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Transcranial alternating current stimulation
entrains alpha oscillations by preferential phase
synchronization of fast-spiking cortical neurons
to stimulation waveform
Wei A. Huang 1,2,3,13, Iain M. Stitt1,2,13, Ehsan Negahbani1,2, D. J. Passey 2,4, Sangtae Ahn 1,2,5,
Marshall Davey 1,3, Moritz Dannhauer 6, Thien T. Doan 6,7, Anna C. Hoover7, Angel V. Peterchev
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Computational modeling and human studies suggest that transcranial alternating current
stimulation (tACS) modulates alpha oscillations by entrainment. Yet, a direct examination of
how tACS interacts with neuronal spiking activity that gives rise to the alpha oscillation in the
thalamo-cortical system has been lacking. Here, we demonstrate how tACS entrains endogenous alpha oscillations in head-ﬁxed awake ferrets. We ﬁrst show that endogenous alpha
oscillations in the posterior parietal cortex drive the primary visual cortex and the higherorder visual thalamus. Spike-ﬁeld coherence is largest for the alpha frequency band, and
presumed fast-spiking inhibitory interneurons exhibit strongest coupling to this oscillation.
We then apply alpha-tACS that results in a ﬁeld strength comparable to what is commonly
used in humans (<0.5 mV/mm). Both in these ferret experiments and in a computational
model of the thalamo-cortical system, tACS entrains alpha oscillations by following the
theoretically predicted Arnold tongue. Intriguingly, the fast-spiking inhibitory interneurons
exhibit a stronger entrainment response to tACS in both the ferret experiments and the
computational model, likely due to their stronger endogenous coupling to the alpha oscillation. Our ﬁndings demonstrate the in vivo mechanism of action for the modulation of the
alpha oscillation by tACS.
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ranscranial electric stimulation (tES) is a non-invasive
brain stimulation modality that delivers a weak electric
current of typically up to 2 mA zero-to-peak amplitude to
the scalp1. Transcranial direct current stimulation (tDCS) and
transcranial alternating current stimulation (tACS) are the two
most common types of tES, where a constant or sinusoidal current waveform is used for stimulation, respectively. The majority
of the stimulation current is shunted by the scalp2, so a relatively
small fraction of the current actually enters the brain and produces electric ﬁelds in the range of 0.2–0.5 mV/mm2–5. Recently,
controversy has engulfed the ﬁeld due to the heterogeneity of
behavioral ﬁndings6–8 and the claim that weak perturbations are
not strong enough to entrain networks8–11.
Targeted tACS modulation of cortical oscillations and associated cognitive and behavioral functions have been demonstrated
in a number of human studies12–20. In addition, clinical trials of
tACS for the treatment of schizophrenia21, chronic pain22, and
major depressive disorder23 have been reported. These clinical
trials demonstrated successful target engagement and modulated alpha oscillations after repeated application of tACS.
More is known about these “ofﬂine” (i.e., after stimulation)
effects since tACS introduces non-trivial artifacts when used
with non-invasive electrophysiology techniques such as EEG
(electroencephalography)24. At the level of large-scale neuronal
populations, animal studies have provided evidence for “online”
(i.e., during stimulation) modulation of neural oscillators by tACS
in vitro and in vivo25–31. At the single neuron level, tACS
polarizes neurons with alternating polarity resulting in a subthreshold resonance where the hyperpolarization-activated cation
current plays a key role in the neural response32,33. Despite these
successful demonstrations that weak periodic electric ﬁelds
interact with neural oscillators, the mechanism of action remains
unclear. Using a computational model of a large-scale cortical
network of spiking neurons, we previously studied how tACS
entrains ongoing oscillations31. We found a triangular region of
high synchrony between the stimulation waveform and endogenous neuronal oscillations where higher stimulation amplitudes
yielded a wider range of entrained frequencies. This triangular
region of stimulation amplitude and frequency pairs is referred to
as an Arnold tongue, which is centered on the frequency of the
endogenous oscillation. The Arnold tongue is typically found
when studying the dynamical properties of coupled oscillators
and when characterizing the regions in parameter space where
phase-locking occurs between two oscillators34. These modeldriven predictions along with the existing entrainment hypothesis, which is supported by in vitro studies and in vivo studies in
anesthetized rodents, comprise the current mechanistic understanding of tACS. Despite the successful demonstration of longlasting tACS effects in human studies, a full mapping of the space
of stimulation parameters that demonstrates a pattern of synchronization in the form of the Arnold tongue remains missing.
The major roadblocks for this gap are the technical challenges of
simultaneous tACS and EEG recording in human studies, even
with some recent attempts to avoid or ﬁlter the large electrical
artifact of tACS24,35–39.
To address this gap in knowledge, we investigated neural
entrainment of alpha oscillations by tACS in awake head-ﬁxed
ferrets. We used tACS parameters that induced (computationally
estimated) electric ﬁeld amplitudes of <0.5 mV/mm, which are
comparable to the estimated ﬁeld amplitudes typically reported
for human tACS paradigms. We ﬁrst demonstrated the presence
of alpha oscillations (11–17 Hz) in the awake head-ﬁxed ferret
with simultaneous recording from the posterior parietal cortex
(PPC), the primary visual cortex (VC), and the lateral posterior
nucleus/Pulvinar complex of thalamus (LP). In functional
2

agreement with human and non-human primate studies of alpha
oscillations, the recordings pointed to the top-down control of the
network by alpha oscillations40,41. The alpha amplitude was
strongest in PPC, which inﬂuenced both VC and LP regions in
the alpha-frequency band as demonstrated by functional and
effective connectivity between these areas. Further analysis on
putatively classiﬁed neuron types showed that the alpha synchrony between the network oscillations and neuronal ﬁring rates
was stronger for narrow-spiking neurons compared to broadspiking neurons. To probe for the presence of an Arnold tongue,
the hypothesized mechanism of action of tACS, we systematically
varied both stimulation amplitude and frequency. We found
evidence supportive of the Arnold tongue for PPC neurons, and
narrow-spiking neurons showed stronger phase-locking to tACS
when compared to broad-spiking neurons. Despite the comparable amplitude of tACS electric ﬁeld in all three studied regions,
we did not ﬁnd a clear Arnold tongue for VC or LP neurons. In
addition, we addressed and excluded several potential confounds
such as entrainment by peripheral stimulation. We ﬁnally
examined the effect of tACS in a computational model of the
thalamo-cortical network, which conﬁrmed the main features of
our experimental ﬁndings. Our work provides in vivo evidences
on how weak electric ﬁelds (<0.5 mV/mm) can entrain neuronal
activity and supports the model-driven predictions of the Arnold
tongue as the mechanism of action of tACS.
Results
Endogenous alpha-band oscillations in awake head-ﬁxed ferrets. We hypothesized that the effect of tACS on network
dynamics was a result of the synergistic interaction of endogenous
network activity and the exogenous electric ﬁeld delivered by
tACS. Thus, understanding the endogenous network dynamics
was a necessary step to identify the stimulation targets before
examining their engagement by tACS. We ﬁrst characterized the
endogenous oscillations to validate the existence of previously
reported alpha oscillations in the thalamo-cortical system of
awake head-ﬁxed ferrets42. The extracellular broadband signals
were recorded from implanted microelectrode arrays in PPC, VC,
and LP regions (Fig. 1a). The post-mortem histological investigation veriﬁed the correct implant locations (Fig. 1 a.i–iii).
The local ﬁeld potential (LFP) signals were acquired by lowpass ﬁltering (<300 Hz) the extracellular broadband recordings
(Fig. 1b). Spectral analysis of cranial screw EEG and LFP signals
in PPC, VC, and LP showed an alpha peak (12–16 Hz) in PPC,
VC, LP and EEG recordings for all three animals (Fig. 1c). An
alpha oscillation was deﬁned as an increase in power (a “bump”)
beyond the 1/f power distribution that permeates the background
of electrophysiological recordings43. The alpha peaks were
strongest in PPC and VC, with slight differences in individual
alpha peak frequencies between animals: 14.42, 12.32, 14.42 Hz
for animals 1, 2, and 3, respectively. Prominent theta oscillations
(3–5 Hz) were evident in LP for all animals. To analyze the
endogenous oscillations at the neuronal level, we extracted the
extracellular spikes (n = 1539, 701, 391 units in PPC, VC, and LP,
respectively), and clustered the unit waveforms based on spike
duration (spkD) deﬁned as trough-to-peak time. We identiﬁed
two populations of neurons in PPC (narrow spiking, n = 689:
spkD = 0.361 ± 0.005 ms, broad spiking, n = 850: spkD = 0.810 ±
0.005 ms) and VC (narrow spiking, n = 416: spkD = 0.283 ±
0.005 ms, broad spiking, n = 285: spkD = 0.651 ± 0.009 ms), but
only broad spiking neurons in LP (n = 391, spkD = 0.642 ±
0.008) (Fig. 1b, c). We next examined how different neurons from
each region interacted with each other and with the meso- and
macroscale neuronal signals (LFP and EEG, respectively).
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Fig. 1 Histology and endogenous alpha-band oscillations in awake head-ﬁxed ferrets. Histology veriﬁcation of implant locations. a Ferret brain with
marks (highlighted by rectangles) left by microelectrode array implants in LP, PPC, and VC regions. Outlines of cortical ﬁelds are based on a published
ferret neuroanatomical atlas67. Dashed lines indicate the location of cell-stained coronal cross-sections through the center of the multi-electrode array
implanted sites shown below (i–iii). Corresponding anterior–posterior atlas coordinates are indicated below each section in mm, relative to the occipital
crest. a.i Coronal cross-section through the LP implant region shows implant electrode tracks and endpoints (dark spots of cell agglomerations above red
stars). a.ii Coronal cross-section through the PPC implant region demonstrates the tissue damage at the site of the electrode array caused by the removal
of the implant during brain extraction (below red stars). a.iii Coronal cross-section through the VC implant region marked by tissue loss (below red stars)
caused by the removal of the implant during brain extraction after completion of the experiment. “roc” indicates “reference to occipital crest”. b Sample 1-s
length EEG, broadband extracellular recordings and local ﬁeld potential signals (LFPs) from the posterior parietal cortex (PPC), visual cortex (VC), and
lateral posterior nucleus/Pulvinar complex (LP) from a head-ﬁxed awake ferret (resting state, no task performed by animal). c Spectral analysis of EEG and
LFPs showing the spectrum (mean ± SEM) with error bars in the light background from three animals (each animal in a different shade of green). The scalp
EEG signal demonstrated a weak alpha-band peak for all animals. PPC showed clear alpha-band activity (12–16 Hz) for all animals. LP showed prominent
theta, gamma (35–50 Hz), and a weak alpha activity for all animals. A weak alpha-band activity is also evident for the visual cortex (VC) for all three
animals. A closer look at PPC spectra indicates slight differences in the individual alpha frequency between animals (14.42, 12.32, 14.42 Hz for animals 1, 2,
and 3 respectively). d Histogram of spike duration was deﬁned as the time from trough to peak in PPC, LP, and VC. e Color-coded spike waveforms (mean
± SEM) were calculated for two identiﬁed clusters of narrow-spiking (red, n = 689 in PPC, n = 416 in VC) and broad-spiking (blue, n = 850 in PPC, n = 285
in VC) neurons in PPC and VC. LP neurons comprised only one cluster (n = 391).

