
neuronal circuit. This may be explained by an inability for the MBP+ antibody to
differentiate intact versus degenerated myelin in cuprizone-treated (and control) animals,
obfuscating the possibility of accumulated or unresolved myelin debris around the
microelectrode array. The dual insult of cuprizone toxicity with injury from penetrating
cortical insertion and implantation has not been observed before and may indicate that
oligodendrocyte and myelin loss experienced during chronic cuprizone exposure is
counteracted by tissue healing events that occur following CNS injury. Unlike previous
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cuprizone studies without a second insult of brain injury [58, 60], these results indicate a
potential increased activation of oligodendrocyte regeneration and re-myelination pathways
with simultaneous chronic cuprizone exposure and probe implantation injury. Additionally,
an important aspect of device implantation injury is the upregulation of oxidative stress
events, which can occur from blood-brain barrier disruption, impairment of waste clearance
pathways, and activation of inflammatory glial cells [123]. Generation of reactive oxidative
species and free radicals can impact tissue health by reducing neuron viability as well as the
material properties of the electrode by inducing corrosion and delamination [124-126]. This
is relevant due to the fact that cuprizone, a chelator of copper ions important for metabolic
redox reactions, can exert its own oxidative stress on CNS tissue. However, as mentioned
previously, cuprizone toxicity and copper chelation is a phenomenon specific to the
oligodendrocyte population and would not be expected to influence the redox reactions
occurring within neurons and other CNS cells. Oligodendrocytes are particularly susceptible
to oxidative damage given their intrinsically low supply of antioxidant enzymes, which may
contribute to their vulnerability during cuprizone exposure. Previous studies have applied
pharmacological or biomaterial approaches to alleviate the build-up of oxidative damage that
can occur around implanted devices, such as application of the anti-oxidant resveratrol or
surface modification with superoxide dismutase, a free radical scavenger [125, 127-129],
which can potentially protect oligodendrocytes and other CNS cells sensitive to harmful
oxidative species. These intrinsic mechanisms that can lead to oligodendrocyte dysfunction
induced during device implantation and inflammation could provide further insight into the
inflammatory biological microenvironment and deteriorating electrophysiological signals
detected by microelectrode arrays.

As expected, the number of NG2 glia around the site of device insertion was significantly
reduced in cuprizone-treated mice compared to controls following chronic cuprizone toxicity
(Fig. 10ab). Oligodendrocyte regeneration and re-myelination typically occurs when mice
return to a normal diet after 5-6 weeks of cuprizone treatment due to local progenitor cells
proliferating and differentiating to restore depleted cells [130]. During chronic cuprizone
administration, however, oligodendrocytes are unable to repopulate and re-myelinate the
affected tissue due to an exhausted precursor population that cannot support the continual
renewal and immediate loss of oligodendrocyte cells. Interestingly, the number of NG2 glia
in control mice was increased compared to baseline data, indicating a proliferative response
to the insertion of a microelectrode device at 7 weeks post-insertion (Fig. 1,10). This data is
in line with previously reported reactivity of the NG2 precursor population following acute
electrode implantation as well as increased proliferation up to 4 weeks post-insertion of a
microelectrode array [28, 57]. Both cuprizone-treated and control mice demonstrated similar
fold changes in microglia fluorescence intensity compared to contralateral control tissue as
well as a device-dependent increase in intensity with proximity to the site of insertion,
suggesting no cuprizone-specific activation of microglia cells following injury (Fig. 10cd).
Interestingly, astrocyte intensities were increased in cuprizone-treated animals compared to
control mice 7 weeks post-insertion (Fig. 10ef). The dual incidence of decreased NG2 glia
alongside increased astrocytic intensities could be indicative of previously reported
phenomenon describing the conversion of oligodendrocyte precursors into reactive
astrocytes following CNS injury [131, 132]. These results may suggest that damage and
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inflammation during device insertion coupled with oligodendrocyte precursor depletion/
exhaustion from cuprizone administration preferentially directs differentiation of NG2 glia
toward a more astrocytic cell fate. Alternatively, intercellular communication between
oligodendrocytes and astrocytes is facilitated via membrane gap junctions linking the cytosol
of both cells [133]. This connection is critical for the diffusion of potassium ions and other
neurotransmitters released from depolarizing neurons to prevent axonal swelling and is
suggested to support myelin integrity following demyelinating injury [134, 135]. A
reduction in connexin proteins involved in oligodendrocyte-astrocyte gap junctions
reportedly occurs alongside increased astrogliosis within gray matter lesions of MS patients
[136]. Furthermore, cuprizone administration and subsequent recovery can alter the
distribution of these same connexins within myelinating oligodendrocytes and astrocytes
[137]. As a result, loss or dysfunction in intercellular communication between
oligodendrocytes and astrocytes due to cuprizone toxicity may explain elevated astrocyte
reactivity observed in cuprizone-treated animals.

