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Frequency-Specific Modulation of Slow-Wave Neural
Oscillations via Weak Exogeneous Extracellular Fields
Reveals a Resonance Pattern

Boateng Asamoah, “”Ahmad Khatoun, and Myles Mc Laughlin

ExpORL, Department of neurosciences, The Leuven Brain Institute, Katholieke Universiteit Leuven, Leuven B-3000, Belgium

Single neurons often exhibit endogenous oscillatory activity centered around a specific frequency band. Transcranial alternat-
ing current stimulation (tACS) can generate a weak oscillating extracellular field in the brain that causes subthreshold mem-
brane potential shifts that can affect spike timing at the single neuron level. Many studies have now shown that the
endogenous oscillation can be entrained when the tACS frequency matches that of the exogenous extracellular field. However,
the effect of tACS on the amplitude of the endogenous oscillation has been less well studied. We investigated this by using
exogenous extracellular fields to modulate slow-wave neural oscillations in the ketamine anesthetized male Wistar rat. We
applied spatially broad extracellular fields of different frequencies while recording spiking activity from single neurons. The
effect of the exogenous extracellular field on the slow-wave neural oscillation amplitude (NOA) followed a resonance pattern:
large modulations were observed when the extracellular frequency matched the endogenous frequency of the neuron, while
extracellular fields with frequencies far away from the endogenous frequency had little effect. No changes in spike-rate were
observed for any of the extracellular fields applied. Our results demonstrate that in addition to the previously reported
entrainment and Arnold tongue patterns, weak oscillating extracellular fields modulate the amplitude of the endogenous neu-
ral oscillation without any changes in spike-rate, and that this modulation follows a frequency-specific resonance pattern.
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Neural activity often oscillates around specific endogenous frequencies. Transcranial alternating current stimulation (tACS) is
a neuromodulation method which biases spike-times and alter endogenous activity. Most tACS studies focus on entrainment
effects which occur when tACS and endogenous neural frequencies are matched. In this study we varied the frequency of the
applied tACS and investigated its effect on amplitude of the neural oscillation. Our results revealed a resonance pattern where
tACS frequencies close to the endogenous frequency caused an increase in neural oscillation amplitude (NOA) specifically at
the applied tACS frequency, while applying tACS frequencies farther away caused little or no change in NOA. Furthermore,
applying tACS at differing frequencies caused the amplitude of the neural oscillation at the prestimulation endogenous fre-
quency to decrease. /
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Introduction

Neurons rhythmically fire action potentials thereby engaging in
patterned communication with large neural networks (Kandel
et al., 2000; Purves et al., 2008; Wang, 2010). The specific pattern
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of a neuron’s activity gives rise to oscillations which are im-
portant as they may facilitate communication between dis-
tinct neural populations (Jensen and Colgin, 2007; Cardin
et al., 2009; Canolty and Knight, 2010; Diirschmid et al.,
2013). Specific oscillatory frequency bands are associated
with a behavior or brain region [e.g., 8 in the motor cortex
and y during cognition (Bouyer et al., 1987; Baker et al,,
1997; Benchenane et al., 2011; Li et al., 2012; Senkowski and
Gallinat, 2015; Espenhahn et al., 2019) or low frequency
under anesthesia and sleep (Achermann and Borbély, 1997;
Amzica and Steriade, 1997; Erchova et al., 2002; Lydic and
Baghdoyan, 2005; Léger et al., 2018)]. Thus, neural activity
is by nature oscillatory and in some cases these oscillations
may play a functional role, although this is still debated
(Cardin, 2016; Sohal, 2016).
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Transcranial alternating current stimulation (tACS) is a
noninvasive neuromodulation method which aims to modu-
late these endogenous neural oscillations, by using scalp elec-
trodes to generate an exogenous extracellular field in the
brain, and thus affect behavior (Herrmann et al.,, 2013;
Tavakoli and Yun, 2017). The exogenous extracellular field
generated by tACS is weak, typically below 1 V/m (Y. Huang
et al.,, 2017; Lafon et al., 2017; Voroslakos et al., 2018).
Despite this, we (Asamoah et al., 2019) and others (Krause et
al., 2019; Johnson et al., 2020) have shown that oscillating
extracellular fields in this range can cause neural entrain-
ment (the phase of the neural oscillation becomes aligned to
the phase of the exogenous field). Entrainment is mediated
by subthreshold shifts in the membrane potential thereby
possibly causing an Arnold tongue (Pikovsky et al., 2001;
Notbohm et al., 2016; Vosskuhl et al., 2018), i.e., if stimula-
tion amplitude is low, only frequencies close to the endoge-
nous oscillation cause entrainment, but as the stimulation
amplitude increases, entrainment occurs to a wider range of
stimulation frequencies. However, the effect of the frequency
difference between the endogenous neural oscillation and ex-
ogenous extracellular field has not been studied in detail.