Population coupling is stronger for narrow-spiking neurons
and oscillates at alpha frequency. We recorded broadband
extracellular activity from cortical and thalamic regions and the
EEG signal to measure endogenous oscillations. This recording
enabled us to examine the interaction between neural activity at
the level of single units and network activity at the level of the
LFP or EEG to better understand the underlying mechanisms of
the endogenous oscillations. We ﬁrst asked if there was a relationship between single-unit activity and the local dynamics in
each region by measuring population coupling44. We constructed
the population ﬁring rate function for each region of interest
(ROI) based on its spiking activity. Spike-triggered average
population ﬁring rates were extracted at the occurrence of individual spikes for all unit types by region and given as a percentage
of the baseline value in the 500 ms before spike generation. The
within-region average of this value provided a measure of how
strongly each unit was coupled to local oscillations (Fig. 2a–c)44.
We observed that the coupling of single units to the population
rate in all regions oscillated in alpha-frequency range, conﬁrmed
by spectral analysis. We found a prominent peak in the alpha
(11–17 Hz) frequency band for all three regions (Fig. 2d–f). A

weaker theta-band (3–8 Hz) oscillation was also evident in all
regions [deﬁned as an increase above background noise]. Comparing the narrow- and broad-spiking neurons, we found that
narrow-spiking neurons had stronger population coupling than
broad-spiking neurons (Fig. 2d–f, amplitudes at time lag zero),
and the ﬂuctuation of the coupling had more oscillatory power
over a wide frequency range including the alpha band in both
PPC and VC (Fig. 2d–f).

Alpha synchronization between EEG and spikes, and prominent engagement of narrow-spiking neurons. Next, we examined alpha synchrony at the network scale by quantifying the
synchronization between single units in all three ROIs and EEG
oscillations. The average spike-triggered EEG showed an oscillatory pattern at alpha-frequency band (Fig. 2g–i). Further analysis
showed a non-uniform phase histogram for each region
(Fig. 2j–l). Narrow-spiking PPC units preferred to spike at
174.67°, conﬁdence interval (CI) = [172.71°, 176.63°] phase of
EEG alpha oscillations. The preferred phase for broad-spiking
neurons was 173.14°, CI = [170.95°, 175.32°]. For VC neurons,
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the preferred phase was slightly different between narrow (94.06°,
CI = [89.50°, 98.62°]) and broad spiking (109.63°, CI = [105.48°,
113.77°]) neurons. The preferred synchronization phase for LP
units was 142.63°, CI = [138.44°, 146.82°]. We extracted the
phase-locking value (PLV) to examine the strength of spike-toEEG phase-locking as a function of frequency. While the PPC
4

units were phase-locked to EEG at a wide frequency range of
~3–32 Hz (Fig. 2m), the peak in PLV was limited to a narrower
band of ~10–32 Hz for VC (Fig. 2n) and LP units (Fig. 2o).
Synchronization in the alpha-frequency band (12–17 Hz) was
evident for single units of all three ROIs. We found that the
phase-locking between EEG and single units was stronger for
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Fig. 2 Population coupling and spike-EEG coupling are stronger for narrow-spiking neurons and oscillate in alpha-frequency band. a–c Percentagechange of spike-triggered population ﬁring rate (mean ± STD) as a function of time-to-spike. The percentage-change is computed relative to the
corresponding baseline value at t = −500 ms in PPC, VC, and LP. The spike-triggered population ﬁring rate functions have larger amplitude at spike instant
(time lag zero) for narrow-spiking units (red) compared to broad-spiking units (blue) in both cortical regions (two-sample t-test between broad and
narrow-spiking units at each time point at two signiﬁcant levels indicated by horizontal green lines). d–f The power spectrum (mean ± SEM) of the spiketriggered population ﬁring rate in PPC, VC, and LP. A prominent peak in the alpha (11–17 Hz) frequency band is evident for all three regions. The alpha
power is higher for narrow-spiking units (red) when compared to broad-spiking units (blue) in both cortical regions (two-sample t-test at each frequency
point at two signiﬁcant levels indicated by horizontal green lines). g–o Alpha synchronization between EEG and spikes, and prominent engagement of
narrow-spiking neurons. g–i Spike-triggered EEG (mean ± STD) as a function of the time-to-spike in PPC, VC, and LP. Spike-triggered average EEG shows
an oscillatory pattern for all three regions and shows larger amplitudes at peaks and troughs for narrow-spiking (red) when compared to broad-spiking
(blue) neurons (two-sample t-test at each time point at two signiﬁcant levels indicated by horizontal green lines). j–l The histogram of phase preference of
spiking units in PPC, VC, and LP as a function of the instantaneous phase of the alpha-band (12–17 Hz) EEG oscillation. Color denotes the counts for
narrow- and broad-spiking neurons. Two classes of neurons show similar phase preference in PPC (Broad-spiking neurons: 3.02 ± 0.02 rad, Narrow-spiking
neurons: 3.05 ± 0.02 rad), and slightly different phase preference in VC (broad-spiking neurons: 1.91 ± 0.03 rad, narrow-spiking neurons: 1.64 ± 0.04 rad).
m–o Phase-locking between single units and EEG measured by PLV (mean ± SEM) as a function of EEG frequency. Synchronization was increased across a
broad range from 3 to 32 Hz range with a prominent peak in the alpha (12–17 Hz) frequency range for recorded cortical and thalamic sites. The narrowspiking cells (red) show signiﬁcantly higher PLV compared to broad-spiking units (blue) (two-sample t-test at each frequency point with p-values < 0.05
indicated by horizontal line). p–r Population coupling of single neurons and their engagement with globally measured alpha correlate strongly in PPC but
not in VC and LP. Signiﬁcant correlations were tested by a two-sided Pearson correlation test. No multiple comparison adjustment for p-value was
performed. p Population coupling of single units versus their engagement by alpha-band EEG is plotted for PPC. There is a strong correlation between
population coupling and large-scale alpha synchronization for narrow-spiking (red, n = 403, Pearson correlation test, r = 0.71, 2-sided p = 1.3*e−61, 95% CI
[0.66, 0.75]) and broad-spiking units (blue, n = 582, Pearson correlation test, r = 0.86, 2-sided p = 3.46*e−168, 95% CI [0.84, 0.88]) in PPC. Color
denotes the neuron type. q Population coupling of single units versus their engagement by alpha-band EEG is plotted for VC. Population correlation and
large-scale alpha synchrony do not correlate in VC (narrow-spiking: red, n = 173, Pearson correlation test, r = 0.06, 2-sided p = 0.46, 95% CI [−0.09,
0.21], and broad-spiking: blue, n = 221, Pearson correlation test, r = 0.01, p = 0.88, 95% CI [−0.12, 0.14]). r Population coupling of single units versus their
engagement by alpha-band EEG is plotted for LP. This analysis revealed that population coupling and long-range synchrony are weakly correlated in LP (n
= 251, Pearson correlation test, r = 0.35, 2-sided p = 3.5*e−7, 95% CI [0.22, 0.46]). The values on the vertical axis for all ﬁgures are the percentagechange in spike-triggered population ﬁring rate at the time of spike generation relative to the corresponding baseline value at t = −500 ms.

narrow-spiking neurons when compared with broad-spiking
ones. This pattern was evident in both PPC and VC (Fig. 2m, n).
We further analyzed the relationship between population
coupling of single neurons (as shown in Fig. 2a–f) and spike
phase-locking to more global EEG alpha oscillations (Fig. 2g–o).
We found a strong correlation between population coupling and
spike phase-locking to EEG signal in alpha-frequency band in
PPC, no correlation in VC, and weak correlation in LP (Fig. 2p–r).
In summary, these results indicate that the more a PPC unit was
coupled to the population dynamics, the more it was coupled to
the macroscopic alpha oscillation measured by EEG. Conversely,
the less a PPC unit was coupled to local dynamics, the less it was
coupled to the alpha oscillations measured by EEG.
Synchronization and directed functional connectivity in
thalamo-cortical network. To better understand the dynamics of
endogenous network oscillations, we examined the synchronization between all three region pairs using spiking and LFP activity.
We ﬁrst looked at the synchronization of spiking activity between
recording regions. The population-averaged spike crosscorrelations demonstrated synchronous oscillatory structure
occurring within the alpha-frequency band between all three
region pairs (Fig. 3a–c). The mean power spectrum (±SEM) of
cross-correlations indicated a prominent peak in the alpha band
(centered on ~15.23 Hz, Fig. 3d–f). These results showed that
spiking activity in PPC, VC, and LP was synchronized in the
alpha frequency. We next examined the phase-locking between
spikes and the LFP for each region pair to understand the
between-region synchronization. The spikes from all three ROIs
were signiﬁcantly phase-locked to the alpha oscillation in the LFP
from PPC (Fig. 3g), VC (Fig. 3h), and LP (Fig. 3i). We computed
population average phase-locking between LFPs obtained from
three regions to understand their interactions (see Supplementary
Fig. S1 for individual animals). We found strong phase-locking in
the alpha range (peak frequency at 15.23 Hz) and weak

synchronization in the theta range (peak value at 3.75 Hz)
between the two cortical regions (Fig. 3j). When considering the
synchronization between one of the two cortical regions and LP,
we found strong phase-locking at both theta and alpha frequencies (Fig. 3k, l). The theta and alpha synchronization
between PPC and LP was larger when compared to the corresponding values between VC and LP. These results indicate that
the two cortical regions synchronize in the alpha range, while the
synchronization between the cortical regions and LP occurred in
both alpha and theta frequency ranges as previously reported42.
Further analysis by population average conditional Granger
causality measure (cGC) showed that alpha synchronization
between cortical regions was more directed from PPC to VC than
the opposing direction (Fig. 3m, see Supplementary Fig. S1 for
cGC measures for individual animals). The results of directed
functional connectivity analysis also suggested that LP inﬂuenced
both cortical regions in the theta range, and to a smaller extent
that the PPC drove the LP in the alpha range (Fig. 3n, o). Our
results did not indicate a preference in the directionality of alpha
oscillations between VC and LP (Fig. 3o). Taken together, these
results showed that alpha oscillations originated primarily in PPC
and propagated to both VC and LP, whereas theta oscillations
originated primarily in LP and propagated to the other two
regions.
Measurements and modeling of tACS electric ﬁeld in the ferret
brain. We identiﬁed endogenous alpha oscillations that originated in PPC as a potential target for transcranial stimulation. To
examine the effect of tACS on neurons, we approximately matched the electrode current density of human tACS. The tACS
current density is ~1 µA/mm2 per electrode for a typical dual-site
human tACS protocol in which the current is 2 mA zero-topeak21. We trimmed carbon-silicone tACS electrodes used
in human studies to make smaller circular electrodes with
a radius of r ¼ 5mm to apply to the ferret head. To achieve a
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current density comparable to values used in human settings,
we used current amplitudes up to 80 µA zero-to-peak in our
experiments.
We examined what electric ﬁeld strengths were generated
inside the ferret brain when applying tACS currents with
amplitudes ≤ 80 µA. To estimate the electric ﬁeld magnitude in
the ROIs and the entire ferret brain, we developed a computational model of the current ﬂow in the ferret head (Supplementary Fig. S5). The model included detailed anatomical structures,
head-post, bone screws, dental cement, and surgical craniotomies
based on MRI and CT scan data and tissue conductivities from
6