5.6. Holistic summary of combined electrophysiology and histological outcomes

Summarizing the immunohistochemical results between cuprizone-treated and control mice
at 7 weeks post-implantation with respect to their pre-implant histology is necessary to
understand how it relates to the measured electrophysiology. Prior to implantation following
5 weeks of cuprizone administration, oligodendrocytes and myelin were significantly
reduced (~85% and ~65%, respectively) within the cortex compared to control animals. Due
to cuprizone toxicity, the number of oligodendrocyte precursor cells were elevated while
astrocyte activation was slightly, yet not significantly, increased in cuprizone-treated mice.
At the time of implantation, cuprizone-treated mice, experiencing an oligodendrocyte- and
myelin- depleted state, demonstrated significantly reduced recording metrics compared to
control animals, which persisted between the two experimental groups until ~1-2 weeks
after implantation. Beyond the first two weeks, recording performance in control animals
began to decline steadily over time while cuprizone-treated animals remained relatively
stable until week 6 and 7 after implantation at which point cuprizone-treated animals
experienced a slight increase in recording metrics such that both groups demonstrated
similar levels of performance by experimental endpoint. Histological analysis around the
microelectrode array at 7 weeks post-implantation determined that neuronal densities
between cuprizone-treated and control mice were matched. However, cuprizone-treated
animals demonstrated a slight increase in oligodendrocyte density and a relatively large
increase in axonal and myelin intensity around the implant compared to baseline. Control
animals on the other hand experienced a slight decrease in oligodendrocyte density
compared to pre-insertion values. While microglia activation was matched between the two
groups, cuprizone-treated mice experienced a large reduction in the number of
oligodendrocyte precursor cells around the implant as well as greater and more variable
astrocyte activation.

5.7. Limitations of study and future directions

There were a few limitations inherent to the experimental design of the study that should be
considered. First is the constraint of chronic cuprizone treatment. Most studies traditionally
observe the effects of cuprizone administration acutely at 5-6 weeks or chronically at 12
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weeks [138]. Mice treated with cuprizone within 13-16 weeks reportedly experienced
clonic-tonic seizures, systemic symptoms, and death, particularly male C57BL/6J mice [62,
65]. This restricted the experimental window of device insertion to 7 weeks of implantation
following 5 weeks of cuprizone-induced oligodendrocyte depletion and demyelination.
While 7 weeks was enough to observe electrophysiological metrics of control mice
gradually decline down to the level of cuprizone-treated mice, recording performances could
potentially continue to decline up to 12 weeks post-insertion before plateauing [21]. This
suggests that further discrepancies in recording quality beyond 7 weeks of insertion may be
observed but would necessitate an alternative method of oligodendrocyte and myelin
depletion. One study, however, reported the use of cuprizone for up to 34 weeks in female
C57BL/6J mice, which may be explained by sex specificity of the cuprizone model, and
would be worth considering in the future [139]. Furthermore, cuprizone administration and
neural recording performed in parallel with /n vivo imaging would provide insight into the
loss or regeneration of oligodendrocytes around the microelectrode implant over time,
allowing for spatial and temporal correlations between tissue responses and device
performance. The second limitation is the unknown contribution of non-myelinating satellite
oligodendrocyte cells, which maintain close contact with neuronal soma instead of only
extending cellular projections for myelin ensheathment, to neuronal health and function
[108, 140]. It is known that these satellite cells are electrically-coupled within a glial
syncytium and can modulate the excitability and oscillations of local circuits [36]. However,
to what extent cuprizone exposure impacts the function of these perineuronal
oligodendrocytes is unknown and was not specifically examined in this study. The third
limitation considers the fact that cuprizone-induced oligodendrocyte cell death and
demyelination induces activation of phagocytic glial cells within the brain, such as reactive
microglia and astrocytes [60]. Still, more recent work has suggested that this glia activation
(microglia and astrocytes) is in response to rapid oligodendrocyte loss and myelin debris
accumulation as opposed to direct activation of glia by cuprizone [141].