W.A. Huang et al. (2021) used a ferret model to study the
effect of the frequency difference between an exogenous
extracellular field and an ongoing alpha oscillation. They
found that at very low electric field strengths the alpha oscilla-
tion only entrained to the exogenous extracellular field when
they were exactly matched in frequency. However, when the
electric field strength was increased the alpha oscillation
entrained to a broader range of frequencies; thereby indicating
that an Arnold tongue-like mechanism may underly some
tACS effects. Importantly, they used a control condition where
they only stimulated peripheral nerves to rule out costimula-
tion effects.

Most studies to date have focused on how tACS can
entrain neural oscillations. However, the effect of tACS on
neural oscillation amplitude (NOA) has been less well stud-
ied. We know that tACS exerts a subthreshold effect and
does not cause spike-rate increases (Voroslakos et al., 2018;
Asamoah et al.,, 2019; Krause et al., 2019). However, the
subthreshold membrane potential shift does cause spikes to
change their timing such that the endogenous oscillation becomes
entrained to the extracellular field. One could hypothesize that this
shift in spike timing would also affect the amplitude of the endoge-
nous neural oscillation. However, these amplitude effects have, to
the best of our knowledge, never been systematically investigated.

Here, we used ketamine anesthetized male Wistar rats as a
model for slow-wave neural oscillations and studied the effect of
changing the frequency of a driving exogenous extracellular field
on the oscillatory nature of the slow frequency spiking activity
(which is referred to here as the oscillation). When driving the
slow-wave oscillations via extracellular fields of different fre-
quencies a resonance pattern was observed. This resonance peak
aligned with the dominant frequency of the endogenous slow-
wave neural oscillation.

Materials and Methods

Data collection methods were partly described in depth in an earlier
publication (Asamoah et al.,, 2019) and thus are described only briefly
here. All methods which were not described in the previous publication
are described in detail. For this work, we applied a new analysis to data
from the previous publication (Asamoah et al., 2019) as well as to newly
collected data which only appears in this publication.
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Surgery

Eight male Wistar rats (Janvier Labs) were anesthetized (ketamine
and medetomidine-HCl mixture) and placed in a stereotaxic
frame. Their scalp was opened and retracted after which a multi-
channel recording probe was inserted into the motor cortex
through a burr hole craniotomy. Two bone screws placed in the
dried skull were used as electrodes to generate exogenous, spatially
broad, low-amplitude, extracellular fields in the brain. All proce-
dures were approved by the Katholieke Universiteit Leuven animal
ethics committee for laboratory experiments.

Stimulation and recording setup

To generate exogenous electric-fields sinewave currents were
delivered via an AM 2200 analog current source (AM Systems).
This current source received voltage input from a data acquisition
card (NI USB-6216, National Instruments) which was controlled
using a custom MATLAB (MathWorks) 2014a software.

A 32-channel silicon probe (E32Tri+R-25-S01-L10 NT, Atlas
Neuro) was used to record signals from the brain. Signals were ampli-
fied, filtered and digitized using an Intan headstage (RHD2132, Intan
Technologies) in combination with an Open Ephys system (Siegle et al.,
2017; http://www.open-ephys.org/store).

Experimental protocol

Across all recordings the electrode was inserted in the motor cortex
at depths ranging from 800 to 2300 pm; approximately corre-
sponding to cortical layers 4 through 6. We first recorded 1 min
with no stimulation (pre-condition). This was immediately fol-
lowed by the “during-condition” where we delivered 1 min of sin-
ewave electric stimulation through the screw electrodes placed in
the skull. The frequencies of the exogenous electric-field (fey,)
ranged from 0.3 to 10Hz. The amplitude of the delivered sinewave
ranged from 0.025 to 0.5mA and were grouped into amplitude levels:
<0.1mA (Low), >0.1 but<0.2mA (Medium), >0.2mA (High). Full
list of stimulation parameters delivered are provided in Table 1.

Spike sorting

We performed spike sorting using the Klusta suite (Rossant et al., 2016).
Klusta took in the raw neural data and bandpass filtered it between 300
and 3000 Hz. This filtering removed the artifact created by the exoge-
nously applied electric-fields. The data were then automatically clus-
tered, after which clusters were manually inspected. Only well isolated
clusters were considered putative single units and used for further
analysis.

Data analysis: data preparation

After isolation of putative single units, we extracted spike-times.
To characterize the oscillatory nature of the slow frequency spiking
(here referred to as slow-wave oscillation) we first down sampled
the spike-train to 100 Hz (Fig. 1, second row of all panels). We
then calculated the autocorrelation of the down sampled spike-
train (Fig. 1, third row) and performed the fast Fourier transform
(FFT) on the autocorrelation signal (Fig. 1, fourth row). A clear
peak around 1 Hz shows the dominant frequency (Fig. 1, red dot)
of the neural oscillation. In the pre-condition (top left panel) this
peak defined the frequency of the endogenous neural oscillation
(fendo) and the NOA at this endogenous frequency (NOA¢ endo)-
The frequency of exogenous field was denoted f.y,. The NOA at
the exogenous frequency was denoted NOA¢.¢xo_pre in the pre-con-
dition and as NOA¢ ¢y, dur in the during-condition. To quantify
the effect of exogenous extracellular field on oscillation at the ex-
ogenous frequency we calculated the change in NOA at the exoge-
nous frequency as ANOA¢ o = NOAf exo-dur = NOAf.exopre: We
also calculated this for NOA¢.cpq0 a8 ANOA¢ cndo = NOAf endo-dur —
NOA¢endo-pre- The endogenous oscillation frequency differed
slightly from one neuron to the next. Therefore, for population
level comparisons we calculated the frequency difference (faie)
such that fy;¢ = foxo — fendo. This allowed us to assess the effect of
the exogenous frequency given the endogenous frequency at the
group level.
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Table 1. List of recorded neurons with the frequencies and amplitudes of the

