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Abstract

Objective.—The spacing or distribution of stimulation pulses of therapeutic neurostimulation
waveforms—referred to here as the Temporal Pattern (TP)—has emerged as an important
parameter for tuning the response to deep-brain stimulation and intracortical microstimulation
(ICMS). While it has long been assumed that modulating the TP of ICMS may be effective by
altering the rate coding of the neural response, it is unclear how it alters the neural response at the
neural network level. The present study is designed to elucidate the neural response to TP at the
network level.

Approach.—We use in vivo two-photon imaging of ICMS in mice expressing the calcium sensor
Thy1-GCaMP or the glutamate sensor ASyr-iGluSnFr to examine the layer 11/111 neural response
to stimulations with different TPs. We study the neuronal calcium and glutamate response to TPs
with the same average frequency (10 Hz) and same total charge injection, but varying degrees of
bursting. We also investigate one control pattern with an average frequency of 100 Hz and 10X the
charge injection.

Main Results.—Stimulation trains with the same average frequency (10 Hz) and same total
charge injection but distinct TPs recruits distinct sets of neurons. More than half (60% of 309
cells) prefer one TP over the other. Despite their distinct spatial recruitment patterns, both cells
exhibit similar ability to follow 30 s trains of both TPs without failing, and they exhibit similar
levels of glutamate release during stimulation. Both neuronal calcium and glutamate release train
to the bursting TP pattern (~21-fold increase in relative power at the frequency of bursting.
Bursting also results in a statistically significant elevation in the correlation between somatic
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calcium activity and neuropil activity, which we explore as a metric for inhibitory-excitatory tone.
Interestingly, soma-neuropil correlation during the bursting pattern is a statistically significant
predictor of cell preference for TP, which exposes a key link between inhibitory-excitatory

tone. Finally, using mesoscale imaging, we show that both TPs result in distal inhibition during
stimulation, which reveals complex spatial and temporal interactions between TP and inhibitory-
excitatory tone in ICMS.

Significance.—Our results may ultimately suggest that TP is a valuable parameter space to
modulate inhibitory-excitatory tone as well as distinct network activity in ICMS. This presents

a broader mechanism of action than rate coding, as previously thought. By implicating these
additional mechanisms, TP may have broader utility in the clinic and should be pursued to expand
the efficacy of ICMS therapies.
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neuromodulation; calcium imaging; brain stimulation; brain-computer interface; duty cycle;
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1. Introduction

Electrical stimulation has been widely used as a tool to study neuronal circuits [1], treat
neurological disorders [2, 3], and produce artificial perception in brain machine interfaces
[4-6]. Stimulation of thalamocortical circuits (deep brain stimulation) can relieve symptoms
of Parkinson’s disease [2], auditory nerve stimulation can restore the ability to hear [7], and
intracortical microstimulation (ICMS) can produce tactile [4, 8-10], proprioceptive [11], or
visual perceptions [12-15] depending on the cortical location. Although these technologies
have shown success in the clinic, there is a critical need to define the most effective
stimulation parameters for a given outcome.

Varying stimulation parameters such as amplitude and frequency aim to modulate the
population of neurons activated, as well as their firing rates and can affect the perception

of the artificial sensation [16]. For example, non-human primates were able to discriminate
between different uniform frequencies of ICMS from electrodes implanted into the primary
somatosensory cortex [9], but the effect of frequency on the quality of perception can be
variable [17]. Additionally, stimulation frequency, amplitude, and train duration have all
been suggested to modulate the perceived magnitude of the sensation [4, 5, 13, 16, 18].
However, although ICMS can reliably produce localized percepts [4-6, 14-16], stimulus
amplitude has been suggested to have a nonlinear effect on the size of the receptive field [4,
13]. While stimulation amplitude and frequency can produce naturalistic sensations, sensory
information is not always encoded in average firing rates [19-21]. Therefore, temporal
patterning (TP) of electrical stimulation has emerged as a promising approach to encode
more complex information [22].

The spacing or distribution of pulses over a stimulation train—referred here as the TP

of electrical stimulation—has been suggested to have greater therapeutic potential in deep
brain stimulation and may be able to produce more complex artificial perceptions [20,

22, 23]. Non-human primates are able to distinguish uniform stimulation frequency from
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temporally patterned stimulation of the somatosensory cortex suggesting that the pattern of
stimulation modulates perceptual outcomes [5, 10, 24]. Additionally, temporal patterned
stimulation of the visual cortex can prevent phosphene perception cessation observed

with constant frequency stimulation [13]. Although temporally patterned stimulation can
modulate perceptual quality and neuronal adaptation, there is a critical need to better
understand how electrical stimulation can drive excitatory and inhibitory network activity.

Electrical stimulation results in a brief period of neuronal excitation followed by a
downstream increase in inhibitory oscillations [25-34]. The strength and degree of
inhibition can be modulated by stimulation trains with frequencies greater than 10 Hz [26].
Additionally, stimulation frequency can modulate the spatial recruitment and entrainment
properties where neurons close to the electrode can follow trains <500 Hz, while more distal
neurons have difficulty above 10 Hz [26, 28, 29, 31, 32]. In fact, this frequency-dependent
fall off in activation can be clearly observed using calcium imaging to quantify the activity
level during long (30 s) stimulation trains [33, 35, 36]. It is possible that the strong
excitatory drive at the onset of stimulation coupled with higher firing rates of GABAergic
neurons produces a strong inhibitory build-up to cause this transient spatiotemporal activity
and inactivation of neurons that may have been indirectly activated [33]. This would

not be surprising considering that many cortical networks show inhibitory stabilization
characteristics [37]. Therefore, careful consideration of cortical network tendency to balance
excitation with inhibition could help design temporal patterned stimulation protocols that
expand therapeutic potential of ICMS.

This is the first study to use /n vivo two-photon imaging of mice expressing either the
calcium sensor GCaMP6s or the glutamate sensor iGIuSnFr in cortical neurons to compare
the differential spatiotemporal dynamics of neuronal activation by stimulations of different
TPs. Specifically, we examined the neural response to two TPs with the same average
frequency (10 Hz) and same total charge injection, but one with bursts (10 Hz-Burst)

and one with uniform pulses (10 Hz-Uniform). As a control, 100 Hz-Uniform stimulation
(100 Hz) was used to drive the characteristic spatiotemporal fall off of neural activity

(100 Hz; patterns illustrated in figure 1) and examine the spatiotemporal contribution of
high frequency uniform ICMS on excitation and inhibition. Given that GCaMP6s activity
increases with multiple action potential and decays on the order 100’s of milliseconds,

if all neurons can entrain at higher frequency extracellular electrical stimulation, then it

is expected that 100 Hz-Uniform would lead to the greatest level of GCaMP activity

and 10 Hz-Uniform would lead to the least amount of activation. In contrast, if >10

Hz stimulation leads to preferential inhibition (inhibitory neurons can entrain to higher
frequency stimulation), 100 Hz-Uniform and 10 Hz-Burst would be expected to evoke the
least amount of GCaMP®6s activity. Long stimulation trains (30 s) provided sufficient time
for the build-up of inhibitory network oscillations and to observe key spatiotemporal activity
patterns of cortical neurons that provide evidence for differential drive of excitatory or
inhibitory network activity.

Using similar stimulation waveforms to those employed clinically [4, 38], we found that
select neuronal populations preferred (7.e. stronger response) different TPs with 60% of cells
having increased calcium activity in either 10 Hz-Burst or 10 Hz-Uniform compared to the
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other. Importantly, this effect was spatially- and charge injection-independent suggesting
the TPs were driving distinct network activity. While the temporal activity between 10
Hz-Uniform and 10 Hz-Burst was similar, cells were able to entrain to the bursting of 10 Hz-
Burst, showing a 21-fold increase in relative 1 Hz power (the bursting frequency) compared
to the 10 Hz-Uniform or 100 Hz patterns in addition to increased glutamate activity near the
electrode. Furthermore, we demonstrate that TP preference arises from increased correlation
between neuronal somas and the neuropil at the same distance. Finally, using mesoscale
imaging, we show that 10 Hz-Burst and 100 Hz stimulation result in substantial inhibition
at distant locations during the stimulation train. Ultimately, this work demonstrating the
spatiotemporal differences in neuronal, neuropil, and glutamate activity indicates that there
are previously unconsidered mechanisms for TP to be effective in ICMS. The TPs also

shed light on the mechanisms that govern Onset and Steady State activation observed in
constant high frequency stimulation (e.g. 100 Hz). By exploring the TP parameter space,
the therapeutic use of ICMS could be expanded to improve treatment in a growing patient
population.