the literature (Supplementary Table S1). We validated the model
adequacy by comparing its predictions to experimentally
measured electric potentials for stimulation currents of 80 and
60 µA. The electric potentials were measured with the same
implanted electrode arrays used for the electrophysiology
recordings. The model prediction for the electric potentials was
highly correlated with the experimental data (Fig. 4a, b
respectively, correlation coefﬁcient r = 0.99, p < 0.0001 for both
validations). The error bars of each measurement in the plots
stem from variation across the six sets of recordings corresponding to two recording blocks and three different reference electrode
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Fig. 3 Synchronization between brain regions and directed functional connectivity in thalamo-cortical network. Population-averaged spike crosscorrelation measured between a PPC and VC, b PPC and LP, and c VC and LP. The mean power spectrum of spike-correlations displayed a prominent peak
in the alpha band (centered on ~15.23 Hz) for PPC–VC (d), PPC–LP (e), and VC–LP (f) spike cross-correlations. g Phase-locking between spikes from PPC,
VC, and LP and the LFP from the PPC region. h Phase-locking between spikes from PPC, VC, and LP and the LFP from VC. i Phase-locking between spikes
from PPC, VC, and LP and the LFP from LP. j Phase-locking value (PLV) between the LFP recorded from PPC and VC regions as a function of frequency
indicates synchronization in the alpha-frequency band. k PPC and LP are synchronized in both the theta and alpha band. l Theta and alpha-band
synchronization are evident between VC and LP regions. m Spectrally resolved Granger causality shows that the inﬂuence of PPC on VC (green) is larger
than the inﬂuence of VC on PPC (violet) in all examined frequencies including the alpha band (2-sided t-test, indicated by the exact p-values below the p =
0.05 line (yellow)). n LP has a causal inﬂuence on PPC at theta frequency range (violet). In return, PPC has a causal inﬂuence on LP at the alpha-frequency
band (green). o LP drives VC at theta frequency range (violet). VC and LP drive each other comparably (2-sided t-test, indicated by the exact p-value
around the p = 0.05 line (yellow)) at alpha-frequency range. g–o Each recording session was treated as an independent sample unit. All measures are
shown as mean (thick line) ± SEM (light background).

schemes, after re-referencing the data and excluding electrodes
with poor signal quality (see “Methods”/“Electric potential
measurements” section for details). The simulated distribution
of the electric ﬁeld magnitude in the three ROIs is summarized in
Fig. 4c. The estimated electric ﬁeld magnitude was slightly higher
for the VC region compared to PPC and LP, but most of the
magnitudes across all ROIs fell into a relatively narrow range of
0.22–0.30 mV/mm. Figure 4d, e shows the surface-normal
component of the electric ﬁeld on the brain surface (see also
Supplementary Fig. S6 for more details), corresponding to peaks
and troughs of the tACS current cycle. The areas underneath the
stimulation electrodes (indicated by large open circles on the left
frontal and medial occipital regions, see also Supplementary
Fig. S8) showed maximum ﬁeld strength with directions ﬂipped
according to the stimulation wave polarity. Figure 4f–i visualizes
the electric ﬁeld strength and direction in deeper cortical and subcortical regions (for current density see also Supplementary
Fig. S7) across coronal and sagittal sections including the
implanted recording sites. As expected, the direction of the
electric ﬁeld was predominantly along the posterior–anterior axis
as shown by red arrows in the coronal and sagittal sections.
These results indicated that neither the surface-normal nor the
total magnitude of the tACS electric ﬁeld exceeded 0.53 mV/mm
in the brain. The modeling results also indicated that the
arrangement of the tACS electrodes in our experiments did not
necessarily result in maximum electric ﬁeld in the PPC, VC, and
LP regions where all cortical recordings were obtained. The
electric ﬁeld strength was in the range of values reported for
humans and non-human primates in models and experiments9,45.
These results supported our decision to use 80 µA as stimulation
intensity to produce comparable electric ﬁelds at the site of the
implanted electrodes as in human tACS experiments.
Transcranial alternating current stimulation engages cortical
alpha oscillations at the single neuron level. We found that
synchronization between spikes and both local (Fig. 2a–f) and
network-scale oscillations (Fig. 2g–o) was highest for alpha-band
oscillations across all three animals. In addition, we identiﬁed the
PPC as the source of alpha oscillations that drives VC and LP
(Fig. 3). These results suggested that alpha oscillations were the
ideal candidate target for tACS. Furthermore, we identiﬁed that
tACS with an amplitude of 80 µA resulted in a weak electric ﬁeld
of <0.5 mV/mm across the entire ferret brain that was comparable to tACS in humans. Thus, we performed a comprehensive
series of experiments in which we applied tACS with different
frequencies and amplitudes and simultaneously measured the
spiking activity in PPC, VC, and LP regions. Nine stimulation
frequencies centered on each animal’s endogenous alpha frequency (EAF) (f stim ¼ ½4; 3; 2; 1; 0; 1; 2; 3; 4 þ EAF) and
6 amplitudes ðI stim ¼ ½5; 10; 15; 20; 40; 80μA; peak valuesÞ were
applied over multiple sessions per animal (n = 16, 21, 14 sessions

for animals 1–3, respectively). We hypothesized that if entrainment was the underlying mechanism of how tACS affects neural
activity, then the synchronization between endogenous oscillations and external tACS waveform should increase as the tACS
frequency approaches the endogenous alpha frequency. This
increased synchrony between an external periodic perturbation
and an oscillator is a well-known phenomenon in dynamical
systems; as the amplitude of the stimulation is increased, the
range of frequencies for which entrainment occurs is also
increased. This relationship results in a triangular Arnold tongue
region with an increased coupling on a two-dimensional heatmap that plots the amplitude (y axis) and frequency (x axis) of
stimulation34.
First, we analyzed the phase-locking of all spikes to the tACS
waveform regardless of spike shape in a pooled data set for all
three animals (see Supplementary Figs. S2–S4 for individual
animals). A triangular region centered on the endogenous alpha
frequency was found for PPC units (Fig. 5a top, synchronization
maps, darker shades of blue indicate higher PLV). We evaluated
the modulation of spike phases by tACS using Rayleigh’s test for
non-uniformity of circular data and found that the z-statistics
also displays a triangular shape for PPC neurons (Fig. 5a, second
row). The percentage of PPC units with a signiﬁcant phase
modulation was low (<2%, Fig. 5a, third row). Furthermore, the
ﬁring rates of PPC neurons displayed a random modulation as a
function of stimulation waveform and did not display the
triangular, Arnold tongue, shape. These analyses conﬁrmed that
the applied tACS amplitude was subthreshold and did not modify
the ﬁring rate of the units (Fig. 5a bottom). To differentiate the
cell-type-speciﬁc effect of tACS, we extracted the synchronization
maps (i.e., spike PLV to tACS as a function of tACS frequency
and amplitude) for narrow- and broad-spiking neurons separately. We performed the same analysis on clustered units in PPC
based on spike shapes: the narrow-spiking neurons (n = 685)
displayed darker triangular regions when compared to their
broad-spiking counterparts (n = 864) (Fig. 5b, c, top). The
synchronization map between VC units and tACS (for collective
or clustered spikes) did not show a triangular Arnold tongue
shape (Fig. 5d–f top) as observed for PPC units. Instead, a weak
modulation was observed for frequencies close to the endogenous
alpha frequency, and became more evident for stimulation
amplitudes above 20 µA and was skewed toward frequencies
higher than endogenous alpha as indicated by the dark region on
the top right corner in Fig. 5d, e. We did not ﬁnd synchrony
regions for LP neurons (Fig. 5g, top). As for PPC, Rayleigh’s zstatistics in VC and LP (Fig. 5d–g, second row) showed a similar
pattern to corresponding PLV maps (Fig. 5d–g, top), and the
percentage of units showing signiﬁcant phase modulation was low
(<2%, Fig. 5d–g, third row). Similar to PPC, tACS did not
modulate the ﬁring rate of individual units in VC or LP
(Fig. 5d–g, bottom row). Taken together these results show the
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Fig. 4 Measurement and modeling of the tACS electric ﬁeld in the ferret brain. a, b Comparison between recorded and simulated electric potentials using
stimulation current intensity of 80 µA and 60 µA in three recording sites: LP, PPC, and VC with 8, 6, and 8 grid electrodes, respectively. The y axis
represents the experimental values averaged over n = 6 measurements (2 blocks and 3 electrode reference schemes), while the x axis shows the
corresponding potential value from the model. The solid cyan line represents the linear regression of the data, which ideally should match the dashed black
unity line. c Distribution of the electric ﬁeld magnitude in the three ROIs, predicted by the model. The central mark in each box indicates the median, and
the bottom and top edges indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered
outliers (99.3% of the data), and the outliers are plotted as blue dots. The number of samples in each ROI correspond to the number of ﬁnite elements: n =
2327, 8782, and 7944 for LP, PPC, and VC, respectively. These data demonstrate a relatively weak electric ﬁeld of ~0.25 mV/mm in the ROIs. Source data
are provided as a Source Data ﬁle. d, e Spatial distribution of the magnitude of the electric ﬁeld surface-normal component (min: −0.497 mV/mm, max:
0.507 mV/mm) on the brain surface at, respectively, 90° and 270° phase of the tACS wave (red dots on a cycle of sinewave). The electric ﬁeld magnitude
is greatest in areas proximal to stimulation electrodes (open black circles in left frontal and midline occipital regions). The direction of the surface-normal
electric ﬁeld ﬂips according to the tACS phase. f–j The electric ﬁeld distribution along three coronal sections (including ROIs), one sagittal section
(horizontal lines in d and e), and a transversal section is displayed in f–j. The model prediction shows that the electric ﬁeld magnitude is <0.5 mV/mm in all
sections. The maximum electric ﬁeld (bright yellow) occurs outside the ROIs. Arrows representing the direction of the electric ﬁeld components are scaled
in length by the electric ﬁeld strength in the plane of the sections in f–j and demonstrate dominant posterior–anterior electric ﬁeld direction.