exogenous signal

Neuron  Amplitude (mA)  Frequency (Hz)
1 0.1 04 08 12 16 2 24 28 32 36 4
2 0.1 04 08 12 16 2 24 28 32 36 4
3 0.1 04 08 12 16 2 24 28 32 36 4
4 0.1 04 08 12 2 24 28 36 4
5 0.1 04 08 24 28
6 0.1 0.4 2.8
7 0.1 0.4 2.8
8 0.1 1 2 3 4 5 6 7 8 9 10
9 0.1 1 2 3 4 5 6 7 8 9 10
10 0.1 1 2 3 4 5 7 8 9
1" 0.1 1 2 3 5 8 9
12 0.1 1 2 3 5
13 0.1 2
14 0.025 04 08
0.05 04 08 12 16 2 24 28 32 36 4
15 0.05 12 16 2 24 28 32 36
16 0.05 24
17 0.1 04 12 3.6 10
0.05 3 6
18 0.1 0.4
19 0.1 4
0.2 4
20 0.1 4
0.2 4
21 0.1 4
22 0.1 1 4 5 6 7 8 10
23 0.1 1 6 8 10
24 0.1 1 6
25 0.06 18
0.12 1
0.12 4
26 0.15 1 2 3 6 7 8 9
27 0.15 1 2 3 6 7 8 9
28 0.15 2 6 7 9
29 0.15 6 7 9
30 0.15 7 7
31 0.15 7 7
32 0.25 06 12 16 24 3
33 0.25 06 12 16 24 3
34 0.25 06 16 24 3
35 0.25 06 1.6 24
36 0.25 1.6
37 0.1 05 2 25 35 4 45 7 8 9 10
38 0.1 2 35 45 8 9 10
39 0.1 2 45 7
40 0.1 2
41 0.2 03 06 09 12 18 24 27 3
'y} 0.2 03 06 09 12 24 27
43 0.2 03 06 09 27
44 0.2 0.6
45 0.2 1.5 25 35 45 5 5.5
46 0.2 15 25 35 45 55
47 0.2 55
48 0.2 05 1 15 2 25 3 35 4 45 5
49 0.2 05 1 15 2 25 3 35 4 45 5
50 0.2 05 1 15 2 25 3 35 4 45 5
51 0.2 05 1 15 2 25 3 35 4 45 5
52 0.2 05 1 15 2 25 3 35 4 45 5
53 0.2 05 15 2 35 45
54 0.2 05 2 45
55 0.2 05 2
56 0.2 0.5
57 0.15 05 1 25 3 35 5

(Table continues.)

Table 1. Continued
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Neuron  Amplitude (mA)  Frequency (Hz)
58 0.15 1 5
59 0.08 075 1.5
60 0.18 1 2 25 3 35 45
61 0.18 1 45
62 0.05 2
0.1 2
0.3 2
0.5 2
63 0.1 2
0.3 2
64 0.1 2
65 0.12 2
66 0.12 2
67 0.12 2
68 0.2 15
69 0.2 1.5
70 0.2 15
71 0.2 15
72 0.2 1.5
73 0.2 15
74 0.2 15
75 0.1 1
76 0.15 2
77 0.2 1.5
78 0.2 1.5
79 0.2 1.5
80 0.2 15
81 0.2 1.5
82 0.2 1.5
83 0.2 2.1
84 0.2 2.1
85 0.25 1.8
86 0.25 1.8
87 0.25 1.8
88 0.025 1.6
89 0.1 1.6
90 0.25 1.6
91 0.12 2
92 0.1 1.4
0.2 14
93 0.2 1.4
9 0.1 1.5
95 0.1 1.5
96 0.1 1.5
97 0.2 2
0.5 2
98 0.2 2
0.5 2
99 0.2 2
0.5 2
100 0.2 2
0.5 2
101 0.2 2
0.5 2
102 0.2 2
0.5 2
103 0.2 2
0.5 2
104 0.2 2
105 0.2 2
106 0.05 1.6
0.025 1.6
0.1 1.6
0.2 1.6

(Table continues.)
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Table 1. Continued