Methods

3. Materials and methods

3.1. Animals and virus injection

Mature (>8 weeks and >25 g) male mice were used for this study. Animals had

free access to food and water and were housed in 12 h light/dark cycles. Transgenic

mice expressing the calcium sensor GCaMP6S controlled by the Thy-1 promoter

were used for experiments tracking neuronal calcium (6 animals; C57BL/6J-Tg(Thy1-
GCaMP6s)GP4.3Dkim/J; Jackson Laboratories, Bar Harbor, ME) [39]. C57BL/6J mice with
viral expression of a glutamate sensor were used for experiments measuring glutamate
release (5 animals; Jackson Laboratories). These mice received intracortical viral injections
of the glutamate sensor iGluSnFr with neuronal expression controlled by the hSyn promoter
3-8 weeks prior to implantation. The vector, pAAV.hSyn.iGluSnFr.WPRE.SV40, was a

gift from Loren Looger (Addgene viral prep # 98929-AAV1; http://n2t.net/addgene:98929;
RRID:Addgene_98929) [40]. Virus was delivered following a unilateral craniotomy with
ketamine/xylazine anesthesia (75 mg kg™ to 7 mg kg1, respectively). Virus was bolus
injected into visual and somatosensory cortices under aseptic conditions as previously
described [41]. Bolus injection was completed with a glass micropipette controlled by a
pressure injector to a volume of < 1 4 per site. All craniotomies were hermetically sealed
with a silicone elastomer (KwikSil, World Precision Instruments) and a coverglass. A metal
frame was cemented to the skull to allow facile monitoring of iGluSnFr expression. For

72 h following surgical intervention, subjects received daily injections of ketoprofen (5 mg
kg™1). All experimental protocols were approved by the University of Pittsburgh Division
of Laboratory Animal Resources and Institutional Animal Care and Use Committee in
accordance with the standards for humane animal care as set by the Animal Welfare Act and
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
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3.2. Electrodes and implantation

Acute-style single-shank 16-channel Michigan style functional silicon probes with 703

1m? electrode sites were used for all experiments (A1x16-3 mm-100-703; NeuroNexus,
Ann Arbor, MI). All iridium sites were activated to iridium oxide by published protocols
[42]. All sites were confirmed to have <500 kOhm 1 kHz impedance prior to experiment.
The electrode implantation procedure followed our previously optimized acute-implantation
strategy for simultaneous two-photon imaging [32, 41, 43-50]. Animals received IP
injections of ketamine/xylazine for anesthesia (75 mg kg™t to 7 mg kg~2, respectively) and
were then head-fixed into a stereotaxic frame. Subjects were maintained with a heating pad,
05, line, and subcutaneous lactated Ringer’s solution injections for long experiments (>6 h).
Anesthesia was updated approximately every hour with 45 mg kg™ ketamine. After subjects
reached an anesthetic plane, their scalps were removed, and a stainless-steel bone screw was
drilled into the skull over the motor cortex. This served as a counter electrode and ground for
all electrical stimulation. Bilateral craniotomies (3-5 mm?) were created by high-speed drill
over somatosensory and visual cortices. The dura mater was carefully removed with fine
forceps. The electrode implantation site was selected to be a region with limited vascular
coverage in somatosensory cortex to avoid bleeding [51]. Electrodes were implanted at a 30°
angle with an oil-hydraulic Microdrive (MO-81, Narishige, Japan) at 200 zm s~ to a depth
of 250-300 4 to reach layer I1/111 of cortex. Throughout the procedure, the surface of the
brain was kept hydrated with sterile saline.

3.3. Stimulation paradigms

All stimulation was carried out with an 1Z2 stimulator under control of an RZ5D processor
(Tucker-Davis technologies, Alachua, FL). The ICMS waveform consisted of a 100 s, 15
LA (1.5 nC phase™1) cathodic phase, a 50 £s interphase period of 0 £A, and a 200 s, 7.5 LA
anodic phase. Stimulation trains were 30 s with at least a 90 s delay between stimulations
[32, 33]. Stimulation varied by the TP of the ICMS train (illustrated in figure 1(b)). Two
patterns (10 Hz-Burst and 10 Hz-Uniform) had the same average frequency of 10 Hz and
same overall charge injection, but that vary in the bursting pattern, and a third pattern had
an average frequency of 100 Hz and had 10X the amount of charge injection as 10 Hz-Burst
and 10 Hz-Uniform. 10 Hz-Burst consisted of 100 ms bursts of 100 Hz stimulation every
second (resulting in an average frequency of 10 Hz), while 10 Hz-Uniform consisted of
steady pulses at 10 Hz. These patterns were selected because previous studies demonstrated
that 10 Hz and 100 Hz stimulation lead to significantly distinct spatio TPs of activation [32].
In addition, 100 Hz is used as a standard frequency in human S1 ICMS [4]. Similarly, 30 s
was chosen because electrical stimulation onset effects have been previously reported to last
~20 as discussed in [32]. For ground and counter electrodes, a stainless-steel bone screw was
placed with contact to the motor cortex.

3.4. Imaging

Imaging was performed either with an MV X-10 epifluorescence microscope (Olympus,
Tokyo, Japan) with a CCD camera (Retiga R1, QI Imaging), or a two-photon microscope
(Bruker, Madison, WI) with an OPO laser (Insight DS+; Spectra Physics; Menlo Park,
CA) tuned to 920 nm. Laser power was kept under 40 mW to prevent tissue damage. The
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two-photon scan-head was equipped with a 16 x 0.8 NA water immersion objective (Nikon
Instruments; Melville, NY). All two-photon imaging was set in resonance mode that collects
512 by 512 pixels (407 x 407 um?) at 30 frames per second while MV X-10 images were
collected at 20 frames per second.

Image analysis and statistics

3.5.1. Stimulation session inclusion—A total of six stimulation sessions with the 10
Hz-Burst, 10 Hz-Uniform, and 100 Hz patterns were processed for both the GCaMP6 (four
total animals) and iGluSnFr (four total animals) groups. For one animal in the GCaMP6
group and two animals in the iGluSnFr groups, stimulations from separate implantation
sites or electrode sites were used as separate trials for the analysis. For each session, there
was minimal axial tissue displacement, and the same cells or landmarks could be identified
through stimulation amplitude time series.

3.5.2. GCaMP6 soma quantification—Cell outlines were manually performed in
ImageJ (NIH) using a 2D projection of the standard deviation of fluorescence [32, 33].

The mean fluorescence activity of each cell was extracted over the imaging session and
exported to MATLAB (Mathworks, Boston, MA) for further analysis. To account for
changes in baseline fluorescence, all traces were transformed to d ~/Fusing a mean of

the pre-stimulation fluorescence (a 10 s window) as baseline. To remove artifacts, d ~/F?
traces were low-pass filtered with a finite impulse filter (10th order) with a 1 Hz cutoff
frequency. A cell was considered as ‘active’ if its’ d//Fpcrossed a threshold of the mean
pre-stimulus intensity +2 standard deviations for at least 1 s during stimulation. All active
cells that sustained calcium activity for at =0.5 s during the last 2 s of stimulation were
labeled as “Steady State’ cells, while all other active cells were labeled as ‘Onset’ cells. Cells
that never crossed the “active’ threshold were discounted from the study. Cumulative d~/Fp
was calculated as the integral of d~/F,over the entirety of the stimulation period for each
TP. The relative 1 Hz frequency of each cell for each TP was calculated by Fast Fourier
Transform computed in MATLAB. Each cell’s position relative to the stimulation site was
determined by a distance transformation. Cells were sorted into 20 zm bins extending from
the perimeter of the stimulation site. All comparisons between cells by distance and TP or
Onset/Steady State categorization were modeled by a two-way ANOVA. Post-hoc pairwise
comparisons were carried out accounting for multiple comparisons with Tukey’s post-hoc
test and a significance level of p< 0.05.

To determine a cell’s preference for a certain TP, we compared the cumulative d ~/F,of a
cell’s response to the different TPs. For a 10 Hz-Burst v. 10 Hz-Uniform comparison, if

a cell’s cumulative d ~//F, for either 10 Hz-Burst or 10 Hz-Uniform was over 2X greater

than its response for the other pattern, it was considered to have a preference. To determine
if a cell preferred the 100 Hz pattern over either 10 Hz-Burst or 10 Hz-Uniform, we
compared the cumulative d~/Fp of the 100 Hz pattern to the larger of the 10 Hz-Burst or 10
Hz-Uniform cumulative response. If the 100 Hz pattern response was =.X'to the 10 Hz-Burst
or 10 Hz-Uniform response or vice versa, the cell was determined to have a preference. Cells
that did not cross the 2X threshold were considered to have no preference.
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3.5.3. GCaMP6 neuropil quantification—After cell somas were selected, they could
be masked out of the image to isolate the neuropil. For two-photon analysis, d~/F of
neuropil was calculated 20 m bins extending out from the perimeter of the stimulation site
[32, 33, 52, 53]. For mesoscale microscope analysis, d~/Fpwas calculated in bins of 60
um. Cumulative d~/Fywas calculated as described in section 3.5.2. Change in mean d~/F
from 0-2 s to 28-30 s was calculated by subtracting the mean d~/F, for those periods.

The relative 1 Hz frequency of each neuropil bin for each TP was calculated by Fast
Fourier Transform computed in MATLAB. The Pearson’s Coefficient of Correlation ()
was also determined between the time-course dF/Fpof each cell soma and the time-course
dF~/Fp of neuropil bin in which that soma resided as described in our previous work [33].
The correlation between the soma and neuropil was quantified only during the baseline
and stimulation periods, and not during the offset period. All statistical comparisons were
conducted with two-way ANOVAS using Tukey’s post-hoc pairwise tests to account for
multiple comparisons.