While we did not observe increased activation of glial cells at 5 weeks post-cuprizone
administration, GFAP+ fluorescence intensities were elevated in cuprizone-treated animals
compared to controls at 7 weeks post-implantation of a microelectrode array, suggesting a
long-term effect of cuprizone-induced astrogliosis. It is worth noting that neurons cannot
store glucose as glycogen and do not generally engage glycogenolysis for energy production
[142, 143]. However, over short periods, hypoxic neurons are able to rely on lactate from
nearby astrocytes and oligodendrocytes (that are connected to astrocytes via gap junctions)
to support neuronal oxidative metabolism [142, 143]. Therefore, one future direction may be
elucidating if metabolic support mechanisms of nearby astrocytes play a crucial role in
neuronal dysfunction and silencing around chronically implanted microelectrode arrays [97].
Since glial activation and scar formation can alter device impedances and attenuate recorded
neural signals, an alternative method of oligodendrocyte and myelin knockout without a
glial-activating component should be considered to delineate the effects of oligodendrocyte
and myelin loss on neuronal electrophysiology and electrode performance in the absence of
cuprizone-induced glial cell reactivity. In addition, further investigation of whether NG2 glia
proliferation, oligodendrocyte differentiation and regeneration, or remyelination events have
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greater influences in maintaining or improving long-term neural interface performance
would facilitate focused development of biomaterial design and intervention strategies.

6.0. Conclusion

Oligodendrocyte depletion and demyelination via cuprizone administration resulted in
deficits in neuronal activity and recording performance around chronically implanted
microelectrode arrays. Electrophysiological analysis revealed reduced single-unit and multi-
unit recording metrics at the onset of device insertion in oligodendrocyte-depleted cortical
tissue compared to control animals and remained reduced throughout the duration of device
implantation. Furthermore, cuprizone changed global connectivity of neural circuits within
the cortex, altering oscillatory activity and laminar communication. Recordings in control
mice gradually declined to the level of performance seen in cuprizone-treated animals over
time, suggesting oligodendrocyte loss as a critical regulator of neuronal physiology and a
potential biological failure mode of neural electrode arrays. This study highlights the
importance of preserving oligodendrocyte and myelin function to improve the
electrophysiological properties of neurons around chronic intracortical microelectrode
devices and reveals a potentially novel target for therapeutic intervention to enhance
functional tissue recovery following CNS injury and increase the longevity and stability of
neural interfacing technology.
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Figure 1. Depletion of oligodendrocytes and demyelination in the visual cortex at 5 weeks
following cuprizone administration without electrode implantation.

(a) Experimental timeline of cuprizone administration, device implantation,
electrophysiological and impedance recording, and pre- and post-implant histology. (b)
CC1+ staining reveals marked reduction in oligodendrocyte density in the visual cortex
following 5 weeks of cuprizone administration. (c) MBP+ stain demonstrates reduced
myelin fluorescence intensity in the visual cortex following 5 weeks of cuprizone treatment.
(d) Staining for NG2+ cells shows elevated oligodendrocyte precursor cell density following
5 weeks of cuprizone administration. (e) Iba-1+ staining demonstrates relatively comparable
microglia fluorescence intensities between cuprizone-treated and control mice. (f) GFAP+
astrocyte staining similarly shows comparable fluorescence intensities between cuprizone-
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treated and control mice. Scale bars = 50 um. *** indicates p < 0.001. **** indicates p <
0.0001.
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Figure 2. Device implantation and electrophysiological recording setup.
(a) Side view and (b) top view of electrophysiological recording setup in an electrically-