synchronization map between single units and tACS that induced
an electric ﬁeld of < 0.5 mV/mm across the ferret brain. The
synchronization region follows a triangular Arnold tongue shape,
with phase-locking values that are just slightly higher than their
neighbor regions. The PPC units exhibited an Arnold tongue
8

pattern indicative of their weak entrainment by tACS. The VC
units demonstrated a partial Arnold tongue, and no regular
pattern of synchrony was observed for LP neurons. Among
narrow- and broad-spiking neurons, the former ones showed
more deﬁned Arnold tongue regions.
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Fig. 5 Transcranial alternating current stimulation engages cortical alpha oscillations at the level of individual neurons. Synchronization maps (blue)
and corresponding Rayleigh’s z-score (purple, second row), percentage of units with signiﬁcant phase-locking value (purple, third row), and ﬁring rate maps
(purple, bottom row) as a function of stimulation parameters for PPC (a–c), VC (d–f), and LP (g). The synchronization maps show phase-locking between
individual spikes and tACS wave as measured by phase-locking value (PLV) averaged across units. The horizontal axis indicates the distance (in Hz) from
individual alpha frequency, and the vertical axis shows the stimulation amplitude. a (top two rows) tACS entrains PPC units as indicated by the Arnold
tongue centered at the individual endogenous alpha frequency. b, c (top two rows) Narrow-spiking units in PPC show stronger phase-locking to tACS when
compared to their broad-spiking counterparts. d–f (top two rows) VC units are phase-locked to tACS, but the area of entrainment is asymmetric and favors
stimulation at frequencies above the endogenous peak frequency. g (top two rows) The map for LP units does not show prominent synchronization. a–g
(third row) Only a small percent of units (<2%) show signiﬁcant modulation of spike phases as measured by Rayleigh’s test. a–g (bottom row) The random
pattern of ﬁring rate maps for all regions/unit types indicates that tACS did not modulate the ﬁring rate of target neurons.

Peripheral nerve alternating current stimulation fails to
entrain PPC neurons in a frequency- and amplitude-dependent
way. Since tACS was applied to the scalp, it was important to
consider whether the entrainment of neurons was a direct effect
from the electric ﬁeld delivered to the brain or an indirect effect
from the activation of peripheral nerves. To control for peripheral
nerve activation, we applied the identical tACS paradigm to the
shaved lower back of two ferrets (Supplementary Fig. S8a). If the
Arnold tongue patterns in Fig. 5 were a result of peripheral nerve
activation, we would expect to see a similar Arnold tongue pattern in this experiment where the skin, but not the brain, was
stimulated. We used the identical analysis pipeline and again
extracted two types of neurons based on the waveform of the
action potentials (Supplementary Fig. S8b) similar to the ﬁndings
in the main experiment (Fig. 1e, PPC). However, in stark contrast, we did not ﬁnd a triangular region centered on the endogenous alpha frequency indicative of the Arnold tongue for PPC
units. Instead, we observed a more random pattern of PLV
(Supplementary Fig. S8c–e, top row), Raleigh’s z distance (Supplementary Fig. S8c–e, second row), percent of signiﬁcant units
(Supplementary Fig. S8c–e, third row), and ﬁring rate (c–e, bottom row), in both unit types (d, e). This suggests that peripheral
nerve stimulation is not the underlying mechanism of action
of tACS.
Repeated tACS sessions do not produce a long-lasting effect on
neuronal synchrony. Due to the long session duration, we
investigated whether there is any long-lasting effect on neural
synchrony after repeated tACS sessions. To study this, we

conducted a separate experiment of 14 repeated tACS sessions (n
= 1 ferret). Both spiking and LFP data were recording from PPC,
VC, and LP using multi-electrode arrays. The tACS electrode
locations (Supplementary Fig. S9a) were identical to the main
tACS experiment that showed the Arnold tongue. To rigorously
test the potential confound of cumulative changes to the spiking
behavior due to repeated stimulation for determining the Arnold
tongue, we stimulated at a single frequency (endogenous peak
alpha frequency, 14.5 Hz) and at the highest amplitude investigated in this study (80 µA), which presumably would maximize
the long-lasting effect if there were any. We recorded resting-state
data before the onset of tACS, followed by 20 or 40 min of
continuous tACS, and then recorded post-stimulation restingstate. Of note, the 20 or 40 min of stimulation was much longer
than the 90 s per condition in the tACS paradigm that showed the
Arnold tongue. Thus, if no long-lasting effect were found for this
paradigm, then it could be assumed that carry-over effects did not
signiﬁcantly affect the emergence of the Arnold tongue. Phaselocking values (PLV) between spiking in single units and
instantaneous alpha-frequency phase in LFP were calculated for
the resting-state periods before and after stimulation. We did not
see a signiﬁcant increase in PLV compared to baseline, which
indicated that there was no long-lasting effect of the stimulation
session in terms of promoting neuronal synchrony (Supplementary Fig. S9b). Therefore, the Arnold tongue that we found was
not the result of a cumulative effect of stimulation, but rather a
reﬂection of the instantaneous effects of stimulation. The cause
for persistent effects of tACS on neural activity that are reported
in the human literature thus remains an open question.
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Local rhythmic stimulation in PPC engages cortical alpha
oscillations at the level of individual neurons. Due to the
potential lack of spatial speciﬁcity of tACS, we cannot rule out the
possibility that entrainment of neural activity in PPC was an
indirect effect due to modulation of activity in another region. To
further clarify the potential direct and indirect effect of tACS on
neural activity and whether broad network-level stimulation was
required to drive neural synchrony, we conducted two control
experiments to localize the stimulation in PPC, in contrast to the
spatially distributed electric ﬁeld induced by scalp tACS. In the
ﬁrst experiment, we applied ACS through bones screws (instead
of tACS to the scalp) that ﬂanked the PPC in the
anterior–posterior direction (Supplementary Fig. S10a) to maximize stimulation of PPC while sparing VC (n = 3 animals). In
the second experiment, we applied AC-modulated optogenetic
stimulation of PPC (Supplementary Fig. S11a, n = 2 animals).
Given the high spatial speciﬁcity of optogenetic stimulation by
virtue of the localized viral injection, this experiment provided
additional insights on the role of local stimulation.
In the bone-screw stimulation experiment, the stimulation site,
i.e., PPC, showed increased spike-ﬁeld PLV as stimulation
amplitude increased. It should be noted that the PLV values for
PPC were much higher when compared to tACS as a result of the
more localized stimulation and the higher current density due to
the small surface area of the bone screws compared to the tACS
electrodes. In contrast to the scalp tACS experiments, this more
localized stimulation caused broad synchronization of neural
activity to the stimulation waveform across different frequencies,
which may be an indication of a ceiling effect. Such an
observation is predicted by the Arnold tongue, where higher
stimulation amplitudes do not show a dependence of the
synchronization on the stimulation frequency (i.e., top of an
Arnold tongue, where the synchronization is strong across all
stimulation frequency, Supplementary Fig. S10d).
Importantly, the investigation of neural activity in VC provides
additional insights since VC received stimulation in the tACS but
not the bone-screw experiments. In particular, this additional
experiment provides a unique opportunity to dissociate the direct
tACS effect from a more indirect effect through network
interactions. The neural synchronization in VC showed a
preference for high amplitude and high-frequency bone-screw
stimulation that was higher than the endogenous alpha frequency
(Supplementary Fig. S10c). This pattern resembled the result of
tACS in VC under high amplitude and frequency above the
endogenous peak (Fig. 5d, top two rows). This suggests that this
preference might be due to a network-related phenomenon
induced by PPC–VC connectivity. On the other hand, since only
the tACS (but not bone-screw) stimulation-induced stronger
spike-ﬁeld synchrony around the endogenous alpha frequency in
VC, it implies that this effect does require direct stimulation. In
another word, the Arnold tongue-like pattern was not evoked by
network stimulation (through the PPC–VC connection).
In the optogenetic stimulation experiment, we modulated the
amplitude of the laser input in a sinusoidal waveform of different
amplitudes and frequencies (Supplementary Fig. S11a) to mimic
the setup of the tACS experiment. We implemented the same
stimulation paradigm as in the tACS experiment (randomly
interleaved frequency and amplitude combinations). We found
that PPC units exhibited a triangular Arnold tongue pattern in
both the synchronization map and spike-phase modulation map
(Supplementary Fig. S11b). This pattern was similar to the scalp
tACS experiment (Fig. 5a), indicating a common underlying
principle for entrainment by the AC-modulated optogenetic
stimulation and tACS. The PLV value here (from 0.128 to 0.14,
Supplementary Fig. S11b, top) was higher than the tACS weak
entrainment (from 0.063 to 0.066, Fig. 5, top row), which is not
10