3.5.4. iGluSnFr neuropil quantification—As we have previously reported, iGluSnFr
expression in layer /111 was largely present in the neuropil, with few cell bodies showing
expression [33]. Thus, d~/Fpfor iGluSnFr was quantified in 20 gm bins in a similar
fashion to GCaMP neuropil. Cumulative d //F,during stimulation was calculated as the
integral d~/Fpduring the stimulation period. The relative 1 Hz frequency of each bin for
each TP was calculated by Fast Fourier Transform computed in MATLAB. All metrics
were compared between distance bins and TP by two-way ANOVA with Tukey’s post-hoc
pairwise comparison tests to account for multiple comparisons.

4. Results

TP of ICMS trains is an area of growing interest in neuromodulation, but the underlying
mechanisms of how TP may modulate neural recruitment are unknown. Given that ICMS
stimulation parameters are an infinite parameter space, it is important to understand the
mechanisms that govern TP ICMS in order to intelligently engineer ICMS patterns for
specific applications and conditions. In the present work, we use /n vivo imaging of animals
expressing the calcium sensor GCaMP (with high selectivity for pyramidal cells [54]) or the
glutamate sensor iGluSnFr in cortical neurons to understand how TP may influence spatial
and temporal recruitment properties of neurons.

4.1. TP of ICMS elicits distinct spatial recruitment of neurons

To study the spatial and temporal neural response to temporal patterned ICMS, we used /n
vivo two-photon microscopy to measure cortical neuronal calcium activity in Layer I1-111
pyramidal cells of the somatosensory cortex (figure 1). TP was explored with two distinct
stimulation trains with identical charge injection and an average frequency of 10 Hz: 10
Hz-Uniform, with 10 evenly spaced pulses every second, and 10 Hz-Burst, with 10 pulses at
10 ms intervals followed by 900 ms of silence every second. These 1 s periods were repeated
30 times for a 30 s ICMS train. A third pattern consisting of uniform 100 Hz pulses (10X the
charge injection of the other patterns) was examined as a positive control for a stimulation
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pattern that causes neuronal entrainment failure. All stimulation trains lasted 30 s to allow
sufficient time to observe network activity and entrainment failure.

We hypothesized that TP would influence temporal coding of the neural response.
Theoretical and experimental evidence has indicated that temporal coding in the cortex

is controlled by a delicate balance of inhibitory and excitatory input [55]. Tuning of the
inhibitory-excitatory balance in turn determines which cells are active in temporally coded
activation [56-58]. In this vein, we observed that there was distinct spatial recruitment
during 10 Hz-Burst and 10 Hz-Uniform stimulation (figures 2(A)—(B); supplemental movies
1-2 (available online at https://stacks.iop.org/JNE/V/A/mmedia)). Many neurons showed a
preferential response to either the Burst or Uniform pattern. To quantify the extent of this,
we conservatively classified “preference’ as a cell with cumulative calcium fluorescence
that was 2 X greater for one pattern than the other. Figure 2(C) illustrates examples of

cells that have a preference for 10 Hz-Uniform and 10 Hz-Burst. Cells that did not exceed
this 2.X difference were considered as having ‘no preference’. Interestingly, there was no
trend for cell counts across distance from the electrode or across cell preferences (two-way
ANOVA: p> 0.05; figure 2(D)). This indicates that the distinct spatial recruitment between
TPs is not dictated by a simple distance relationship from the stimulation source, but

rather something more complex. Finally, we quantified preference in 309 cells across 5
animals and 6 implantation sites to determine that, although all quantified neurons are
thought to be predominately excitatory, more than half of cells (60%) preferred either the
10 Hz-Burst pattern (31%) or the 10 Hz-Uniform pattern (29%) (figure 2(E)). There was no
significant difference in the cross-sectional area of cells preferring either 10 Hz-Burst or 10
Hz-Uniform (107.47 + 25.90 zm? v. 105.64 + 29.19 um?; ttest p= 0.68), suggesting that
cell populations were not distinct.

Our positive control condition with 100 Hz uniform stimulation and 10.X total charge
injection compared to the 10 Hz patterns generally elicited much stronger neural responses
(figure 3). As in our previous reports, cells distant to the stimulating electrode failed to
follow the 100 Hz stimulation over the full 30 s stimulation train ([32, 33], figure 4;
supplemental movie 3). To account for this, comparisons between the 100 Hz condition and
the 10 Hz conditions were confined to quantifying the first 2 s of stimulation (referred to

as the onset period). During this period, the majority of cells 95.5% of cells either showed
a preference for the 100 Hz stimulation or no preference (figures 3(A), (C)). Interestingly,
4.5% of cells preferred either 10 Hz-Burst or Uniform stimulation (figures 3(B), (C)), with
some cells showing an intense preference for the 10 Hz-Burst condition (figure 3(D)). There
was no significant difference in the cross-sectional area of cells preferring either 100 Hz

or 10 Hz stimulation trains (105.84 + 29.33 zm? v. 105.64 + 22.20 zm?; ttest p= 0.86),
suggesting that cell populations were not distinct.

Together, these results show that cells can exhibit a preference for certain TPs that is not
a function of distance from the electrode, possibly not physiological type, and in a small
fraction of cells is not a function of total charge injection. This begs the question: how
does TP drive distinct spatial recruitment of neurons? In the subsequent sections, we test
hypotheses that spatial recruitment is driven by cellular inactivation over long stimulation
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trains, excitatory neurotransmitter release patterns, and by changes in inhibitory-excitatory
tone.

Bursting and uniform 10 Hz TPs result in sustained temporal recruitment of neurons

Our previous work has indicated that stimulation frequency, amplitude, and square wave
symmetry influence a cell’s ability to follow a long stimulation train [32, 33, 36]. Given

that cells distant to the electrode site fail to follow 100 Hz positive control pattern over

a 30 s train, we sought to determine if cells were able to reliably follow the 10 Hz-Burst
condition, which contains 100 ms bursts of 100 Hz stimulation. However, we observed that
most cells that were active during the 10 Hz-Burst or 10 Hz-Uniform stimulation followed
the stimulation train compared to the 100 Hz stimulation (figure 4(A)). We quantified the
temporal aspects of the calcium response by isolating the time-course of GCaMP activity
for 309 individual cell somas (examples in figure 4(B)). To measure the temporal aspect

of a neuron’s activity, we used activation time—a measure of the uniformity of calcium
expression in a cell through the stimulation period (figure 4(C)). An activation time of 15

s indicates more uniform calcium activity through the duration of the stimulation, while

<15 s indicate that calcium activity was weighted toward the beginning of the stimulation
(indicative of cells that are inactivated during the stimulation train), and > 15 s indicates that
calcium was weighted toward the end of the stimulation (i.e. the cell had higher fluorescence
at the end of stimulation). Activation time for both 10 Hz patterns was significantly higher
compared to the 100 Hz pattern for cells close (<60 xm) and far (>60 um) to the electrode
(Two-way ANOVA significant effects for TP and distance p < 0.0001; significant post-hoc
tests indicated in figure 4(C)). Further, activation time for close and far cells during both 10
Hz stimulations was similar, while there was a significant decrease in distant cells compared
to close cells during 100 Hz pattern stimulation (o < 0.0001). This ultimately shows that
close cells maintained activation for the entirety of both 10 Hz stimulations, while many
distant cells to the electrode failed to follow 100 Hz stimulation.

We subsequently classified the cells’ calcium response as either Onset (ON) if they were
active during the first 0-2 s of stimulation but not the entire 30 s stimulation train, or Steady
State (SS) if the cell was able to maintain calcium activity for the entire 30 s stimulation
train. In counts of ON and SS cells, there were significantly more SS cells for all TPs

(figure 4(D), two-way ANOVA main effects for ON v. SS classification but not for TP: p<
0.0001). The mean d~/F,for SS cells was also elevated for all TPs (figure 4(E), two-way
ANOVA main effects for ON v. SS classification and for TP: p< 0.0001). SS cells in 100 Hz
stimulation had a greater mean dF/Fq than SS cells in either 10 Hz-Burst or 10 Hz-Uniform
stimulation (p < 0.0001). The mean d //Fymeasurement only considered d~/Fywhile the cell
was active. Ultimately, this analysis shows that cells are able to follow stimulation pulses
with an average frequency of 10 Hz for long train for both TPs, while more cells tend to

fail in following the 100 Hz stimulation pattern. There were similar cross-sectional areas
between SS and ON cell groups for each TP (10 Hz-Burst: 109.78 + 29.72 tm? v. 104.58 +
42.09 ym?; t-test p= 0.56. 10 Hz-Continuous: 113.06 + 31.19 zm? v. 107.05 + 27.26 um?;
t-test p= 0.21. 100 Hz: 108.95 + 30.27 zm? v. 109.64 + 30.87 1m?; t-test p= 0.86). This
suggests that all cells sampled were not distinct.
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While we observed that most cells sustained calcium levels during both 10 Hz-Uniform and
10 Hz-Burst TPs, calcium entrainment differed between the patterns (figures 4(B), (F)). This
was evaluated by quantifying the relative 1 Hz power during the different TPs. Because
bursts occurred every second, 1 Hz was the relevant frequency to track. Two-way ANOVA
showed significant effects for TP and distance p < 0.00001), with 10 Hz-Burst having higher
1 Hz power than 10 Hz-Uniform or the 100 Hz pattern at all distances (p < 0.05). Further,
the 1 Hz effect for 10 Hz-Burst was lower with distance from the electrode, with the most 1
Hz power evident within 20 x of the stimulation site. While we anticipate that there should
also be frequency-domain peaks at 10 Hz and 100 Hz, this could imply that the ‘off’ period
is key to the 1 Hz power compared to 10 Hz power. However, the imaging rate of the 2P
system and then biophysics of GCaMP are not conducive to tracking those frequencies [59].
These results together show that preferential activation of neurons during stimulations of
different TPs is not due to cells failing to follow long trains of stimulation. Nonetheless, the
temporal coding evident in the 1 Hz power likely plays a role in shaping the neural response.