isolated Faraday cage. Implanted mice were head-fixed using a stand (n0t shown)
magnetically attached to a base plate on a movable platform for awake recording. An LED
monitor displaying drifting bar gradients was used for visual stimulation. Recorded signals
were filtered through a biological amplifier before transmission to an external recording
system via a non-conductive fiber optic cable (orange wire). (c-h) Representative examples
of one electrode channel in control mice demonstrating (c) stimulus-evoked raw spiking
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data, (d) unit sorting using principal component analysis, pile plot of (e) single-unit and (f)
multi-unit activity, (g) average waveforms, and (h) evoked firing rate activity. (i)
Representative current source density plot demonstrating 500 ms of electrical current
activity versus electrode implant depth following visual stimulus presentation (‘stim on’) in
the visual cortex used to identify layer IV depth (sink = red, source = blue). (j) Average drift
of layer 1V depth along implanted microelectrode shank compared to day 0 of device
insertion between cuprizone (blue solid) and control (black dashed) mice. (k) Magnitude
change in depth over change in time demonstrating most fluctuations in layer IV depth occur
with the first two weeks before stabilizing.
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Figure 3. Cuprizone-induced oligodendrocyte loss and demyelination reduces electrode

recording performance over time.

Chronic electrophysiological metrics over time between cuprizone-treated (blue solid) and
control mice (black dashed). a) Single-unit yield over time. b) Single-unit SNR (mean peak-
peak amplitude over 2*STD of noise floor). c) SNR per electrode channel detecting a single
unit (active site). d) Single-unit amplitude over time. e) Amplitude of noise floor over time.
f) Average impedance reported at 1 kHz over time. * indicates non-overlapping 95%
confidence intervals at each time point as determined by likelihood ratio test applied to a

linear mixed effects model for cuprizone-treated and control mice.
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Figure 4. Cuprizone administration reduces recording performance metrics in a depth-
dependent manner.

Recording performance metrics between cuprizone-treated and control mice demonstrated as
a function of depth and time. indicate discrete sampling time points. a) Recording yield. b)
SNR. c¢) Peak-to-peak amplitude. d) Noise amplitude.
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Figure 5. Oligodendrocyte loss reduces neuronal firing rate over time and depth around
chronically implanted microelectrode arrays.

Average neuronal firing rate during resting-state (a) and visually-evoked (b) activity between
cuprizone-treated and control mice over time. Firing rate between cuprizone-treated and
control mice demonstrated as a function of depth and time during resting-state (c) and
visually evoked (d) activity. indicate discrete sampling time points.
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Figure 6. Oligodendrocyte depletion and demyelination following cuprizone administration
impairs multi-unit recording activity.

(a) Diagram demonstrating how dynamic changes in multi-unit yield and SNFRR during
evoked electrophysiological recordings were measured. Spike counts, Xg, were collected
within a temporal bin size and latency ranging from 0 to 1 s following stimulus presentation
and compared to counts within the same bin size before stimulus presentation using a paired
ttest. MU yield was calculated as the percentage of electrode channels (out of 16 sites) that
had a significantly different spike count for a given bin size and latency after stimulus
presentation compared with the same bin size before stimulus presentation. MU SNFRR was
calculated as the difference in average spike counts relative to the standard deviation in spike
counts before and after stimulus presentation. (b) Representative plots of MU yield and
SNFRR taken at varying bin sizes and latency between 0 and 1 s at 1 ms increments in
cuprizone-treated and control mice. MU yield and SNFRR plots within a window of 200 ms
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bin size and 800 ms latency (/nsef) were averaged within each group and control data was
subtracted from cuprizone mice to produce (c) and (d). (c-d) Difference in MU yield or
SNFRR between cuprizone-treated and control mice over time (fop panel). A paired #test (p
< 0.05) was performed at each bin size and latency between cuprizone-treated and control
mice. Significant differences where yield or SNFRR was greater in control mice are reported
in black, where yield or SNFRR was greater in cuprizone mice are reported in blue, and no
significant difference between the two groups are reported in white (bottom panel).
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Figure 7. Cuprizone-induced oligodendrocyte loss and demyelination reduces evoked power in a
frequency-dependent manner.