Neuron  Amplitude (mA) Frequency (Hz) Neuron  Amplitude (mA)  Frequency (Hz)
107 0.05 1.6 136 0.15 15
0.025 1.6 137 0.15 15
0.1 1.6 138 03 15
0.2 1.6 139 0.1 15
108 0.05 1.6 0.2 1.5
0.025 1.6 03 15
0.2 1.6 140 0.3 15
109 0.05 1.6 141 0.3 15
110 0.05 1.6 142 0.1 15
m 0.05 15 0.2 15
0.15 15 0.3 15
0.25 1.5 143 0.1 15
12 0.05 15 0.3 15
0.15 15 144 0.1 15
0.25 15 03 15
113 0.05 15 145 0.1 15
0.15 15 0.2 15
0.25 15 03 15
14 0.05 15 146 0.1 15
0.15 15 0.2 15
0.25 15 03 15
115 0.05 15 147 0.1 15
0.15 15 0.3 15
0.25 15 148 02 1
116 0.05 15 149 0.1 15
0.15 15 0.2 15
0.25 15 03 15
n7 0.05 15 150 0.1 15
0.15 15 151 0.1 15
0.25 15 152 0.08 15
18 0.05 15 0.18 15
0.15 15 0.28 15
0.25 15 153 0.08 15
19 0.05 15 0.18 15
0.15 15 0.28 15
120 0.05 15 154 0.08 15
121 0.05 15 0.18 15
122 0.25 15 155 0.18 15
123 0.25 1.5 156 0.18 15
124 0.25 15 157 0.18 15
125 0.05 15 158 0.4 15
0.15 15 Neurons were recorded from all eight rats.
0.25 15
126 0.05 15 Data analysis: linear model and statistics
127 0.05 15 To test whether ANOA depended on fy+ we applied a linear model. Fepqo
128 0.05 1.5 could be either higher or lower than f.; therefore, fg;; has both negative and
0.15 1.3 positive values. Based on a visual inspection of the data, we predicted the
129 0.05 15 same linear relationship for both negative and positive {4 values. We tested
0.15 15 this prediction by separating the negative fy data (negative fgg condition)
0.25 15 from the positive (positive fg condition). For the negative condition we
130 0.05 15 took the absolute values of fyg thus making the sign of both relationships
0.15 15 equal. We ran a linear model with the f4; conditions as independent and the
0.25 15 ANOA as dependent variables and tested the interaction between the two
131 0.05 15 conditions. This allowed us to test whether ANOA was differently modu-
0.15 15 lated by fyr condition (negative vs positive). This was not the case (see
0.25 15 Results, Positive and negative frequency difference equally modulate NOA).
132 015 15 Therefore, to simplify the statistics and increase statistical power,
0.25 15 we performed all further analyses using the absolute fy¢ values (|fzal; see under
133 0.05 15 Results: NOA increase depends on exogenous extracellular field frequency and
0.15 1.5 amplitude). We used a linear model to test whether ANOA was dependent on
0.25 15 |fuia] For statistical comparisons we applied either a linear model or the
134 0.15 15 Wilcoxon signed-rank and where appropriate corrected p values for multiple
135 gﬁ 1? comparisons using the Bonferroni approach. a-Value was always 0.05.

(Table continues.)

In the graphs showing individual datapoints, we zoomed in to show the
bulk of the data (Figs. 2, 3, top two rows, 4, 5, 6, lower row). As such some
outliers are not shown. However, all data were taken into account for analysis.
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Figure 1. Quantification of neural oscillation (spiking rhythmicity) amplitude and frequency from an action potential recording. The upper left panel shows how the pre-condition recording was ana-
lyzed to quantify the endogenous neural oscillation. The first row depicts the exogenous field which is flat because there was no field applied in this condition. The second row depicts the recorded spike-
train with each vertical line indicating the time of an action potential. The autocorrelation of the spike-train was calculated (third row) followed by the Fourier transform of the autocorrelation (fourth
row). A dominant neural oscillation close to 1Hz is apparent. We extracted the largest peak of the Fourier spectrum (red dot) to define the endogenous neural oscillation frequency (feng,) and its ampli-
tude (NOAtenqo)- The upper right panel shows how the same process was used to quantify the during-condition oscillation from the same neuron when an exogenous field was applied with a frequency
close to the endogenous frequency. Note how the dominant frequency of the neural oscillation now shifts to move closer to the frequency of the exogenous field (fey,; arrow points to f,,,). The amplitude
of the neural oscillation at exogenous frequency was defined as NOAt.,. The bottom two panels show data from the pre (left) and during (right) conditions for a neuron where the frequency of the exog-
enous field was further away from the endogenous frequency (f.qo)- Here, we note that the dominant frequency in the during-condition is similar to that in the pre-condition (red dot), albeit lower, and
does not shift to match the frequency of the exogenous field. This means that the amplitude of the neural oscillation at the exogenous frequency (NOA¢,) is small. The first two rows of all panels are
zoomed in to better visualize the exogenous field and its relation to the spikes-train. Both neurons were stimulated at the High level.

Data analysis: entrainment calculation a bin on the basis of when the spike occurred. PLV was then calculated
We calculated entrainment by using the phase lock value (PLV) metric.  using the following equation:
This metric is previously extensively described (Lachaux et al, 1999;

PLV = 'Zthem” .