4.3. Excitatory neurotransmitter build-up is not observed during bursting or uniform 10

Hz patterns

Section 4.2 suggests that while cells fail to follow uniform 100 Hz stimulation after 1-5

s, they can easily follow 100 Hz stimulation in 100 ms bursts (10 Hz-Burst pattern). Brief
bursts of high-frequency stimulation may also influence the reuptake of the excitatory
neurotransmitter glutamate. Previous work has shown that prolonged high-frequency and
high-amplitude stimulation can reduce glutamate reuptake, leading to build-up of the
neurotransmitter in the extracellular space [33, 60]. If such a build-up was occurring during
the 10 Hz-Burst pattern, it may explain the difference in spatial recruitment with different
TPs. Using animals with viral expression of the glutamate sensor iGluSnFr under the control
the hSyn promoter, we observed a patent glutamate build-up within 20 zm of the electrode
site during 100 Hz stimulation, but not during either 10 Hz TP (figure 5).

In observing the iGluSnFr d //F, during stimulation, we noted that there was larger variation
between animals, perhaps due to variable ketamine states throughout the experiments.
Ketamine is known to target the glutamatergic system, and may alter the iGluSnFr

response during stimulation (figure 6(A)) Fsuggests that while cells fail to follow [34,

61]. Nonetheless, there was a consistent and statistically significant elevation of glutamate
during the 100 Hz stimulation, but not during either of the 10 Hz patterns (figure 6(B),
two-way ANOVA significant main effects for TP and distance: p < 0.0001, with all indicated
significant post-hoc tests p < 0.0001). Despite weak and variable responses during 10
Hz-Burst stimulation, there was an evident elevation in 1 Hz relative power (figure 6(C))
indicating that the 10 Hz-Burst stimulation was modulating glutamate activity. Two-way
ANOVA showed a significant effect for TP (p < 0.001), but not distance and with no
significant post-hoc comparisons. In parity with section 4.2, these results indicate that
excitatory neurotransmitter release is similar during both 10 Hz TPs, though the bursting
activity is evident in neural response to 10 Hz-Burst activity.
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Inhibitory-excitatory tone during stimulation may underlie cell preference for TP

In the previous experiments we show that TP influences the frequency of the calcium and
glutamate responses during stimulation. Otherwise, cells that are active during 10 Hz-Burst
and 10 Hz-Uniform stimulation have similar temporal characteristics. How can this expected
result explain our initial observation that TP yields distinct spatial recruitment of neurons?
To address this, we need to infer the activity of a cell population that is not widely
observable with the 7/hyZ-GCaMP model: inhibitory neurons. Layer 1I/111 of the sensory
cortex is hallmarked by its dense inhibitory connections [57]. Single-neuron stimulation and
modeling experiments have shown that pyramidal cell bursting (largely what is observed

in the GCaMP model) yields greater correlation in output activity that results in greater
inhibitory cell recruitment and downstream changes in the inhibitory-excitatory balance of
the sensory cortex [58, 62, 63]. Bursting and output correlation are also implicated in awake
v. anesthesia states, where somatic neural activity in the awake cortex is less correlated to
the neuropil activity compared to anesthetized states [64—66]. These studies suggest that
the spatial correlation between the 99% excitatory somatic neural activity and neuropil
neural activity is intertwined with the inhibitory-excitatory tone of the cortex. To quantify
this relationship during TP stimulation, we isolated the neuropil calcium signal from our
time-series images by masking out the somas (figure 7). The mean neuropil activity in 20
4m bins radiating from the electrode site was quantified as a function of time (figure 7(A)).
To capture potential failure of the neuropil to follow the stimulation train, we quantified

the difference of the mean Steady State d ~#/F, (28-30 s of stimulation) and the mean Onset
dF/Fp(0-2 s). Similar to the somatic response, the 100 Hz pattern resulted in significantly
more loss of calcium activity in the neuropil (figure 7(B), two-way ANOVA significance
for TP and distance: p < 0.0001, with significant pairwise comparisons indicated). The
correlation was measured between any a given soma and the corresponding neuropil bin

as depicted in figure 7(C). There were statistically significant effects for both TP and
distance on the Soma-Neuropil correlation (figure 7(D); two-way ANOVA, p < 0.0001),
with post-hoc tests showing that the 10 Hz-Burst and 100 Hz TPs had significantly elevated
correlation compared to the 10 Hz-Uniform group. For all groups, there was a decline in
correlation with distance from the electrode. Beyond 60 pm from the electrode, differences
between the 10 Hz-Burst and 100 Hz TPs became apparent, with significantly elevated
correlation for the 10 Hz-Burst TP.

While these soma-neuropil correlation results alone show that the 10 Hz-Burst altered the
interplay between neuropil and somas, we can further tie these results back to cellular
preference (figure 2). Cells that preferred 10 Hz-Burst had higher soma-neuropil correlation
during 10 Hz-Burst stimulation compared to cells that preferred 10 Hz-Uniform stimulation
(figure 7(E); two-way ANOVA p < 0.001). There was no difference in soma-neuropil
correlation during 10 Hz-Uniform stimulation for cells with different preferences. This
shows that cell preference is influenced by a cell’s relationship to the surrounding neuropil.

Cell preference is related to soma-neuropil correlation, which in turn is known to be
related to inhibitory-excitatory tone. Neural inhibition may be detected as a negative
value in GCaMP dF~/Fy. While we observed few instances of negative d~/F, under the
2P microscope, we also examined the calcium response to TP stimulation with under a
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mesoscale, fluorescence microscopy rig (figure 8). This enabled imaging across the entire
craniotomy area. Due to the lower axial resolution of the fluorescent light source, the signal
observed in these studies captured calcium activity through multiple depths of the cortex as
well. In mesoscale imaging, we noted that both 10 Hz TPs resulted in focal neural activation
at the electrode site that persisted throughout the stimulation train, while the 100 Hz pattern
had a much stronger initial neural activation that diminished over the 30 s train (figure 8(A)).
This was consistent with our previous reports in this model [32, 33]. Similar to the 2P
results, there was a decline in d~/Fybetween the SS and ON period (figure 8(B), two-way
ANOVA effect for TP: p< 0.001). To quantify any negative dF/Fpactivity we collected the
mean dF~/Fpover the 30 s stimulation period and measured the mean fluorescence in 60 xm
bins radiating out from the electrode site (figure 8(C)). Two-way ANOVA showed that there
was a statistically significant difference across TPs and across distance from the electrode (p
< 0.0001). Post-hoc tests confirmed that 100 Hz pattern generated a higher d//F,close to the
electrode site (0-60 xm) compared to the 10 Hz-Burst group. Post-hoc tests also confirmed
that mean dF~/Fpat 0-60 pm was significantly higher than 300-660 zm for 10 Hz-Burst (p

< 0.05) and higher than 150-1000 4m for the 100 Hz pattern (p < 0.001). Importantly both
10 Hz TPs showed slight inhibition effects beyond 180 pm from the electrode. This suggests
that TP can drive inhibition in a distance-based manner.

5. Discussion

Accurate control over the temporal rate code of neurons is essential for artificial touch. The
frequency of stimulation has been shown to not only modulate the intensity of artificial
perception, but also the quality perception in nonhuman primates [10, 17]. These studies on
frequency all use a uniform distribution of stimulation pulses. This distribution or spacing

of stimulation pulses over a train—or TP—presents as another little-understood parameter
space of therapeutic interest [22]. The average firing rate does not sufficiently describe
sensory processing; therefore, one aim of using TPs in stimulation of the nervous system is
to precisely control the rate code of neural activation to more accurately mimic physiological
patterns of neural activity (e.g. biomimetic stimulation). However, while TP has been used to
modulate the quality of perception in ICMS and to relieve symptoms in Parkinson’s disease,
there are few mechanistic studies explaining why [67].