surprising given that the biophysical mechanisms for optogenetic
(directly opens ion channels) and electric stimulation (polarizes
neuron by an electric ﬁeld) are different. However, despite these
inherent differences, we have replicated the general Arnold
tongue shape of the synchronization map. Taken together, these
results show that tACS was able to entrain single units in an
Arnold tongue pattern that was similar to the one induced by
sinewave modulated optogenetic stimulation. Therefore, we
propose that the Arnold tongue is indeed a general principle of
how oscillating brain networks respond to weak periodic
perturbations.
Endogenous alpha oscillations in a biophysical model of
thalamo-cortical network and dynamics of synchronization by
tACS. We adapted and connected two previously developed
computational models of a cortical37 and thalamic46 network for
a complementary investigation of the mechanism of action of
tACS. The cortical model was composed of fast-spiking inhibitory
neurons (FS) and regular-spiking excitatory pyramidal neurons
(PY). The thalamic model included excitatory relay-mode thalamo-cortical cells (RTC), excitatory high-threshold bursting
thalamic cells (HTC), inhibitory thalamic reticular cells (RE), and
inhibitory thalamic interneurons (IN). Synaptic and gap-junction
connection patterns between neuronal populations followed
previous modeling work (Fig. 6a). Without stimulation, the network reproduced the major oscillatory patterns observed in our
experimental LFP recordings from the cortex (PPC) and thalamus
(LP) (Fig. 6b). In the model, the simulated LFP displayed
dominant alpha (~13.5 Hz) and weak theta-band (~3.6 Hz)
oscillations in cortex and dominant theta (~3.6 Hz) and weak
alpha (7.3 Hz) in the thalamus (Fig. 6b, right, spectral plots). We
next stimulated PY neurons according to the same protocol we
used in the experimental investigation of entrainment by tACS.
We ﬁrst demonstrate how simulated tACS with a frequency
matching the endogenous alpha oscillation (13.5 Hz) entrains
individual neurons and the entire network. The network response
to 13.5 Hz and 8 pA stimulation is shown in Fig. 6c, demonstrating the collective entrainment of different neuronal types to
stimulation in terms of increased amplitude of cortical LFP
compared to its amplitude without stimulation. The membrane
potential of a randomly selected neuron from each neuron type in
the network shows how individual FS and PY neurons adjust
their spike times to tACS. We next applied a comprehensive set of
tACS waveforms to cortical PY neurons with frequencies between
3 and 30 Hz and amplitudes between 1 and 10 pA and computed
the phase-locking of spikes to tACS for all neuron types (Fig. 6d).
We found Arnold tongue patterns (indicated by dark blue shades)
centered on the endogenous alpha frequency only for cortical
neurons. Compared to cortical neurons, only very weak
entrainment was overall observed for thalamic neurons. We
observed weak entrainment in the theta frequency, which represents the dominant frequency peak in absence of stimulation.
These ﬁndings are in agreement with our experimental ﬁndings
where tACS entrained cortical neurons in PPC, but not thalamic
neurons in LP. Interestingly, we found that tACS entrained FS
more than PY as indicated by wider and darker Arnold tongue
pattern for FS. This behavior agrees with our experimental
observations where narrow-spiking neurons of PPC showed
greater phase-locking to tACS when compared to broad-spiking
neurons. To clarify the neuronal response to tACS at different
parts of the PLV heat-map, we further examined the PY response
to two tACS waveforms with equal amplitudes, but different
frequencies: (i) A point on the Arnold tongue (13.5 Hz, 8 pA),
where PY neuron ﬁres regularly after the peak of tACS, with a
phase preference between 90 and 180 degrees as shown in phase
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Fig. 6 Endogenous alpha oscillations in a thalamo-cortical model and synchronization by tACS. a The structure of the thalamo-cortical network with
excitatory, inhibitory, and gap-junction connections between neuronal populations. The cortical network includes fast-spiking inhibitory (FS) and regularspiking pyramidal (PY) neurons. The thalamic network includes relay thalamo-cortical (RTC), reticular (RE), high-threshold bursting (HTC), and thalamic
local inhibitory (IN) neurons. The tACS is applied only to pyramidal neurons (blue arrows). b Endogenous oscillations shown by (top) 1-s cortical and
thalamic local ﬁeld potential (LFP) traces, and (bottom left) the raster plot with each dot representing the ﬁring instant of a neuron. (Bottom right) The
cortical LFP has a dominant spectral peak at the alpha range (13.5 Hz), and a smaller peak at theta range (3.6 Hz). The thalamic LFP has a dominant theta
peak (3.6 Hz), its harmonic (7.3 Hz), and a weak alpha peak (13.5 Hz). c Network response to a 13.5 Hz, 8 pA tACS. The cortical and thalamic LFP traces,
and the raster plot showing the ﬁring of all neurons (left), and the membrane voltage traces of sample neuron from each cell type (right). d Network
response to a group of stimuli with frequencies between 3 and 30 Hz, and amplitudes between 0 and 10 pA. Top left heat-maps: The color-coded phaselocking value (PLV) as a function of stimulation frequency (horizontal axis), and stimulation amplitude (vertical axis) for each neuron type. Darker colors
indicate higher synchronization between individual neurons and tACS with corresponding frequency and amplitude. The FS and PY neurons show
triangular-shape high PLV regions centered on the alpha peak frequency (13.5 Hz). Bottom left heat-maps: The ﬁring rate (FR) maps for each neuron type.
The color at each point indicates the average ﬁring rate (in Hz) across neurons in response to tACS with corresponding frequency (horizontal axis) and
amplitude (vertical axis). Two points on PLV and FR maps are selected for further analysis: (i) A point with high PLV on Arnold tongue region with tACS
parameters of 13.5 Hz and 8 pA. The tACS waveform and membrane potential of a sample PY neuron (top right) show that the PY neuron ﬁres regularly
after the peak of the tACS wave (red circles). The phase distribution of tACS wave at ﬁring instances of PY neuron shows a phase preference between 90
and 180 degrees. (ii) A point with low PLV outside of the Arnold tongue region with tACS parameters of 18.5 Hz and 8 pA. The tACS waveform and
membrane potential of a sample PY neuron (bottom right) show that the PY neuron ﬁres at random phases of tACS wave (red circles). The phase
distribution of the tACS waveform when PY neurons ﬁred shows a uniform phase distribution.

histogram (Fig. 6d top right), indicating high synchronization by
tACS. (ii) A point outside of the Arnold tongue (18.5 Hz, 8 pA),
where PY neuron ﬁres at random phases of tACS, without a phase
preference (Fig. 6d bottom right), indicating a lack of synchronization by tACS. Finally, we used the biophysical model of
thalamo-cortical network to test if the frequency mismatch
between dominant thalamic oscillations and alpha tACS was the
reason for the absence of Arnold tongues in thalamic records in
our experiments. To answer this question, we altered thalamic
endogenous oscillations from being theta-dominated to alpha by
increasing the DC drive current of HTC neurons from 0 to 50 pA

and decreasing the drive current of RTC neurons from 100 to 75
pA. Then we stimulated the pyramidal neurons using the same
tACS parameters as we used previously and extracted the phaselocking maps. Indeed, we found that both cortical and thalamic
neurons were entrained by tACS and displayed Arnold tongues
(Supplementary Fig. S12). We next explored the effect of tACS
delivered to both PY and FS cells. We again found that the
Arnold tongue governed the interaction between the endogenous
oscillation and the applied stimulation waveform. In contrast to
the simulation in which only PYs received input, there was a
more pronounced Arnold tongue at the ﬁrst harmonic of the
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Fig. 7 Modeling tACS stimulation to both PY and FS Cells. Phase-locking (top) and ﬁring rate (bottom) response to tACS applied to both the PY and FS
cells. Each pixel in the histogram represents ﬁve seconds of simulation with the appropriate amplitude tACS stimulation. In the plot, tACS amplitude and
frequency range from 0 to 10 pA and 0 to 30 Hz, respectively. The FS neurons exhibit two Arnold tongues, the ﬁrst centered around the endogenous
frequency for the PY neurons, 13.5 Hz, and the second centered at the ﬁrst harmonic. For PY neurons, an Arnold tongue is also present at the endogenous
frequency. Phase-locking for the FS neurons is high compared to the model where FS neurons were not stimulated, especially at the ﬁrst harmonic. In this
plot, the high phase-locking in the FS neurons overshadows the Arnold tongue in the PY neurons, but it is still present.

endogenous frequency (Fig. 7). The same pattern was maintained
when only FS cells were stimulated (Supplementary Fig. S13).
Finally, adding NMDA receptors to the cortical network did not
qualitatively change the presence of the Arnold tongue in
response to tACS (Supplementary Fig. S14). Together these
modeling results provided support for our experimental data that
showed stronger phase-locking in narrow spiking neurons when
compared to broad-spiking ones in response to tACS.
Discussion
tACS entrains spiking activity during endogenous alpha
oscillations in awake head-ﬁxed ferrets. We demonstrated the
acute effect of tACS on neuronal ﬁring coupled to the endogenous
alpha oscillations and thereby provide experimental evidence for
the previous predictions derived from computational modeling
studies about the mechanism of action of entrainment of ongoing
oscillations. We found that tACS entrained the spiking of individual cortical neurons but did not alter the neuronal ﬁring rate.
We developed a ﬁnite element model of the ferret head, validated
the model predictions with experimental measurements of tACS
electric potentials in the ferret brain, and tuned the tACS
amplitude to produce electric ﬁelds comparable to those reported
in humans and non-human primates. We found that the phaselocking of spikes by tACS depended on stimulation frequency:
matching the frequency of stimulation with endogenous alpha
resulted in phase synchronization of spikes regardless of stimulation intensity. For tACS frequencies adjacent to endogenous
alpha, higher stimulation intensities were required to achieve
similar phase-locking between spikes and tACS. This behavior
resulted in a triangular-shaped synchrony region when quantifying the spike-tACS phase-locking as a function of stimulation
frequency and amplitude. The triangular region was centered on
the endogenous alpha frequency and is known as the Arnold
tongue, as previously reported in computational modeling studies
of tACS15,31,37,46,47. Despite being statistically signiﬁcant in only
a small fraction of neurons, the Arnold tongue was evident in
PPC. The Arnold tongue was less developed and less clear in VC,
and was absent in the thalamus (LP). Furthermore, we identiﬁed
that the effect of tACS was cell-type speciﬁc. The phase-locking
between tACS and spikes was stronger for narrow-spiking neurons compared to their broad-spiking counterparts. This cell-type
speciﬁcity was further supported by a computational model of
thalamo-cortical network with ongoing alpha oscillations (Fig. 6).
12