Brittain et al., 2013; Krause et al., 2019; Mc Laughlin et al., 2022). A cycle
histogram was created with 30 phase bins where each spike was assigned
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Figure 2.

exo

Exogenous fields affect NOA. In the upper left panel, NOA at the exogenous frequency (NOA¢.,,) increased when an exogenous field was applied (during-condition) as compared

with the preexogenous condition (two-sided Wilcoxon signed-rank). The upper right panel shows that this increase appeared strongest when the exogenous frequency was close to the endoge-
nous oscillation frequency (dashed vertical line shows median endogenous frequency of 1.7483; measured before the exogenous field was applied). Visually it appears that the largest NOA¢ e,
values tend to be around this endogenous frequency. The NOA of the endogenous oscillation NOA¢..,4, decreased as a response to the exogenous field (middle left panel). However, as shown
in the middle right panel this decrease did not appear to be frequency dependent. The shifts in NOA s were not because of spike-rate changes overall (lower left panel) nor did there seem to
be frequency dependent spike-rate changes (lower right panel). Descriptive statistics are in Table 2.

Where 6}, was the center of bin b and R;, the normalized magnitude
of bin b. As such for PLV calculation Ry, was the likelihood that a spike
fell in bin b. To determine entrainment, we calculated PLV in the pre-
condition (PLV,,) and during-condition (PLVg4y,) separately. We then
subtracted PLVg,, from PLV,,. to get entrainment. For the pre-condi-
tion, we assumed a sine wave that matched the during-condition sinew-
ave in phase and frequency.

Results

Quantification of neural oscillation response to weak
exogenous extracellular fields

Figure 1 shows two examples of how the recorded spike train
was analyzed to quantify the oscillatory nature of the slow fre-
quency spiking activity rhythmicity (here, neural oscillation) in
the pre (left panels) and during (right panels) conditions. In the
upper left panel, the top row shows the applied exogenous
extracellular field (flat in the pre-condition). The second row
shows the spike train, the third row shows the autocorrelation of
the spike train. A clear low frequency oscillation is visible in both
the spike train and autocorrelation. To quantify this, we calcu-
lated the FFT (fourth row) and extracted the largest peak in the
pre-condition to define the dominant frequency of the endoge-
nous neural oscillation (fe,q,) and its amplitude (NOA¢.pngo)-
The two top panels show an example of how the neural oscilla-
tions responded when the frequency of the applied exogenous
extracellular field (f.y,) was close to f.,4,. The bottom two panels
show an example response when the frequency difference (fy;e)
between f,,4, and f.,, was large. We found that when fy; was

small the frequency of the neural oscillation tended to shift to-
ward that of the exogenous extracellular field (f.y,). This caused
a decrease in the NOA at the endogenous frequency (NOA¢ o)
and an increase in the NOA around the exogenous frequency
(NOA¢ exo). However, when fy; was large very little frequency
shift was observed. There was no increase in the amplitude at the
exogenous frequency but there was a decrease in the NOA at the
endogenous frequency.

Exogenous extracellular fields modulate slow-wave NOA

We quantified these effects at the group level for all recordings
(n=473, generated from 158 neurons which came from all rats;
see Materials and Methods, Experimental protocol, and Table 1).
Figure 2, upper left panel, shows the mean NOA¢ ., in the pre-
condition (NOA¢.cyo-pre) and during-condition (NOA ¢ exo-during)
as bars (for descriptive statistics on all bar graphs, see Tables 2,
3) as well as the individual datapoints in gray. Overall, there is an
increase in the amplitude of the neural oscillation at the exoge-
nous frequency (NOA¢. ey Z=6.2574, p:3.9151710; two-sided
Wilcoxon signed-rank). This is accompanied by a decrease in the
amplitude of the neural oscillation at the endogenous frequency
(NOA¢.endo; middle left panel, z = —17.2451, p = 1.2188*°; two-
sided Wilcoxon signed-rank). Note that this data are grouped
and the effects may be frequency dependent (see next section).
The upper right panel shows the change in oscillation amplitude
at the exogenous frequency between the pre-condition and dur-
ing-condition (ANOA¢.,) as a function of the frequency of
the exogenous extracellular field (f.,,). Visually it appears that
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NOA and spike-rate in the pre-condition and during-condition for different exogenous field amplitude groups, Low, Medium, and High. For all groups, NOA at the exogenous field

frequency (NOA¢.y,) increased (upper row). This was accompanied by a decrease of the endogenous NOA (NOA¢ g, middle row). However, spike-rates did not change (lower row). Bars show
the mean and error bars show 95% confidence intervals. Al statistics are two-sided Wilcoxon signed-rank with a Bonferroni correction (n = 3). Descriptive statistics are in Table 3.