The main findings of the present work are that TP in ICMS leads to distinct patterns

of cortical neural activation (figures 1-3, 7-8). However, TP of ICMS also sheds light

on the mechanisms underlying neuronal recruitment via ICMS and inform engineering
designs of biomimetic stimulation pulse patterns from an infinite stimulation parameter
space. Using mesoscale and two-photon fluorescence imaging of the calcium activity

in 7hyl cortical neurons, we demonstrate that neurons show similar temporal activation
responses to temporally patterned ICMS containing the same amount of cumulative charge
injection and same average frequency of 10 Hz, but with pulses either delivered uniformly
(10 Hz-Uniform: 1 pulse every 100 ms) or in bursts (10 Hz-Burst: a 100 ms burst of

10 pulses every second). Specifically, we observed that altering the TP of stimulation
could drive distinct neural network activity, with a majority (60% of 309 quantified cells)
of responsive neurons being preferentially activated by either the 10 Hz-Burst or 10 Hz-
Uniform stimulation. The discrepancy in spatial activation pattern could not be captured by
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a simple distance relationship from the electrode site. Despite the unique spatial patterns

of recruitment, both 10 Hz-Burst and 10 Hz-Uniform stimulation resulted in similar and
stable temporal recruitment of neurons proximal and distant to the electrode site during a
30 s train, while distant cells activated by a 100 Hz stimulation pattern were more likely

to fail in staying active for the 30 s train. In addition, the three stimulation patterns did
differ in their synchronous recruitment of somatic and neuropil elements—the 10 Hz-Burst
condition resulted in significantly higher correlation between the neuropil and somatic
compartments compared to the 10 Hz-Uniform condition, which could be responsible for
specific stimulation preference. Paired with mesoscale and two-photon iGluSnFR imaging,
our results indicated distal inhibition in both of the 10 Hz average frequency TPs ultimately
suggest that TP drives distinct network activity by affecting the delicate inhibitory-excitatory
balance that governs cortical Layer 11/111 [57]. These results have implications in the use of
different TPs for therapeutic applications of biomimetic stimulation, but also highlight the
importance of better understanding the mechanisms of electrical microstimulation and the
diversity of cell types involved.

5.1. TPs on network inhibition during ICMS

TP of ICMS leads to spatially independent preferential activation of specific neural
populations (figures 1-3) which appears to be a product of differential control over

network inhibition (figures 8, 9). Widefield epifluorescent 1-photon GCaMP imaging
enables examination of the broader neural network affects over a greater region of cortex
compared to two-photon imaging. At the onset of the stimulus, there is broad activation
around the electrode that decreases with distance. As the stimulus pulse train continues,

10 Hz-Burst and 10 Hz-Uniform show decreased neural activity up to 1 mm from the
stimulation site. While some resting state oscillation can be seen over the imaged cortical
region [68], these oscillations appear to display depressed activity as they pass through
cortical regions influenced by ICMS (See supplemental movies 7-9). This effect can be
more easily observed when an average intensity projection is made over the full 30 s
stimulation duration (figures 8(A), (C)). Interestingly, over the 30 s stimulation period, 10
Hz-Burst and 10 Hz-Uniform display similar activation and inhibition profiles within 300
4m, 10 Hz-Burst led to significant GCaMP inhibition from 300-650 ¢m in contrast to 10
Hz-Uniform, which did not. This observation begins to make sense when considering the
excitatory and inhibitory neuronal composition of Layer I1/I11 of sensory cortex, which
consists of ~80:20 excitatory to inhibitory ratio [69-73]. In the model used in this study,

the Thy1-GCaMP expression is predominantly in excitatory cells, but ~1% of 7hyZ-GCaMP
cells are inhibitory cells (GADG67+) [74]. In the cortex, excitatory neurons are typically
responsible for propagating information across the laminar layers [75] and generally entrain
at frequencies below 8-10 Hz [76]. Additionally, excitatory neurons within are generally
thought to have similar functional properties, with differences mainly in connectivity within
the network [77-79]. In contrast, Layer II/I11 inhibitory neurons can entrain or phase lock
at higher frequencies and play a more diverse role in sensory cortices, including lateral
inhibition, response modulation and network stabilization [37, 80-83]. Therefore, it is
possible that the 100 ms bursts of 100 Hz stimulation in 10 Hz-Burst can drive more
inhibitory cell firing relative to excitatory cell firing compared to 10 Hz-Uniform. Together,
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these facts begin to shed light on the underlying mechanisms that lead to distinct neural
activation patterns from temporal patterned ICMS.

Inhibition plays a critical role in shaping the temporal response to electrical stimulation

[30, 31]. Specifically, without lateral inhibition, the duration and spatial spread of activation
is significantly increased [30, 31]. Therefore, it is not surprising to observe an inhibitory
network response during long duration high frequency or patterned stimulation. The 10
Hz-Burst and 10 Hz-Uniform results highlight a similar activation pattern within 300 g/m
from the electrode site as observed by widefield one-photon GCaMP imaging (figures 8(A),
(C); supplemental movies 7-9), somatic GCaMP activity (figures 1, 4; supplemental movies
1-3), and neuropil activity (figure 7). However, there are some distinct differences between
10 Hz-Burst and 10 Hz-Uniform.

Fast spiking and burst-spiking inhibitory neurons can entrain to higher frequency stimulation
[73]. Since, 10 Hz-Burst stimulation is best suited to entrain these classes of inhibitory
neurons (100 ms bursts of 100 Hz), it is expected that 10 Hz-Burst leads to stronger
inhibitory oscillations compared to 10 Hz-Uniform (figures 8(A), (C)). 10 Hz-Burst likely
accumulates inhibitory network effect with bursts of consecutive pulses at 100 Hz that drives
multiple action potentials in some inhibitory neurons for each excitatory neuronal activation
(figure 9). In fact, single-cell stimulation studies have shown that bursts of at least 5 APs

in layer 11/111 pyramidal cells are necessary to reliably recruit downstream interneurons, and
a burst frequency range between 25-100 Hz is necessary to reliably alter cortical up/down
states [58, 62]. The 10 Hz-Burst stimulation used in this study fits within that criteria, and
may explain why distinct spatial recruitment was observed. Furthermore, GABARg receptor
activation is more prominent after high frequency stimulation, which could increase the
duration of inhibitory control during 10 Hz-Burst [84, 85]. Importantly, the balance of
excitatory and inhibitory input onto neurons significantly impacts the activation probability
of both the axon and the soma [86]. This build-up of the inhibitory neural network likely
leads to a greater overall suppression of excitatory neurons over the 900 ms break for 10
Hz-Burst and, in turn, results in an overall average inhibition over the 30 s stimulation
duration [31]. This can explain why there is no significant difference between the activation
of steady state and onset cells compared to 10 Hz-Burst (figure 4(E)).

On the other hand, 10 Hz-Uniform provides a better understanding of the inhibitory and
excitatory balance. Since more excitatory neurons can entrain at 8-10 Hz [76], each 10
Hz-Uniform pulse activates a more equally weighted balance of excitatory and inhibitory
neurons (figure 9). Because the number of excitatory neurons outweigh inhibitory neurons
in the cortex [87], the activation of inhibitory neurons is likely to reduce the activation of
some excitatory neurons, but overall excitation is expected to dominate. This is likely why
elevated calcium activity of steady state neurons was observed for 10 Hz-Uniform compared
to onset neurons (figure 4(E)). The iGluSnFr data further supports the hypothesis that
temporal pattering influences inhibitory-excitatory tone by showing less glutamate release
for 10 Hz-Burst compared to 10 Hz-Uniform (figures 5, 6; supplementary movies 4-6).
Identifying the neuronal subtype for neurons displaying unique preferences to each TP will
enable a better understanding of the underlying mechanism.

J Neural Eng. Author manuscript; available in PMC 2022 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eles et al. Page 15

5.2. TPing on excitatory neurons during ICMS

If the 100 Hz at 10% TP (10 Hz-Burst) leads to a greater inhibitory network effect,

it might be expected that longer durations of 100 Hz (100% TP) would lead to even

greater inhibition. In fact, suppression of neural activity may be a critical component of

the therapeutic profile of high frequency stimulation in DBS [88]. Despite this, we observe
that the 100 Hz stimulation pattern leads to significantly greater GCaMP activity (figures 3,
4, 8; supplementary movies 1-3, 7-9). This is also supported by the iGluSnFr data, which
shows significantly elevated glutamate release during 100 Hz stimulation compared to 10
Hz-Burst and 10 Hz-Uniform (figures 5, 6; supplementary movies 4-6). It should be noted
that glutamate uptake rate is regulated by the firing frequency, therefore iGluSnFr activity
cannot be used to estimate the activation frequency of excitatory neurons [60, 89]. These two
observations suggest that the greater iGluSnFr activity implies greater excitatory network
activation. Another interesting observation is that an iGluSnFr 1 Hz activity was observed
for 10 Hz-Burst stimulation, despite having the lowest iGluSnFr fluorescence overall (figure
6(C)). This again suggests that there is a strong excitatory activation at the onset of each
burst with 10 Hz-Burst. However, the high frequency burst and 900 ms break leads to
overall greater suppression. It remains to be investigated if the preferential proximity of

the electrode site to predominately excitatory or inhibitory neuronal elements is the leading
source of this variability. Variability in axonal geometry and proximity to the electrode
could influence the activation probability and entrainment efficiency and explain frequently
observed variability in stimulation efficacy or performance [86, 90, 91]. Nevertheless, for 10
Hz-Burst, this 1 Hz power can also be observed in steady state soma and neuropil activity,
which provide additional insights into how ICMS TP influences the balance of excitatory
and inhibitory networks.