In the model, the fast-spiking cortical neurons demonstrated
higher phase-locking to tACS than broad-spiking neurons.
Weak electric ﬁelds (< 0.5 mV/mm) comparable to tACS ﬁeld
strength in humans and non-human primates can entrain
neural spiking. To examine the underlying mechanisms of how
tACS modulates oscillatory interactions in the thalamo-cortical
network, we ﬁrst delineated the functional interactions in the
PPC-LP-VC network. We identiﬁed endogenous alpha oscillations
in three regions based on three quantitative measures: LFP spectrum, phase-locking of spikes to population ﬁring rate, and spikeEEG synchrony. Further analysis supported PPC as the source (or
driver) of alpha oscillations in the three-node network in resting
awake ferrets. These ﬁndings of prominent resting-state alpha
oscillations in the ferret posterior cortex closely correspond to
what has been known for a long time about the dominance of the
alpha oscillation in the resting-state EEG in humans16,48. Despite
this presence of alpha oscillations in all three recording regions
and the existing evidence for enhanced phase synchrony by weak
electric ﬁelds when stimulation and endogenous frequencies are
close17,30,49, we only found a clear Arnold tongue pattern for PPC
neurons. Compared to PPC, VC neurons showed a less-deﬁned
triangular region when looking at PLV as a function of stimulation
parameters. In addition, the LP neurons did not demonstrate
systematic phase-locking to tACS. The magnitude of the tACS
electric ﬁeld (model-driven value) was comparable in all three
regions. Thus, the differential ﬁeld strength is unlikely to be the
explanation. Rather, by being the source of alpha oscillations, PPC
may respond more strongly to tACS in the alpha frequency. In
contradiction to recent reports of failure of electric ﬁelds less than
1 mV/mm (resulting from commonly applied tACS intensities) in
modulating the dynamics of neuronal circuits9–11, the identiﬁed
PPC Arnold tongue in our work demonstrates how weak electric
ﬁelds (< 0.5 mV/mm) can engage individual neurons provided
that the directionality of information ﬂow and the source of target
oscillations are considered when designing the stimulation protocol. Our results demonstrate in vivo how an electric ﬁeld
comparable to (or slightly lower than) the ﬁelds predicted and
measured in human and non-human primate tACS studies45 can
result in Arnold tongue regions in synchronization maps.
The head-ﬁxed awake ferret model to study the mechanism of
action of alpha-tACS. Modulation of spiking activity by
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externally applied subthreshold electric ﬁelds has been previously
demonstrated in animal studies. Application of a subthreshold
(< 10 mV/mm) 20 or 50 Hz oscillating electric ﬁeld modulated
the power and frequency of pharmacologically induced gamma
oscillations in CA3 pyramidal cells in rat brain slices25,29. Fröhlich and McCormick showed how subthreshold oscillating electric
ﬁeld can enhance slow oscillations recorded from ferret visual
cortex slices with effects demonstrated at ﬁeld amplitudes as low
as 0.25 mV/mm27. Ozen et al. performed in vivo recordings from
anesthetized and behaving rats while applying low intensity slow
electric ﬁelds (< 1.7 Hz) via electrodes placed on skull or dura,
and reported reliable entrainment of neurons28. A direct comparison with this study is difﬁcult since it employed voltage and
not current stimulation. Ali et al. reported tACS-induced
enhancement of slow endogenous oscillations in an anesthetized ferret with stimulation electrodes placed on skull31. Despite
the fact that these experimental reports present evidence for
cellular-level effects of tACS, these studies share three common
limitations. First, they have taken advantage of slow-wave oscillations (~ 1 Hz, under anesthesia or in vitro) or fast gamma-band
oscillations (~30 Hz, pharmacologically induced, in vitro). Neither of these ongoing oscillations are the best model for the
dominant alpha oscillations in the awake brain. Second, using
in vitro preparations or animal models with lissencephalic brains
imposes limitations on the translation to human tACS. In addition, the way tACS electrodes were conﬁgured (bath application
in vitro, and direct placement on dura or skull in vivo) does not
match with standard practices for tACS electrode placement on
the scalp in humans. Third, none of the above-mentioned animal
studies have explored the parameters of stimulation in a systematic way to present a comprehensive entrainment map as a
function of stimulation frequency and amplitude. Our study
overcomes these limitations by taking the advantage of using an
awake head-ﬁxed ferret animal model. Ferrets are gyrencephalic
and display alpha oscillations in the awake state42. This current
paper provides acomprehensive demonstration of how the alpha
oscillation in the ferret originates in PPC and drives both the
thalamus and primary visual cortex, in conceptual agreement
with previous ﬁndings from studies of non-human primates41.
Thus, the ferret represents a promising additional model system
to investigate tACS and other brain stimulation strategies that
target alpha oscillations. In addition, the placement of tACS
rubber electrodes on the scalp with conductive gel also made our
setting more comparable with commonly used strategies used in
human tACS studies.
Cell-speciﬁc effects of tACS. We identiﬁed two types of neurons
based on their spike waveform shape in PPC and VC: narrowspiking and broad-spiking neurons. With tACS, the phase of
ﬁring was modulated for both cell types, but the effects were more
prominent for narrow-spiking neurons in PPC. In VC, despite the
lack of a clear Arnold tongue structure, the narrow-spiking
neurons also displayed stronger phase-locking to the stimulation
waveform. The stronger coupling of narrow-spiking neurons to
tACS was consistent with their behavior in absence of tACS
(Fig. 2). The narrow-spiking neurons showed stronger coupling
to local (population ﬁring rate) and large-scale (EEG) alpha
oscillations when compared to broad-spiking neurons. The
population ratio of narrow to broad-spiking neurons were 0.81
and 1.46 in PPC and VC, respectively. These ratios differ from the
reported excitatory to inhibitory population ratio of 0.25 in cortical regions of mammalian brain50. We are unable to make a
deﬁnite statement about the reason for this mismatch. It could be
that more fast-spiking cells are engaged in the alpha oscillation.
Or, an alternative explanation could be that axonal spikes get
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misclassiﬁed as fast-spiking units as previously reported for
thalamus51. However, we did not ﬁnd a bimodal distribution of
spike duration for thalamus, which makes this explanation less
likely. Nevertheless, although layer V pyramidal neurons have
been suggested to be the direct targets of tACS due to their
elongated somato-dendritic axis, our ﬁndings suggested that tACS
might also modulate the activity of other neuron types including
fast-spiking interneurons as previously reported52–56. Given that
the change in somatic membrane voltage is the largest for pyramidal cell and minimal in spherically symmetrical interneurons,
the effects on interneurons are likely the result of their functional
role in the targeted network activity and not their morphology48.
Indeed, in our computational model of thalamo-cortical network
that reproduced the key spectral features of our in vivo recordings
in ferret PPC and LP, we applied tACS to only pyramidal neurons, and found that both pyramidal and fast-spiking neurons
displayed phase-locking to tACS, with fast-spiking neurons
showing more phase-locking to tACS (Fig. 6). This supports the
notion that the response to tACS can be mediated via direct
engagement or indirect network effects that is shaped by the
endogenous activity of the cells and their role in the generation of
the network activity patterns.
Limitations. Like all scientiﬁc studies, our study has several
limitations. First, in the tACS experiments, the phase-locking
values for the regions inside the Arnold tongues were small and
only slightly higher than the corresponding values for adjacent
regions. In addition, only a small number of units (~ 2%) showed
signiﬁcant phase-locking as tested by Rayleigh’s test. We propose
that higher synchronization values might be measured if the
electrophysiological recordings were acquired from the regions
with higher tACS electric ﬁeld strength as predicted by the
computational model of the ﬁeld distribution in the ferret head.
Second, we did not investigate stimulation frequencies in other
frequency bands to examine the presence of additional Arnold
tongues at the (sub)harmonics34. This was an experimental
design choice based on time constraints for keeping ferrets
comfortably head-ﬁxed. We prioritized the collection of many
trials for the stimulation parameters that we examined. In
agreement with previous modeling work of tACS31,37,57, we did
observe an Arnold tongue at the harmonic of the endogenous
alpha frequency in our computational model of the thalamocortical network. Third, we found comparable electric ﬁeld
magnitudes in the cortex and thalamus for our stimulation
montage. Given this lack of focal delivery of electric stimulation
by tACS, we cannot exclude that tACS modulated the neural
oscillations in other brain areas that we were not able to record
from. For example, stimulation may have altered oscillations in
other brain areas that in turn modulated the alpha oscillation in
PPC. In this study, we have simultaneously recorded activity from
three anatomically and functionally interconnected brain areas
and found differential effects of the stimulation. Our functional
connectivity analysis showed that PPC drives both VC and LP in
the alpha-frequency band, and it is thus unlikely that primary
stimulation effects in VC and LP are the cause of the modulation
by tACS in PPC. To further investigate whether the effect on PPC
was due to the electric ﬁeld induced by tACS directly or an
indirect effect from other brain regions, we conducted electric
stimulation via bone screws and optogenetics in PPC. Both
experiment results support that focal stimulation in PPC modulate the neural oscillations directly. In addition, the amount of
space on the scalp to attach the stimulation electrodes was limited
to an anterior–posterior setup similar to what has been typically
used in human studies16. Since the electric ﬁeld strength was not
maximal in these three areas, we are probably underestimating
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the effect of tACS in our experiments. Furthermore, our results
demonstrate that the ﬁeld strength on its own is not the main
determinant of the effect on neuronal networks but rather that
endogenous activity patterns and other factors shape the presence
and magnitude of neuronal entrainment by tACS. Fourth, our
electric ﬁeld modeling results indicate that the electric ﬁeld in
cortical regions is largely in the posterior–anterior direction,
which is perpendicular to the somato-dendritic axis of many
pyramidal neurons. Ideally the stimulation electrodes should be
placed to maximize the component of the electric ﬁeld that is
normal to ROI cortical surface to increase the ﬁeld-induced
polarization in pyramidal neurons in order to impose stronger
phase-locking in target pyramidal neurons. The hardwareimposed constraints of implanted electrodes prevented us from
placing tACS electrodes directly above the ROIs, which would
have increased the electric ﬁeld magnitude and component normal to the cortical surface. Future studies should consider the
speciﬁc geometry of the delivered electric ﬁeld with respect to the
geometry of the targeted neurons and brain areas. Fifth, our
simulations of the electric potentials resulting from stimulation
closely match up with our experimental measurements. However,
we were unable to reliably estimate the local electric ﬁeld strength
within the electrode arrays. This is because, in principle, only two
of the three electric ﬁeld vector components can be estimated
with the planar arrangement of the contacts in an electrode array.
Further, these estimates are highly sensitive to the speciﬁc
orientation of the array plane with respect to the local current
ﬂow, which cannot be reconstructed accurately. Finally, the
electric ﬁeld components are computed by subtracting the
potentials of neighboring contacts and dividing by the distance
between the contacts. The small inter-contact distance (0.20 or
0.25 mm) results in large ﬂuctuations of the estimates due to
various perturbations in the individual potential recordings, such
as from microscopic conductivity conditions at the
electrode–tissue interface and small differences in the ampliﬁer
gains. Overall, however, our results align with what has been
reported in human studies, where more uniform sampling with
larger electrode contact spacing (10 mm instead of 100 µm)
allowed further validation of electric ﬁeld amplitude9. Sixth, one
important question is if tACS elicited phosphenes by direct stimulation of the eye. It is unlikely that the animal experienced
phosphenes, but in humans, phosphenes of retinal origin are
commonly induced by tACS, especially with frontal
electrodes58–60. The maximal current density in the eye orbit in
our ferret FEM model was 0.103 A/m2 with a median of 0.0369 A/
m2 for the eye closest to the frontal electrode pad in the 80 μA
stimulation current condition. Both of these values exceed the
estimated threshold for inducing retinal phosphenes of
0.008–0.030 A/m2 (0.011–0.043 mV/mm)60. Thus, direct retinal
stimulation is possible. However, if the reported effects were the
results of spurious activation of the visual system by stimulation
of the retina or optic nerve, we would expect to see the strongest
entrainment effect in VC and not in PPC. Future studies could
address this point by training animals to report phosphenes or
developing an implant/electrode conﬁguration that minimizes the
electric ﬁeld reaching the orbits. Seventh, tACS can activate
nerves in the scalp59. This is a possibility in our ferret model as
well since we matched the electrode current density to that of
human tACS. The threshold for peripheral nerve stimulation with
low-frequency waveforms has been estimated to be 3.8–5.8 mV/
mm61. In our FEM model, the electric ﬁeld in the scalp for 80 μA
current injection reached a maximum of 10.7 mV/mm and
exceeded the range of 3.8 mV/mm in a scalp volume of 12.8 mm3
in the vicinity of the tACS electrode edges. Thus, stimulation of
scalp nerves is a possibility. To address this, we demonstrated in a
control experiment that only stimulating peripheral nerves on the
14