Table 2. Descriptive statistics for bar graphs in Figure 2

Table 3. Descriptive statistics for bar graphs in Figure 3

MeanPre MeanDuvinq CIPre CIDuring Meaane MeanDuring CIPre ClDuring
NOAexo 0.0016508  0.0024294  0.0014823-0.0018192  0.0021553-0.0027034 NOArex,  Low 0.0015416 0.001918  0.001337-0.0017461  0.001637-0.002199
NOAtengo  0.0061087  0.0028156  0.0057303-0.0064872  0.0025343—0.0030969 Med 0.0019122 0.0025482 0.0015857-0.0022387 0.002093—0.003003
Spike rate  4.3061 4.3199 3.7912-4.821 3.8061-4.8336 High 0.0012538 0.0029692 0.0011103-0.0013973 0.002268—0.003671
NOAtengo Low  0.0054616 0.0024896 0.0049161-0.0060071 0.002071-0.002909
Med 0.0071064 0.0033942 0.0064372-0.0077757 0.002891-0.003897
the largest increases in oscillation amplitude occur when the fre- High 0.0049531 0.0020686 0.0044826-0.0054237 0.001749-0.002389
quency of the exogenous extracellular field is closest to the  Spikerate Low 29695  2.9823 2.6233-3.3157 3.6322-3.3324
ongoing endogenous oscillation frequency (median =1.7483 Hz, Med 58213  5.8286 4.7432-6.8694 4.785-6.8722
indicated vertical dashed line). The middle right panel shows the High 31033 31326 2.7459-3.4606 2.7548-3.5103

change in oscillation amplitude at the endogenous frequency
between the pre-condition and during-condition (ANOA¢ ¢pg0)
as a function of f.,. For most exogenous frequencies tested
ANOA¢ .40 decreased. Noticeably, when ANOA¢ .4, increased,
it tended to happen when the frequency of the exogenous extrac-
ellular field (f.,,) was very close to the endogenous frequency
(fendo) of the neural oscillation. The bottom two panels show the
effect of the exogenous extracellular field on spike-rate. We
observed no effect on spike-rate at the population level (lower
right panel: z=0.77547, p=0.43 806, two-sided Wilcoxon
signed-rank). Plotting the spike-rate change as a function of
fexo also did not appear to reveal any frequency dependence.
Error bars depict 95% confidence intervals. These results
show that weak extracellular fields can modulate endoge-
nous slow-NOA and that these effects may depend on the
frequency of the extracellular field.

The effect of stimulation amplitude on neural oscillation

To also assess stimulation amplitude effects, we divided the data
into three groups: Low (156 recordings), Medium (217 recordings),
and High (100 recordings) amplitude exogenous extracellular field

(see Materials and Methods, Experimental protocol). In
Figure 3, the changes in NOA followed the same pattern as
in Figure 2, left column (all data grouped). Specifically,
within each amplitude group NOA¢ .4, increased signifi-
cantly between the pre-condition and during-condition.
This increase was largest in the High group and smallest in
the Low. For NOA¢ .4, the levels decreased in all ampli-
tude groups. No changes were observed in spike-rate for
any of the groups. Descriptive statistics are shown in
Table 2.

Positive and negative frequency difference equally modulate
NOA

Since the endogenous frequency (fe,q,) of neurons could be
slightly different we used the frequency difference (f4;) between
the endogenous and exogenous frequencies (f.,,) as outcome
measure. We tested whether the change in NOA at the exoge-
nous field frequency (ANOA¢.,,) depended on the frequency
difference (fyi) between the exogenous extracellular field (f.)
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The change in NOA at the exogenous frequency (ANOA¢.,,) was dependent on the amplitude and frequency of the exogenous extracellular field. The columns show from left to

right; Low, Medium, and High exogenous extracellular field amplitudes. NOA.,, increased for all levels (Fig. 3). However, a resonance pattern was only observed at the Medium and High levels
such that when [f4ie| was small ANOA,, tended to be large. However, when [fy] was large ANOA¢.c,, tended to be small. At the Low level ANOA.,, did not depend on [fgi| (upper row).
Although NOA¢.nq, Was affected by the exogenous field (Figs. 2, middle left panel, 3, middle row), in the middle row NOA¢ ¢4, never depended on [fyie. The lower row shows that no spike-
rate changes were observed for any of exogenous extracellular field amplitudes tested. Nor was there any dependency on [fi].

and the endogenous neural oscillation (fi4,). Since fy;e could be
negative or positive we first tested (see Materials and Methods,
Linear model and statistics) whether negative fgr differently
modulated ANOA¢. ., compared with positive fy;. This was not
the case (£=0.68711, p=0.98471). We also found no differential
modulation by the negative and positive fg¢ conditions for
ANOA¢ ¢ngo (=1.458, p=0.291) nor Aspike-rate (t = —0.52784,
p=0.59786). Therefore, we performed all further analyses using
the absolute fy;r values (|fye]), thus simplifying the analysis and
increasing statistical power.