The localization of glutamate release observed in this study may also explain the increased
excitation observed during 100 Hz stimulation. As in our previous work, we demonstrate
that direct electrical stimulation at 100 Hz leads to significant glutamate release in a
highly localized volume of tissue (<20 xm) surrounding the microelectrode site (figure 6;
Depicted by yellow circle figure 9) [33]. In turn, this suggests that electrical stimulation
only drives antidromic activity for axons that pass through this small region (figure 9)

or alternatively, orthodromic activation for neurons with sufficient levels of dendrites or
soma surface area within this activation volume, or post-synaptic activation [53, 92]. For
excitatory neurons with highly excitable neuronal elements (e.g. the axon initial segment
[93]) within the direct activation volume, they are likely to fire an action potential at the
onset of the stimulation pulse train. However, because excitatory neurons cannot generally
entrain to extracellular stimuli beyond 10-15 Hz stimulation [76], the following pulses are
not likely to generate action potentials in these excitatory neurons leading to low excitatory
network drive (figure 9). This is because high frequency stimulation can lead to buildup

of extracellular potassium, which can increase [94] or decrease the excitability of neuronal
elements leading to axonal block [93, 95]. Nevertheless, because the 100 Hz stimulus is
uniform, as soon as an excitatory neuron’s absolute refractory period ends, there is an
immediate stimulation pulse that follows within 10 ms, which may explain the sustained
GCaMP excitation seen in wide-field imaging (figure 8). However, 3-5 s post stimulation,
there is a strong inhibition of GCaMP activity, suggesting a strong lasting inhibitory effect
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(figure 8(A)). Furthermore, inhibitory neurons are also receiving depressing input from the
inhibitory network activation, which, over time, could reduce the balanced inhibition [96]. In
turn, this leads to an overall greater GCaMP activity in neurons with neuronal elements in
the direct activation volume regardless of excitatory or inhibitory identity.

5.3. TP on inhibitory-excitatory network balance

The balance of excitatory and inhibitory networks is influenced by TP of ICMS (figures

8, 9). 10 Hz-Burst leads to a robust 1 Hz excitatory activation followed by a strong
inhibitory network effect. In contrast, 10 Hz-Uniform leads to a more balanced activation of
both excitatory and inhibitory networks. In turn, 10 Hz-Burst and 10 Hz-Uniform provide
important evidence of the underlying properties of excitatory and inhibitory networks during
ICMS. Specifically, with 10 Hz-Burst, the 1 Hz power in iGluSnFr activity (figure 6(C)) and
somatic GCaMP activity (figure 4(F)) suggest that a substantial portion of the accumulated
inhibitory network activity in the 100 ms burst washes out over the 900 ms rest (figure

9). Despite this strong 1 Hz excitatory effect, there is, on average, an overall inhibition

to the network, which can be seen in the widefield GCaMP imaging data (figure 8).

The strong inhibitory network activation, washout period of inhibition, and strong 1 Hz
excitation may explain the high soma-neuropil correlation at distant locations (figure 7(D)).
Specifically, while some groups have observed independent calcium dynamics between the
soma and neuropil [64, 65], the timing of the excitation and inhibition in response to 10
Hz-Burst allows a stronger coordination of soma and fiber activation especially considering
entrainment dynamics differ between the soma and axon at higher frequencies [86], which
can lead to different populations of neurons preferring one TP over another (figures 1, 2).

In contrast, while the widefield GCaMP imaging suggests similar levels of excitation and
inhibition between 10 Hz-Burst and 10 Hz-Uniform near the electrode site (figure 8),
two-photon imaging reveals that 10 Hz-Uniform has significantly lower soma-neuropil
correlation compared to both 10 Hz-Burst and the 100 Hz pattern (figure 7(D)).
Interestingly, lower soma-neuropil correlations are more indicative of awake, baseline
states with normal levels of inhibitory-excitatory balance [66]. This experimental evidence
supports a theoretical relationship between soma-neuropil correlation and inhibitory-
excitatory balance. Inhibitory post-synaptic potentials sum in the dendrites and soma [97,
98]. Therefore, in an inhibited state, the neuropil (largely composed of axons) may show
elevated calcium activity, while inhibitory post-synaptic potentials may cause diminished
somatic calcium activity, resulting in a low soma-neuropil correlation (as seen in figure
7(C)). Modeling studies further corroborate that bursting activity can drive increased output
correlation, which is in turn, effective in modulating up-down states within the cortex [58,
63]. Given that we saw that cell preference for 10 Hz-Burst v. 10 Hz-Uniform had a
statistically significant relationship with soma-neuropil correlation during 10 Hz-Bursting
activity, it is plausible that Bursting was effective in driving correlated states that influenced
the inhibitory-excitatory tone of the cortex. In addition to this, we do not observe a
discernible 10 Hz power increase during 10 Hz-Uniform stimulation, which could suggest
that there is no comparable ‘wash-out’ effect as observed for 10 Hz-Burst and thus more
of an inhibitory-excitatory balance. While this is a tempting interpretation, it should be
noted that the slow kinetics of the GCaMP6s makes it unlikely to detect 10 Hz phenomena
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[59]. Future studies could address this by using the faster GCaMP6f or GCaMP3 calcium
sensors [99]. Nonetheless, as we know that both inhibitory and excitatory cells can follow
10 Hz stimulation [76], it is plausible that both cell types are actively contributing to the
inhibitory-excitatory balance (figure 9).

In previous GCaMP neuropil evaluation with 100 Hz stimulation, it was demonstrated that

a substantial portion of neurites were being activated throughout the stimulation train and
that the neuropil activity was strongly correlated to the steady state neuron activity [33]. This
suggested that that ICMS likely led to inhibition of onset neurons rather than conduction
failure or hyperpolarization. While substantial work describing and characterizing virtual
anode effects were carried out in cardiac defibrillation research [100], it should be noted that
this effect decreases as the electrode size, pulse width, amplitude, and threshold decreases as
in the case of ICMS. Therefore, it would not be surprising that an increased inhibitory drive
onto indirectly activated neurons is responsible for the onset effect (figure 9; See section
5.4).

As described earlier, 100 Hz stimulation leads to the greatest level of both excitatory

and inhibitory network activation, because even if the neurons are unable to entrain to

the stimulus, as soon as the neurons are ready to fire another action potential, there is

an immediate depolarizing stimulation pulse that arrives within 10 ms. The excitatory
influence of this stimulation can be observed in the level of glutamate release compared

to 10 Hz-Burst and 10 Hz-Uniform (figures 5-6, supplementary movies 4-6). Given the
75%-80% excitatory neuron to 25%-20% inhibitory neurons ratio [69-73] and the fact
glutamate clearance rate is modulated by the rate of firing [60, 89], it is not surprising that
there is an overall elevated GCaMP and iGluSnFr activity of the 30 s pulse train (figures

8, 5-6). In contrast, the lasting inhibitory effects of the reinforced inhibitory network
activity can be observed in the post-stimulus period under widefield GCaMP imaging.
There is a prolonged inhibition of GCaMP activity after the stimulus train ends indicating a
lingering inhibitory network effect, potentially further influenced by GABA spillover acting
on GABAg receptors [73, 84]. Future studies should examine the influence of TP on GABA
activity. Analysis of the GCaMP neuropil activity over the first two seconds and last two
seconds of the 30 s pulse train indicates that the excitatory network is strongly driven over
the first two seconds compared to the last two seconds. This change in neuropil activity over
time suggests that the influence of inhibitory network activity is strengthened with uniform
high frequency stimulation, even if excitatory neuronal elements can be directly and strongly
driven without entrainment (figure 7(C)). Although we cannot conclusively say that these
effects are due to inhibition, the results presented here highly support the idea that there is a
major influence and motivates further investigation into its role.

5.4. TP on onset neuronal activity during ICMS

In order to understand why the different TPs resulted in different soma-neuropil correlations
(figure 7(D)), it is important to examine the mechanism underlying Onset neuron activity
(figure 4). We established earlier that with 100 Hz stimulation, excitatory neurons are unable
to entrain to high frequency pulse trains. Instead, excitatory neurons with sufficient neuronal
elements that pass through the small direct activation volume (yellow circle figure 9) are
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driven to depolarize within 10 ms of the end of the absolute refractory period. In turn,

the excitatory network (composed of a majority of the cells in the cortex: 75%-80%) is
significantly strengthened over the first 2 s of the stimulus pulse train leading to a strong
post-synaptic neuronal activation (figure 9 Left). During this onset period, the inhibitory
network has not likely reached its full inhibitory strength, allowing for a broad post-synaptic
onset activation pattern. However, as the 100 Hz uniform stimulation pulse train persists,
the post-synaptic inhibitory inputs begin suppressing downstream neurons that were initially
driven by the strong excitatory network activation at the beginning of the pulse train.

This leads to some decrease in the excitatory neuropil activity and the inhibition of onset
neurons resulting in a decreased soma-neuropil correlation (figure 7; figure 9 Right). On

the other hand, this onset effect was minimal and comparable between 10 Hz-Burst and

10 Hz-Uniform. For 10 Hz-Burst there is strong inhibitory network activation during the
first 100 ms of each stimulation burst (figure 9), however the 900 ms break between bursts
does not continue to drive the inhibitory network resulting in relatively strong direct and
post-synaptic excitatory neural activation at 1 Hz (figure 4). Conversely, for 10 Hz-Uniform,
the greatest balance of excitatory and inhibitory neuronal activation may have led to the
lowest steady-state somas (figure 4(D)) and lowest soma-neuropil correlation (figure 7(D)).
This can again be explained by the idea that most neurons, whether excitatory or inhibitory,
have high entrainment probability to 10 Hz stimulation, and because excitatory neurons
outweigh inhibitory neurons in number and activation probability (myelination, branching)
[90, 91], the excitatory drive overshadows the inhibitory drive (figure 9).