animal’s back did not produce the Arnold tongue pattern. This is
consistent with Asamoah and colleagues’ work where they
showed entrainment in the anesthetized animal for comparable
ﬁeld amplitudes when electrical stimulation was directly applied
to the skull62, thus demonstrating entrainment by tACS via
exclusively cortical stimulation. Eighth, our experimental design
was based on the assumption of a ﬁxed endogenous alpha frequency. This was motivated by our observation that individual
ferrets display a constant peak frequency that is stable across
recording sessions but different between animals. However,
ﬂuctuations around this mean peak frequency could have contributed to an underestimation of entrainment since for some
stimulation segments the stimulation matched in frequency could
have been actually mismatched. We indeed found that the
entrainment effect was reduced for stimulation epochs preceding
a period where the endogenous alpha frequency did not match
the average peak frequency. This numerical effect was present for
narrow-spiking cells (r = −0.21, p = 0.17) but not for the broadspiking cells (r = 0.06, p = 0.68), in further agreement with our
discovery of a differential role of the two cell types in terms of
their response to stimulation. Ninth, our computational biophysical model of the thalamo-cortical network was designed to
include the required biophysical complexity to generate alpha
oscillations but was not designed to capture all features of the
experimental recordings, and was also not tuned to exhibit speciﬁc behavior to avoid artiﬁcial alignment of computational and
biological results due to overﬁtting. Speciﬁcally, our model
includes only a single cortical region, in contrast to our experimental recordings from two cortical areas. Our cortical model
network consists of only two major cell types and does not
capture the richness of different interneuron subtypes. It is also
worth pointing out that the entrainment in our computational
model is more pronounced than in our experimental data. The
main reason for that is that a computational model of this size is
too tightly coupled (i.e., too densely connected with too strong
synapses) when compared to a real brain. Future work could
leverage large-scale simulations that exhibit more plausible levels
of endogenous synchronization and thus likely also lower
entrainment by tACS.
In conclusion, we found that weak electric ﬁelds (< 0.5 mV/
mm) can entrain neuronal activity. Of note, the ﬁeld strength
resulting from the stimulation used in our study is comparable to
the ﬁeld strength measured in tACS experiments in humans and
non-human primates. In addition, our ﬁndings provide in vivo
evidence to support the model-driven predictions about how
tACS entrains ongoing neuronal oscillations as demonstrated by
the Arnold tongue pattern. Our ﬁndings underline the importance of considering the endogenous activity patterns, their
directionality, and spatial sources for successful entrainment. Our
ﬁndings re-emphasize the importance of animal models in tACS
studies by providing evidence for the effectiveness of weak electric
ﬁelds in modulating the network oscillations via entraining the
activity of neuronal populations.
Methods
Animals. Three adult spayed female ferrets (Mustela putorius furo, 4 months old at
the beginning of the experiment) were used in this study. All animal procedures
were performed in compliance with the National Institute of Health guide for the
care and use of laboratory animals (NIH publication No. 8023, revised 1987) and
the United States Department of Agriculture, and were approved by the Institutional Animal Care and Use Committee of the University of North Carolina at
Chapel Hill.
Head-post, bone screws, and electrode implantation surgery. The initial
induction of anesthesia was performed with intramuscular injection of ketamine/
xylazine (30 mg/kg of ketamine, 1–2 mg/kg of xylazine). After conﬁrming the loss
of paw pinch reﬂex, animals were intubated for isoﬂurane (0.5–2% in 100%
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oxygen) delivery via mechanical ventilation. The physiological parameters
including electroencephalogram, partial oxygen concentration, end-tidal CO2, and
rectal temperature were continuously monitored throughout the surgical procedure
to maintain the animal in a stable state of deep anesthesia. All surgical procedures
were performed under sterile conditions. The skull was ﬁxed to a stereotactic frame
using a mouthpiece and ear bars to enable accurate identiﬁcation of target regions
and electrode implantations. A custom-designed stainless steel head-post was ﬁrst
secured to the anterior part of the exposed skull via four stainless steel bone screws.
A craniotomy was performed over the left hemisphere of PPC to implant Microelectrode arrays in PPC and LP regions. Another craniotomy was performed over
the left hemisphere of VC region. The dura and then pia were removed before
lowering the LP microelectrode array (2 × 8 tungsten electrodes, 35 µm diameter, 9
mm length, 250 µm spacing; Microprobes for Life Science, Gaithersburg MD). The
second microelectrode array (2 × 8 or 2 × 16 tungsten electrodes, 35 µm diameter,
9 mm length, 200 µm spacing; Innovative Neurophysiology, Durham NC) was
lowered to deep cortical layers in the lateral gyrus (PPC). The third microelectrode
array (2 × 8 tungsten electrodes, 35 µm diameter, 9 mm length, 200 µm spacing;
Innovative Neurophysiology) was implanted in VC area after removal of dura and
pia layers. The reference electrode was directly adjacent to the corresponding
recording electrodes for all three microelectrode arrays. Each microelectrode array
had a silver wire for ground connection. Three bone screws on the other hemisphere were used as a ground for each microelectrode array. The EEG bone screws
were placed on both sides of the PPC craniotomy. Microelectrode arrays were ﬁxed
in place with dental cement. After the dental cement hardened, the muscle and the
skin around the incision were sutured together. Animals were administered preventative analgesics and antibiotics for 1 week after surgery while recovering in
their home cage for at least one week prior to recordings.
For the animals in the bone-screw stimulation experiments, two bone screws
were screwed halfway into the skull, avoiding direct contact with the cortex. The
bone screws were positioned just anterior and posterior to the PPC craniotomy,
respectively. The subsequent electrode implantation procedures were the same as
described above.
Virus injection and optrode implantation surgery. For the optogenetic stimulation experiment, the preparation and recovery were the same as described above.
Before the implantation, 0.4 µL of rAAV5-CaMKII-ChR2-mCherry was injected
into PPC. Then, an electrode array that includes an optical ﬁber (optrode) was
implanted (electrode tips and optical ﬁbers are secured 100 and 400 µm above the
virus injection site, respectively) (16 channel circular Platinum/Iridium electrode,
125 µm diameter, 5 mm length, 250 µm spacing; ﬁber optic 4.5 mm length, 200 µm
core outer diameter; Microprobes for life science, Gaithersburg, MD). Customdesigned plastic cylinders were implanted around the light ﬁbers to anchor the
optical ﬁber from the laser during recordings and to prevent laser light leakage.
Bone screws on the other hemisphere were used as a ground for each microelectrode array. Three weeks elapsed before stimulation experiments for sufﬁcient
expression of the opsin in the targeted neurons. Resting-state recordings were
collected 1 week after the surgery to identify the individual endogenous alpha
frequency. Sinewave modulated optogenetic stimulation was applied around
3 weeks after the surgery.
Transcranial electric current stimulation procedure. Two circular tACS electrodes (r = 5 mm) were prepared by trimming conventional carbon-silicone tACS
electrodes. The electrodes were applied to the ferret head using Ten20 conductive
EEG paste over the left frontal area (directly above the left eye) and central posterior area (over the neck). The digital tACS waveforms with desired timing and
frequency were ﬁrst generated using a Matlab script, then converted to analog
signal using a National Instruments DAQ device. The analog outputs were connected to an A395 linear stimulation isolator (World Precision Instruments) to
produce the ﬁnal tACS currents that were delivered to the head via the tACS
electrodes. For each stimulation session, the head-ﬁxed animal received 54 stimulation blocks, each 90 s with 10 s inter-stimulus intervals. Each stimulation block
was randomly selected from a pool of 54 different combinations of stimulation
amplitudes (5, 10, 15, 20, 40, 80 µA, all zero-to-peak) and frequencies (alpha−4,
alpha−3, …, alpha, …, alpha+3, alpha+4 Hz, where alphas stand for the endogenous alpha frequency). This random order was chosen to minimize the theoretical risk of a cumulative effect of stimulation that would bias the results. The
stimulation and simultaneous electrophysiological measurements were performed
in a room with dim lights while the animal was awake and not engaged in any task.

ARTICLE

14 days. In each stimulus session, there was a 5 or 10 min of resting-state recording
before the onset of tACS (i.e., pre), followed by 20 or 40 min of continuous tACS,
and then followed by another 10 minutes of resting-state recording (i.e., post).
During the stimulation period, a single frequency (individual endogenous alpha) at
80 μA was applied via the tACS electrodes. The animal was not involved in any
other experiment during this long-lasting effect procedure.
Bone-screw electric current stimulation procedure. To serve as a control for
local stimulation, the procedure and parameters of the electric current stimulation
were identical to the tACS stimulation procedure with the only difference being the
stimulation electrodes. The distance between the two bone screws was about 11
mm, which is closer than for the tACS setup.
Alternating current-modulated optogenetic stimulation procedure. After about
three weeks to allow for virus expression, we started simultaneous optogenetics and
electrophysiology recording. A blue laser at 475 nm (Shanghai Laser & Optics
Century Co., Ltd., BL473T3) was used to activate the ChR2 in PPC. Before each
session, the laser power was calibrated to ensure consistency across sessions, and
black sheets were applied as covers around the optic cable connection to avoid light
leakage. Laser intensity was modulated by a custom MATLAB script that was used
for tACS, with a minor modiﬁcation for elevating the baseline voltage to ensure
that the light was not modulated only for the positive half of the oscillation cycle.
We used 19, 20, 21, 22, 25, and 29 mW peak laser power.
Electric potential measurements. To validate the electric ﬁeld model of tACS in
the ferret brain, we collected intracranial measurements of electric potentials from
the electrode arrays in PPC, VC, and LP for one animal across three recording
sessions. The potentials of the electrodes in all three ROIs were referenced to a
single electrode potential in the proximity of a particular ROI that was changed for
each recording session (for simplicity, all sessions were subsequently re-referenced
to the ﬁrst electrode channel of the LP electrode array). During these in vivo
measurements, sinusoidal electric current was injected through tACS scalp electrodes using a ﬁxed zero-to-peak current amplitude of 60 or 80 μA. Four blocks of
measurements were recorded in an alternating pattern (60, 80, 60, 80 μA); other
parameters were kept constant: frequency = 14 Hz, measurement trial duration =
3 min, interval between trials = 24 s. Thus, for each tACS current amplitude there
were six recording sets (two blocks and three reference schemes). The electrode
potentials were recorded with a sampling frequency of 333.33 Hz, and were passed
through a digital band-pass ﬁlter (order: 263, generalized equiripple ﬁlter with
passband of 12–16 Hz, stopband cutoff frequencies = 8, 20 Hz; stopband gain = 90
dB; passband gain = 1 dB). To reliably extract the signal amplitude for each
electrode, the recorded potentials were ﬁtted to a reference sinewave using the
MATLAB function “ﬁt”. The reference waveform was derived by ﬁtting a sine
function to the potential waveforms from the electrode array (LP, PPC, or VC)
with the largest signal per recording set. The sine frequency and phase estimates for
each available array electrode (r2 > 0.997) were averaged to deﬁne the reference
waveform. The amplitude of the reference sinewave was then ﬁtted to the potential
from each electrode in each recording set, and data from noisy electrodes (r2 <
0.75) were discarded. The standard deviation across the recording sets was computed for the remaining ﬁtted amplitudes within each electrode, and the MATLAB
“isoutlier” function (with default settings) was used to exclude electrodes with large
standard deviation, and therefore poor reproducibility. The amplitude estimates
were averaged within the remaining electrodes to reduce measurement noise in the
ﬁnal values. Out of 9 nominally connected electrodes per array, 8, 6, and 8 electrodes survived these quality checks for the LP, PPC, and VC arrays, respectively.