NOA increase depends on exogenous extracellular field
frequency and amplitude

Figure 4, upper row, shows ANOA¢.,, as a function of |fg]
for the Low, Medium, and High groups. The Low group did
not have a statistically significant slope (slope: -1, Cliope:
—0.000121-9.577, t=0.055139, p=1). The Medium group did
show a significant slope (slope: —0.00021, Clyjope: —0.000365 to
—6.17°, t=7.6391, p=0.01862), as did the High group (slope:
—0.00047, Clgope: —0.000745 to —0.000191, t=11.2741, p=
0.00336). This indicates that the observed changes in NOA at
the exogenous frequency are dependent on |fy;¢]. Stated in other
words, the changes in NOA, at the exogenous field frequency
(ANOA¢ ), caused by the extracellular field showed a reso-
nance pattern centered around the endogenous neural oscilla-
tion frequency (fenqo). Furthermore, this resonance pattern
depended on the amplitude of the extracellular field, with
stronger extracellular fields causing larger increases in the neu-
ral oscillation when the endogenous and exogenous frequencies
were close. We tested whether the ANOA¢.,, depended on
stimulation amplitude. This was not the case Low to Medium
(t = —1.1399, p=0.255); Medium to High (¢t = —0.4290,

p=0.668). There is, however, a clear trend with an increasing
slope as the stimulation amplitude increases.

Oscillation responses correlate with entrainment
Entrainment is the adjustment of the phase of one oscillatory sig-
nal to the phase of another. In this analysis, we tested whether
the amplitude of the neural oscillation in responses to the exter-
nal stimulation was related to the neuron’s entrainment. In
Figure 5, entrainment (PLV) is plotted as a function of the en-
dogenous NOA (NOA¢ ¢,40). There was a statistically significant
positive correlation such that as NOA¢ .,q, increased so did
entraizliment (p values: Low, 3.40"'7; Medium, 2.77>% High,
132724,

Endogenous oscillation amplitude decreases as a response to
exogenous extracellular field application
NOA¢ engo decreases (Figs. 2, middle left panel, 3, middle row) how-
ever did not depend on |fyg. Figure 4, middle row, ANOA¢ cndo
showed no significant slopes (Low, slope: 275, Clgope: —0.000152-
0.00019, t=0.048464, p=1; Medium, slope: 973, Cliope:
—0.000173-0.000349, t=0.443, p=1; High, slope: 373
Clgjope: —0.000115-0.000171, t=0.15079, p = 1).
Importantly, the results indicate that the largest changes
in NOA; ., observed at small |fy;r] values were not because
of spike-rate changes at those frequencies; (Low, slope:
0.01857, Clgope: —0.035001-0.072145, £ =0.469, p = 1; Medium,
slope: —0.02415, Clgope: —0.15955-0.11125, t=0.12363, p =1;
High, slope: —0.03932, Clgqope: —0.087231-0.0086, t=2.6513,
p=0.32002). This implies that the NOA increases were because of
subthreshold modulation of the neural membrane. The reported
statistics in this section were conducted with a linear model and p
values Bonferroni corrected for three comparisons.
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Figure 5.  Oscillation amplitude change at the stimulation frequency correlates with entrainment. For all panels entrainment is plotted as a function of the change in NOA at the stimulation

frequency. The positive correlation shows that when oscillation amplitudes increased neurons tended to become more entrained.
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Responses to stimulation depends on amplitude of the ongoing endogenous oscillation (NOA¢eqqo). The upper row shows the shift in dominant frequency as a function of NOA¢.engo-

Frequency shifts tended to be large when NOA¢q, Was low. However, when NOA.,q, Was high-frequency shifts were smaller. In the middle row, ANOA¢n, is plotted as a function of NOA¢ . There
is a dear relationship where larger NOA¢e,q, results in smaller ANOA¢qo- In the lower row, changes in the NOA at the stimulation frequency (ANOAc.,,) is plotted as a function of NOA¢,q,. There

appears no clear relationship between NOA¢engo and ANOA¢ e

We also tested whether there was a relationship between the
amplitude of the endogenous ongoing oscillation (NOA¢ ¢,,4,) and
the response to the exogenous stimulation. Figure 6, upper
row, shows the shift in the frequency of the highest NOA from
prestimulation to during-stimulation (Afgominant oscillation) ON
the y-axis. The analysis shows that frequency tended to shift
from the ongoing endogenous oscillation when this ongoing
endogenous oscillation was weak before application of the ex-
ogenous stimulation. However, as the ongoing endogenous
oscillation increased in strength this shift tended to be smaller.
Figure 6, middle row, shows the change of the NOA of the en-
dogenous oscillation (ANOA¢.,4,) on the y-axis. There
appears a clear correlation where larger NOA¢ .4, responded
to stimulation with larger ANOA¢ .40, In the lower row of
Figure 6, we also compared NOA¢ .4, to the change in oscilla-
tion amplitude at the stimulation frequency (ANOA¢ ¢,). There
is only a trend where larger NOA¢ 4, tended to result in larger
ANOA¢ .y this is however not significant. Taken together, this
implies that when the ongoing endogenous oscillation is weak
the dominant frequency can be easily shifted. At the same time

changes in NOA¢ g, remain small. On the other hand, strongly
oscillating neurons tend to remain close to their endoge-
nous frequency (fenqo). However, their NOA¢ .4, can show
large shifts.