For all stimulation patterns, there are significantly more steady state cells compared to onset
cells (figure 4(D)). While there are no significant differences between the number of onset
cells for each pattern, 10 Hz-Burst has the least number of onset neurons and has a minimal
onset effect within the neuropil. For 10 Hz-Burst onset neurons, it remains to be determined
if these are post-synaptic onset excitatory neurons that entrain at frequencies below 1 Hz

or post-synaptic inhibitory neurons experiencing disinhibition. The latter is unlikely, as
only 1% of the GCaMP+ cells are inhibitory [74]. However, it is still possible that we are
observing the downstream effects of inhibitory-excitatory loops. For example, in sensory
cortex, it has been described that excitatory neurons can recruit vasointestinal peptide (VIP)
inhibitory neurons [101]. In turn, these VIP neurons inhibit somatostatin (SOM)-expressing
inhibitory neurons that disinhibit SOM post-synaptic pyramidal neurons. Thus, because this
inhibitory drive at the onset of each stimulation burst in 10 Hz-Burst is not continuously
driven during each 900 ms inter-burst interval allowing for some disinhibition, a more
stable activation pattern was observed, yet with overall elevated inhibition. Conversely,

for 10 Hz-Uniform, the 10 Hz stimulation may lead to greater excitatory onset neuronal
activity patterns. Although most neurons are able to entrain at 8 Hz stimulation [76],

there are some neurons that can only entrain at lower frequencies. Additionally, inhibitory
neurons provide more synapses onto target neurons, thus potentially providing a stronger
effect on some excitatory neurons for each individual pulse [73]. While the present study
cannot conclusively determine a potential sequence of activation of different inhibitory and
excitatory cell types, future studies using dual labels to identify neuronal subtypes will
further elucidate the mechanisms underlying onset neuronal activity to ICMS [102].

J Neural Eng. Author manuscript; available in PMC 2022 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eles et al. Page 19

5.5. Neuronal preference to TP for neural prosthetics

Natural sensation involves a high dimensional neural activation with precise rate codes.

This suggests that neural prosthetic controlled artificial sensation requires accurate spatial
and temporal control of neural recruitment to be successful [17, 20, 103, 104]. Electrical
stimulation of neurons depends on several factors including the geometry of axonal
branching, the distance to the nearest node of Ranvier, the density of ion channels in
proximal neuronal compartments, and the recovery cycle [86, 88, 90, 93, 105, 106]. Our
glutamate sensor results indicate that direct orthodromic neural recruitment is strongest
within 20 zm of the electrode with rapid spatial drop off (figures 5-6). This means that

the neuronal element composition immediately surrounding the electrode is extremely
influential in determining which neural networks are recruited during stimulation to produce
neural firing rates that would be elevated for one pattern but not another (figures 2-3).
Specifically, the presence and subtype of interneurons within the immediate vicinity of the
electrode could have a large impact on sculpting neural activity. In fact, interneurons were
suggested to have a major role in the efficiency of bladder contraction induced by pudendal
nerve stimulation with different TPs [107]. In particular, out of all the TPs with the same
average frequency, the two patterns that interrupted interneuron firing resulted in the weakest
contractions [107]. This suggests that the TP preference observed in this study is the result
of distinct inhibitory neuron recruitment under different stimulation paradigms [87].

Although neural firing rate codes are certainly important to elicit specific and diverse
artificial perceptions, precise control over the network oscillations may offer another
dimension to ICMS. Within the visual cortex, active sensing of the visual field can produce
specific neural oscillations that correlate with the rate of saccadic eye movements (reviewed
[108]), and measurements of neural oscillations were demonstrated to be correlated with
the performance in a tactile task [109]. Here, we demonstrate 10 Hz-burst elicited strong
inhibitory recruitment at distant locations from the electrode compared to 10 Hz-Uniform,
which had the same number of pulses (figures). Additionally, both glutamate release and
calcium activity contained a large 1 Hz component in the power spectrum demonstrating that
the TP of stimulation could drive specific oscillations with different weights of inhibition
and excitation. Therefore, to improve artificial sensation, it is essential for ICMS to be
adaptable to the varied excitatory and inhibitory neuron compaositions in the vicinity of the
implanted electrode.

Due to the complexity of electrical stimulation, many studies investigate changing one or
two parameters and measure the perception or broad neural activation around the electrode
[4, 16, 17, 33, 36]. We have previously shown that stimulation waveform [36], amplitude
[33], frequency [32], and here TP, can modulate the spatial and temporal activation of
neurons which ultimately controls network activity. Varied combinations of these protocols
maybe necessary in order to design successful biomimetic stimulation protocols specific

to the neural and glial composition around the electrode. Therefore, future work should
investigate the response patterns of the diverse subtypes of inhibitory neurons to a multitude
of stimulation parameters and their impact on the network balance in order to improve the
ability to encode more complex sensations.
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6. Conclusion

Using /in vivo mesoscale and two-photon imaging of calcium activity within neuron soma
and neuropil as well as glutamate activity, we demonstrate that TP of stimulation has a
major impact on the differential recruitment of subsets of neurons, neuropil, excitatory
neurotransmitter release ultimately driving different levels of excitation and inhibition.
Subsets of neurons prefer specific TPs of stimulation, which was highly correlated to

the temporal activity of the neuropil. Neuropil, soma, and glutamate release were shown
to have a significant entrainment to the carrier frequency of stimulation delivered every

1 s for 100 ms. This further provides evidence that stimulation can be used to phase

lock neuronal network activation at different frequencies. Finally, mesoscale imaging
demonstrated that these subtle differences between the TPs may arise from differential
control over inhibitory and excitatory network oscillations during stimulation. Combining
TP with exciting stimulation parameters may offer a new avenue to control spatiotemporal
firing rates and network oscillation in the design of biomimetic stimulation protocols to
restore impaired sensory processing. Together, we show that TP is a valuable tool for
fundamental science research as well as prosthetic applications.
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Figure 1.
Two-photon microscopy indicates reveals distinct spatial and temporal responses for neurons

with 10 Hz-Burst, 10 Hz-Uniform and 100 Hz stimulation. There is sustained neural
activation both close and far from the electrode for 10 Hz-Burst and 10 Hz-Uniform
stimulation, while distant cells are only activated during 0-2 s (onset period) for the 100 Hz
pattern. Images are presented as averages over the indicated time periods. See supplemental
movies 1-3. The Thy-1 GCaMP is colored in green. Vasculature is labeled in red with
sulforhodamine 101. The electrode site being stimulated is indicated by the blue dashed
circle. Brightness and contrast are unmodified between images. Scale bar is 200 ym.
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Figure2.
Most neurons show a “preference’ for either 10 Hz-Burst or 10 Hz-Uniform TP that is not

dependent on distance from the electrode. (A) Certain cells (for instance, cells indicated by
1 and 2) were active exclusively during 10 Hz-Burst or 10 Hz-Uniform stimulation. (B) The
difference of the cumulative fluorescence over Burst and Uniform stimulations reveals cells
with a preference for 10 Hz-Burst with positive values (warmer colors) and a preference for
10 Hz-Uniform with negative values (cooler colors). (C) Representative time traces for cells
with 10 Hz-Burst and 10 Hz-Uniform preferences indicated in (A)—(B). (D) ‘Preference’ for
TP was determined if the cumulative dF/F; for one pattern was 2X greater than the other.
The distribution of cell counts over distance was similar between patterns (p > 0.05). (E)
Pooled over all distances, the pie chart (right) shows roughly equal counts of cells that prefer
Burst (31%) and Uniform patterns (29%), while 40% of cells preferred neither. All data
presented as mean + SEM. For this analysis, 309 cells were analyzed from 1= 6 stimulation
trials from a total of 5 animals.
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Figure 3.
Some neurons prefer 10 Hz-Burst or Uniform stimulation to the 100 Hz pattern despite 10X

lower charge injection. (A) The difference of the cumulative fluorescence over 100 Hz and
10 Hz-Burst stimulations is projected such that cells that were more active during 100 Hz
had positive values (warmer colors) and cells that were more active during 10 Hz-Burst had
negative values (cooler colors). Some cells (example shown by the black circle) showed a
slight preference for 10 Hz-Burst relative to 100 Hz. (B) A time trace of a cell that preferred
10 Hz-Burst over 10 Hz-Uniform and 100 Hz patterns (cell indicated by the black circle in
panel (A)). (C) Cumulative counts of cells that preferred the 100 Hz Pattern (red), preferred
either 10 Hz-Burst or Uniform over 100 Hz pattern, or had no preference show that it is rare
for a cell to not prefer the 100 Hz pattern. (D) Scatter plot where each point represents the
mean dF/Fq during the stimulation onset period (0-2 s) for the 100 Hz pattern ()~axis) and
the highest mean onset d //F, between 10 Hz-Burst or Uniform. For this analysis, 309 cells
were analyzed from n = 6 stimulation trials from a total of 5 animals.
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Figure 4.