(a) Representative power spectra of one mouse from each group (cuprizone-treated, blue;
control, black) taken at the same electrode site in layer IV demonstrating evoked (solid) and
spontaneous (dashed) power over frequency. (b) Normalized power spectrum taken by
subtracting the spontaneous power from evoked power. (c) Heat maps of average evoked
power as a function of frequency and time between cuprizone-treated and control animals.
(d) Heat maps of average evoked power as a function of depth along microelectrode array
and time between cuprizone-treated and control animals. (e) Cuprizone-administration
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induces oscillations in mean power over entire frequency spectrum for first two weeks
compared to control mice. (f) Cuprizone-administration reduces peaks power compared to
control mice acutely during insertion. (g) Relative power within different frequency bands
demonstrate differential outcomes following cuprizone administration. Pgyo: evoked power;
Pspon, Spontaneous power.
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Figure 8. Oligodendrocyte depletion and demyelination increases visually-evoked coherence
within and between different cortical layers.
Normalized pairwise coherence, taken as the difference in coherence during visually-evoked

and spontaneous activity, between cuprizone-treated and control animals at day 8 (a) and day
49 (b) post-insertion. Missing coherence values in (a) are an indication of lost information
following electrode depth adjustment to layer IV. Evoked coherence between supragranular-
infragranular (SG-1G), granular-infragranular (G-1G), and granular-supragranular (G-SG)
regions over frequency between cuprizone-treated and control mice at day 8 (c) and day 49
(d) post-insertion. (e) Mean coherence between 7 and 90 Hz (shaded region of ¢ and d),
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averaged across animals in each group. * indicates non-overlapping 95% confidence

intervals at each time point as determined by likelihood ratio test applied to a linear mixed
effects model for cuprizone-treated and control mice. Data presented as mean £ SEM.
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Figure 9. Explant histology 7 weeks post-insertion reveals sustained depletion of cortical
oligodendrocytes alongside comparable neuronal densities.

(a) Representative histological stain for NeuN+ neurons around a microelectrode probe hole
in cuprizone-treated and control animals. (b) Cell counts demonstrate comparable neuronal
populations between the two groups within 150 um from the probe surface. (c)
Representative stain for CC1+ oligodendrocytes around a microelectrode probe hole in
cuprizone-treated and control animals. (d) Cell counts demonstrate reduced oligodendrocyte
density within 150 um from the probe surface in cuprizone-treated mice. (€) Representative
stain for MBP+ myelin around a microelectrode probe hole in cuprizone-treated and control
animals. (f) Sum fluorescence intensity demonstrates a slight reduction in MBP intensity in
cuprizone-treated animals compared to controls. Scale bar = 50 um.
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Figure 10. Cuprizone-induced glial reactivity around implanted microelectrode arrays at 7
weeks post-insertion.

(a) Representative histological stain for NG2+ glial cells around a microelectrode probe hole
in cuprizone-treated and control animals. (b) Cell counts demonstrated reduced NG2+
precursor population within 150 pm from the probe surface in cuprizone-treated mice. (c)
Representative stain for Iba-1+ microglia in cuprizone-treated and control animals around a
microelectrode probe hole. (d) Normalized intensity demonstrated comparable Iba-1+
intensity between control and cuprizone-treated mice. (e) Representative stain for GFAP+
astrocytes in cuprizone-treated and control animals around a microelectrode probe hole. (f)
Normalized intensity demonstrated elevated GFAP+ intensity within 150 pm from the probe
surface in cuprizone-treated mice. Fluorescence intensities were normalized to contralateral
hemisphere. Scale bar = 50 um. ** indicates p < 0.01.
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