Discussion

In this study we applied low-amplitude, spatially broad, exoge-
nous extracellular electric fields of varying frequencies and
amplitudes and measured their effect on the oscillatory nature of
the low frequency spiking activity (here referred to as neural os-
cillation) in the rat motor cortex. We showed that these extracel-
lular fields can modulate NOA and frequency in an in vivo
model. Interestingly, the largest changes in NOA occurred when
the frequency of the exogenous extracellular field was closest to
that of the ongoing endogenous oscillation. Specifically, when
the difference between the endogenous and exogenous frequen-
cies (fgir) was small the change in NOA tended to be large.
However, when the frequency difference was large the change in
NOA was small. Notably, the endogenous oscillation amplitude
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decreased when we applied stimulation. It appears that the stim-
ulation tends to disrupt the ongoing periodicity in the spiking.
Possibly that the neuron attempts to follow the frequency of the
external stimulation thereby reducing its natural oscillating fre-
quency. This implies that the electric stimulation actually drives
the neuron away from its natural frequency to follow the fre-
quency of the external stimulation. This manipulation is however
limited; when exogenous field frequency (f.,,) was far away from
ongoing endogenous frequency (f.nqo) NOA at f.,4, tended to be
low (Fig. 4).

There are currently a number of ongoing debates about how
tACS effects are mediated in human subjects. When tACS is
applied via scalp electrodes in humans the current passes
through the skin, skull and cerebrospinal fluid before generating
a weak extracellular field in the brain. We have recently shown
(Asamoah et al., 2019) that some tACS motor system effects can
be caused by stimulation of peripheral nerves in the scalp. Some
studies have claimed that the extracellular field generated in the
brain by tACS is too weak to effect ongoing neural oscillations in
humans (Lafon et al., 2017; Voroslakos et al., 2018). Other stud-
ies in awake macaques have claimed that the extracellular fields
in the brain of a similar amplitude to those in humans can cause
neural entrainment (Johnson et al., 2020; Vieira et al., 2020).
These studies added controls to rule out peripheral nerve costi-
mulation. In this study we placed the stimulating electrodes
directly on the rat skull and ensured that the skull was always
dry. This means that we can be sure the results presented here
were because of the weak oscillating extracellular field in the
brain and not caused by costimulation of peripheral nerves.

We presented extracellular fields at three different amplitude
ranges, Low, Medium, and High. In previous work, we have
shown that the Low amplitude resulted in extracellular fields
which peaked at 0.9 V/m. This is in the same range as the extrac-
ellular fields generated by tACS in humans. While we did not
observe a resonance pattern at these Low amplitudes (Fig. 4), we
did observe a significant effect on the NOA (Fig. 3). The reso-
nance effects only appeared at the Medium and High amplitudes,
which correspond to electric field strengths of 1-2 and 2-5 V/m,
respectively. These electric field strengths would not be reached
in humans using standard tACS approaches. This implies that,
in principle, these frequency-specific modulations would be diffi-
cult to achieve. However, electric field strength in the brain
typically increases with increasing stimulation intensity. Using
high-amplitude tACS could increase electric field strengths to
sufficient levels. Combining this with a topical anesthetic would
then reduce the contribution of peripheral nerves (Khatoun et
al., 2018). Another approach in human studies is to use mini-
mally invasive methods such as epicranial stimulation (Khatoun
et al., 2019). These approaches have the potential to increase
electric field strength by bypassing the skin. Notably, endogenous
oscillation decrease occurred also at the Low stimulation ampli-
tude. This implies that human studies that aim to decrease en-
dogenous oscillations can achieve this with relatively low electric
field strengths.

A recent paper by W.A. Huang et al. (2021) showed the pres-
ence of an Arnold tongue pattern when using tACS to entrain «
oscillations in the ferret brain. They showed that weak extracellu-
lar fields of around 0.5 V/m needed to be matched exactly to the
frequency of the ongoing neural oscillation to cause neural
entrainment. However, when the amplitude of the extracellu-
lar field was increased entrainment could occur across a wider
range of frequencies. The authors used a control condition
where they only stimulated on the skin to rule out effects

Asamoah etal. ® Exogenous Extracellular Field Reveal Resonance Pattern

of peripheral nerve stimulation. Our results build on this and
show that in addition to frequency-specific entrainment effects,
tACS can cause frequency-specific amplitude effects. These fre-
quency-specific entrainment and amplitude effects are likely linked
with higher levels of entrainment causing spikes to be more pat-
terned which in turns leads to higher oscillation amplitudes. This is
supported by the analysis in Figure 5, where we show a strong cor-
relation between oscillation amplitude increases and entrainment
levels. It is important to note that both the Huang and colleagues’
study and our work did not find any increases in spike-rate. Thus,
the changes in NOA do not occur because of action potential induc-
tion, but rather because of spike timing shifts caused by the exoge-
nous extracellular field. More experiments are needed to fully probe
these mechanisms.

In conclusion, we have shown that in addition to previously
observed entrainment and Arnold tongue effects, weak exoge-
nous extracellular fields in a similar range to those generated by
tACS in humans, can also cause frequency-specific effects on the
NOA, with the largest oscillation amplitude modulations occur-
ring when the frequency of the extracellular field is matched to
the frequency of the endogenous oscillation. As such we show
that neurons engaged in slow-wave oscillations prefer external
inputs in the frequency range of the slow wave.
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