Distance from electrode (um)

Neurons have similar temporal responses to 10 Hz-Burst and continuous patterns while
neurons tend to show more entrainment failure to the 100 Hz pattern. (A) The difference
in d~/Fpbetween the onset period (ON, 0-2 s) and the Steady State period (SS, 28-30 s)
indicates how well neurons can follow a 30 s train of each stimulation pattern. Increased
activation during SS period compared to the ON period appears as a warmer color, while
a decrease appeared as a cooler color. (B) While many somas can stay active for the full
stimulation train (Soma 1), some fail to follow the train (Soma 2, 100 Hz) (C) Activation
time captures the ability of a cell to stay active during a stimulation train. Neurons respond
similarly to 10 Hz-Burst and Uniform patterns. In contrast with 100 Hz pattern, cells
show a reduced activation time (fails to entrain at a more rapid rate). Two-way ANOVA
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indicated a statistically significant effect for both pattern and distance (p < 0.0001) with
post-tests showing that both 10 Hz patterns had elevated activation time relative to 100 Hz
at all distances (p < 0.0001). For the 100 Hz stimulation, activation time was significantly
reduced >60 4m compared to <60 um (p < 0.0001). (D) There were more SS cells with

all stimulation patterns (Two-way ANOVA significant effect for cell type ON v. SS: p<
0.0001) with * and ** indicating statistically significant post-hoc tests with p< 0.05 and p
< 0.01, respectively. (E) For mean dF~/Fy, there were statistically significant effects between
patterns and between ON v. SS cells (Two-way ANOVA, p < 0.0001). Post-hoc tests reveal
that both 10 Hz patterns had similar mean d//F,, while the 100 Hz waveform had elevated
SS mean d~/F,compared to the 10 Hz patterns. SS cells had a significantly elevated mean
dF~/Fpcompared to the ON cells for the 10 Hz-Uniform and 100 Hz as well (** and ***
indicate p< 0.01 and p < 0.0001, respectively). (E) Cells had significantly elevated relative
1 Hz power during 10 Hz-Burst stimulation compared to other patterns Two-way ANOVA
analysis shows significant effects for stimulation pattern as well as distance (o < 0.00001),
with elevated 1 Hz power for Burst stimulation compared to other groups at all distances (o
< 0.05. Cells within 20 um of the electrode had an elevated response to all other distances
during Burst stimulation (o << 0.05). Cells at distances indicated by " were significantly
elevated compared to cells within 40-80 xm of the electrode. Data in (C), (D), and (E)
presented as mean + SEM; data in (D) presented in box plots. For this analysis, 309 cells
were analyzed from 7= 6 stimulation trials from a total of 5 animals (6 hemispheres).
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Figureb.
Two-photon imaging glutamate release shows a pronounced response close to the electrode

during the 100 Hz stimulation, but not for either 10 Hz pattern. The glutamate response to
ICMS was measured using the iGluSnFr transgene expressed in neurons under control of the
hSyn promotor. The mean fluorescence of the baseline period is presented on the left for all
stimulation patterns, while the mean d#/Fyover the specified time periods is presented on
the right for all stimulation patterns. The glutamate response is only detectable by eye for
the 100 Hz group. In all images, the electrode site is indicated by the blue dashed circle. See
supplemental movies 3-6.
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Figure®6.
Glutamate release is elevated close to the electrode during the 100 Hz pattern, but there is

also detectable glutamate release during 10 Hz-Burst stimulation. (A) Representative traces
from two stimulation trials in two subjects. Subject 1211 shows strong response during

the 100 Hz pattern, but little response during either 10 Hz pattern. Subject 1511 shows a
strong response during Burst stimulation with apparent entrainment during 1 Hz-Bursts. The
subject likewise shows some response during 10 Hz-Uniform and 100 Hz patterns. (B) The
cumulative d~/Fpindicates that the strongest glutamate response was for the 100 Hz pattern
within 20 zm of the electrode. Two-way ANOVA vyielded significant effects for pattern and
distance (p < 0.0001) with post-hoc tests indicating a significant increase for the 100 Hz
pattern at within 20 zm of the electrode and all other patterns and distances (o < 0.0001).
(C) For some subjects, there was strong glutamate entrainment to 10 Hz-Bursting as shown
by an elevated 1 Hz power. This was confirmed by a Two-way ANOVA, which showed a
statistically significant effect for pattern (0 < 0.001). Due to the high variance in the data,
there were no significant post-hoc tests. Data in (B) and (C) presented as mean + SEM. n=7
trials from a total of 4 subjects.
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Figure7.

Nguropil calcium activity is highly correlated to somatic calcium activity during 10 Hz-
Burst and 100 Hz stimulation, but significantly less so for 10 Hz-Uniform stimulation. (A)
Representative d £/F,from the neuropil as a function of time for each stimulation pattern.
Color represents different distances from the electrode array. The stimulation period is
indicated by a yellow box. (B) Like the somatic response to 100 Hz pattern but not for either
10 Hz pattern, calcium activity faded between the Onset period and Steady State period.

A two-way ANOVA indicates that there was a statistical difference between stimulation
pattern, but not distance, with post-hoc tests indicating that the 100 Hz group experienced
significantly more dF/Fq loss compared to the 10 Hz patterns as indicated by the black

and blue *, with ** indicating p < 0.01 and *** indicating p < .0005. (C) The correlation
between calcium in a soma and the neuropil within the same distance bin can be calculated.
(D) The Soma-Neuropil Correlation was modulated by TP. Namely, 10 Hz-Burst and 100
Hz stimulation patterns had elevated soma-neuropil correlation proximate and distant to the
electrode site relative to the 10 Hz-Uniform pattern. Two-way ANOVA showed a statistically
significant effect for both pattern and distance (p < 0.0001), with post-hoc tests indicating
that correlation was reduced for all groups at >60 x/m compared to <;60 4m. Further, somas
and neuropil were more correlated with 10 Hz-Bursting and 100 Hz patterns than with 10
Hz-Uniform stimulation at all distances. ** and *** indicate p < 0.01 and p < 0.0001,
respectively. (E) Soma-neuropil correlation during 10 Hz-Burst stimulation was significantly
elevated for cells that preferred 10 Hz-Burst stimulation compared to cells that preferred

10 Hz-Uniform stimulation (two-way ANOVA and post-hoc tests: p < 0.001). However,
correlation during 10 Hz-Uniform stimulation as similar between cells of both preferences.
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All data presented as mean £ SEM. For this analysis, 309 cells were analyzed from 7=6
stimulation trials from a total of 5 animals.
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Figure8.
Mesoscale imaging of neuronal calcium response to ICMS shows distant inhibition during

both 10 Hz patterns. (A) Representative images of the neuronal calcium response to 10
Hz-Burst and Uniform stimulation patterns. Images are shown as an average of fluorescence
intensity over the baseline period, the d~/F, from 0-2 s of stimulation, 28-30 s of
stimulation, and 3-5 s post-stimulation, and the mean d#/Fy over the entire 30 s stimulation
train. See supplemental movies 7-9 for activation over time. (B) Similar to the two-photon
neuropil imaging, there is loss of activity over the 30 s stimulation train proximal to the
electrode for 100 Hz stimulation. Interestingly, there in regions beyond the 2P imaging
window (>250 pm), there was also loss of activity for over the stimulation train for both

10 Hz groups (significant two-way ANOVA effect for TP: p< 0.001). (C) Further, mean
dF/Fpover the stimulation train (0-30 s) as a function of distance from the electrode shows
distant inhibition for both 10 Hz stimulation patterns., but not the 100 Hz pattern. Two-way
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ANOVA confirms that there is a statistically significant difference between the patterns and
over distance (o < 0.0001), with [I” indicating a significant difference between the 10 Hz-
Burst pattern and 100 Hz patterns within 0-60 zm of the electrode (p < 0.05). Additionally,
* and ** indicate significant differences between the 0-60 4m bin and indicated bins (p <
0.05, p<0.001, respectively. Color indicates the pattern of comparison). Data is presented as
mean + SEM, with /7= 4 stimulation trials from a total of 3 different animals.
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Figure.
TP of stimulation differentially drives excitatory and inhibitory network activation. TP of

stimulation differentially drives excitatory (EN) and inhibitory network (IN) activation.
Greater inhibitory/excitatory network activation is depicted by darker red, or blue colors,
respectively. Within the boxes on the left, the white background corresponds to the onset
period (0-2 s) and the grey background corresponds to the steady state period (28-30s). The
yellow circle around the electrode site represents the area of direct activation, where neurons
whose fibers pass through this area are activated antidromically. On the right, the gradient
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wedges represent the respective network activation. (A) During 10 Hz-Burst stimulation
Inhibitory neuron activation builds during the burst leading to greater network inhibition.
During stimulation onset, excitatory and inhibitory neurons are thought to both be active (i,
ii), but because inhibitory neurons can fire at higher rates, the IN activation builds during the
burst (ii, gradient wedge) and eventually outweighs the excitatory activation, leaving only
directly activated neurons active during the steady state period (i, SS neurons) inactivating
indirectly activated neurons (i, ON). (B). During 10 Hz-Uniform stimulation, both excitatory
and inhibitory neurons can fire at 10 Hz, but because there are more excitatory neurons

there is stable activation during onset and steady state periods (i) and network activation

that displays the balance of excitation and inhibition in the cortex. (C). 100 Hz stimulation
leads to greater excitation (i, ii; darker neurons/wedges) despite significant inhibitory drive.
Despite the hypothesis that inhibitory entrainment would be greater leading to inactivation
of indirectly activated neurons (i, ON), this increased excitation is thought to be a result the
excitatory drive increasing at every pulse as soon as the excitatory neurons’ refractory period
is over (ii). Note: the inhibitory activity is hypothesized based on data, but these neurons
were not labeled in the animal model used.
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