Peripheral nerve electric current stimulation procedure. To control for peripheral nerve activation during tACS, the procedure and parameters of the peripheral nerve electric current stimulation were identical to the tACS stimulation
procedure with the only difference being the position of the tACS electrodes.
Instead of placing the two circular tACS electrodes on the head, in this experiment,
the tACS electrodes were placed on the shaved back. The distance between the two
electrodes was also kept the same as in the tACS stimulation (i.e., around 6 cm).

Computational modeling of electric ﬁeld distribution in ferret head. We
developed a ﬁnite element model for a sex- and age-matched ferret head to study
the tACS electric ﬁeld distribution in the brain. The modeling pipeline comprises
ﬁve steps: image acquisition, image registration, image segmentation, and implant
model, complete model meshing, and electric ﬁeld calculation (Supplementary
Fig. S5). CT and MRI images of an in vivo ferret head without any surgical
alterations were collected and manually co-registered. These images were segmented into six tissue regions with different electrical properties: white matter, gray
matter, cerebrospinal ﬂuid, nasal cavity (air), skull, and scalp. The neck was not
modeled since it was outside the MRI ﬁeld of view. We validated this approximation by attaching a cylinder with scalp conductivity where the neck would be in
the ferret model, making the model about 25% longer; the electric ﬁeld distribution
in the brain did not change signiﬁcantly and the peak ﬁeld strength decreased by
only 1.2%, demonstrating low electric ﬁeld sensitivity to the inclusion of the neck.
The image segmentation was modiﬁed to include craniotomy tissue alterations,
such as implanted hardware and insulating materials based on CAD models. The
three-dimensional model was meshed into ﬁnite tetrahedral elements. Using previously reported values9,63,64, tissue electric conductivity was assigned to each
element of the mesh (Supplementary Table S1). Finally, the ﬁnite element problem
was solved to calculate the electric potentials and electric ﬁeld.

Long-lasting transcranial electric current stimulation procedure. The same
tACS setup was used in this procedure. The stimulation was given once per day for

Image acquisition. In vivo magnetic resonance imaging (MRI) of an animal
without any surgical alterations was acquired in a Bruker 9.4T scanner (Bruker
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AVANCE, Billerica, MA). The MR scan was collected using a RARE-sequence,
with TR = 2000 ms, TE = 9.610 ms, voxels = isotropic 0.2 mm3, FOV = 42 × 42 ×
36 mm, 210 sagittal slices. Ex-vivo computed tomography (CT) imaging of the
same animal was acquired on an eXplore CT 120 (GE Healthcare) scanner. The CT
scan was collected with isotropic 0.0995 mm3 voxels and matrix dimension =
430 × 363 × 883. Ex-vivo CT imaging of a different animal with craniotomy was
acquired on an eXplore speCZT (GE Healthcare) scanner. The CT scan was collected with isotropic 0.0995 mm3 voxels and matrix dimension = 430 × 363 × 883.
Tissue segmentation. Ferret head model generation began with manual image coregistration of the MRI and CT scans using 3D Slicer (4.8.0)65. To correct for bias
ﬁeld inhomogeneity, N4ITKBiasFieldCorrection66, a 3D Slicer tool, was applied to
the MRI prior to co-registration. This co-registration is able to combine the soft
tissues and air seen in the MRI with the hard tissue (skull) seen in the CT. The coregistered images were manually segmented using 3D Slicer into six different
regions: white and gray matter, cerebrospinal ﬂuid, nasal cavity (air), skull, and
scalp. Further, the three brain ROIs (LP, PPC, and VC) were deﬁned, including
both white and gray matter. To avoid problems during meshing of smoothed
surfaces derived from the segmentation, we upsampled the segmentation from
430 × 363 × 883 isotropic voxels (0.0995 mm3 each) to 538 × 454 × 1104 isotropic
voxels (0.0796 mm3 each). Smoothing and gap ﬁlling of the segmentation were
performed by utilizing the interactive segmentation software SimpleWare ScanIP
(O-2018.12, SIMPLEWARE Ltd., Exeter, UK).
Finite element meshing. All hardware afﬁxations were reconstructed using
SolidWorks (2016 × 64 Edition) from the registered CT data set, positioned in the
model, and converted into segmented regions with the aid of photos taken after
surgery unless speciﬁed otherwise. The model represented a post-surgery ferret
head with craniotomy, implanted hardware components, and insulating materials
used in the experimental setup. Images of the electrodes were used in the reconstruction and positioning of realistically shaped tACS electrodes on the model
ferret head. The head post, head post bone screws, dental cement, and acrylic glue
were represented in the model. The recording electrode arrays were not modeled as
they were too small and had a high electrical impedance. The head post was
reconstructed and positioned based on post-surgery CT imaging and photos,
replacing skull voxels in that region. The head post bone screws were reconstructed
using manufacturer datasheets and positioned into the screw holes of the head post,
replacing skull voxels in that region. The acrylic glue was reconstructed with a
rectangular prism shape that was modiﬁed to wrap around the head post and the
head of the bone screws by subtracting skull, head post, and bone-screw voxels
from it. The dental cement ﬁlling the craniotomy was reconstructed by merging a
cylinder and a rectangular prism shape and wrapping the composite around the
head post and dental cement. The shape replaced scalp voxels in that region and
was subtracted from the skull, head post, and acrylic glue voxels. To prevent
overlapping, all tissues and materials were subtracted from each other and combined together from the inside out. The ScanFE module in ScanIP was used to
convert the segmented images of both head models to ﬁnite element meshes. The
resulting mesh consisted of 4.2 million tetrahedrons with 0.74 million nodes.
Electric potential and ﬁeld computation. The electric potentials, electric ﬁeld,
and current density were computed in COMSOL Multiphysics 5.4 and 5.5
(COMSOL Inc., Burlington, MA, USA). The ﬁnite element mesh was imported into
COMSOL, and a set of isotropic conductivity values were assigned to the mesh as
listed in Supplementary Table S1. The top surface of the occipital stimulation pad
was injected with a ﬁxed current of 60 or 80 μA, while the top surface of the frontal
stimulation pad was assigned as ground. To calculate the electric potential and ﬁeld
distribution, the quasi-static Laplace equation
∇:ðσ∇V Þ ¼ 0

ð1Þ

was solved with appropriate boundary conditions using the preconditioned conjugate solver and relative tolerance of 10−6, where V and σ represent the electric
potential and electric conductivity, respectively. Using the quasi-static approximation makes it possible to scale the stimulation current linearly to achieve the
desired electric potential or electric ﬁeld. The electric potentials were extracted
from speciﬁc coordinate points in the model corresponding to the ideal ROI
electrode locations, as the ROI electrodes were assumed to be small point-like
electrodes.
Figure 4a–c and f–j were plotted in MATLAB R2019a. Figure 4d, e and
Supplementary Fig. S7 were plotted in COMSOL Multiphysics 5.4/5.5.
Supplementary Fig. S6 was created using MATLAB R2019a and visualized in
SCIRun 4.7 (R45839) after exporting the ﬁnite element mesh and the current
density at the center of each tetrahedral element from COMSOL and converting it
to electric ﬁeld strength using respective tissue conductivities. To extract the
surface-normal electric ﬁeld component, ﬁrst outward-pointing normal vectors of
unit length were computed for each brain-surface triangle as averages of
surrounding triangles. SCIRun was used to linearly interpolate the electric ﬁeld in
the gray matter onto the surface-nodes, and the dot product of the ﬁeld and the
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nodal surface normal was taken to compute the surface-normal electric ﬁeld
component.
Verifying electrode positions with histology. The animals were euthanized with
an overdose of ketamine/xylazine after reaching the scientiﬁc endpoint and perfused immediately with 4% phosphate-buffered paraformaldehyde. After removing
the brain from the skull, it was post-ﬁxed overnight in the same solution, cryoprotected in 30% phosphate-buffered sucrose solution, shock frozen in dry ice, and
cut into 50-µm-thick sections with a cryostat (CM3050S, Leica Microsystems).
Sections were separated into two series and stained for cells (Nissl) or cytochrome
oxidase. Imaging was conducted with an Aperio VERSA bright-ﬁeld slide scanner
at ×10 magniﬁcation. The electrode arrays were located in the sections by electrode
tracks, tissue damage or loss, and atlas-based reconstructed by comparing and
documenting the sections to ferret atlas plates67.
Electrophysiological data analysis
Spectral-domain analysis. We used wavelet transform for spectral decomposition.
The wavelets ðwðt; f 0 ÞÞ have Gaussian shape both in time and frequency:






w t; f 0 ¼ A  exp t 2 =2σ t 2  exp 2iπf 0 t
ð2Þ
pﬃﬃﬃ 1=2
is a normalization factor to
where f 0 is the central frequency, A ¼ ðσt π Þ
make the wavelet energy equal to 1, and σt is the time domain standard deviation
that relates to frequency domain standard deviation (σf ) as
σt ¼

1
2πσf

ð3Þ

The frequency-domain standard deviation is deﬁned as a constant depending
on the central frequency of the wavelet as σf = f0/7 68. The local ﬁeld potential or
EEG signal was then convolved

 with Morlet’s wavelets to produce the complexvalue analytical signal X t; f 0 at each frequency of interest. We used a family of
100 Morlet wavelets with central frequencies logarithmically spaced between 2 and
100 Hz. Then, the power spectrum of the signal was computed by squaring the
absolute value of an analytical signal. For a given region of interest, session, and
animal, the power spectrum traces corresponding to all channels were plotted
collectively to visually identify and exclude noisy channels. For each animal and for
each region of interest we computed the average power spectrum as the mean
spectrum across channels and then across sessions.
Spike extraction, sorting, and clustering. LFP signals were ﬁrst high-pass ﬁltered
(300 Hz, 4th order Butterworth ﬁlter). We determined the ﬁlter order by comparing the spectral contents of a ﬁltered signal using different ﬁlter orders to fully
suppress the stimulation. The spiking threshold was set to negative four times the
standard deviation of the high-passed ﬁltered signal, to extract spike times and
spike waveforms. The extracted spikes were automatically sorted based on a
template matching method implemented in Kilosort69, followed by an automatic
post-hoc merging, and ﬁnally a manual curation by merging the automatically
assigned spike groups. Next, we used spike half-width to perform k-means clustering of neurons to two putative subgroups of narrow- and broad-spiking
neurons70. Increasing the number of clusters did not improve the clustering performance as measured by within-cluster sums of point to centroid distances. Other
spike shape features (trough-to-peak time, peak value of normalized spikes, upward
slope, spike energy, absolute peak-to-trough ratio, repolarization area, spike
minimum amplitude, spike maximum amplitude) did not have multi-modal distributions and were not used in spike clustering.
Phase-locking value (PLV). The consistency of phase differences between two signals is indicative of existing phase synchrony and can be measured by PLV71. We
computed the PLV to quantify the phase synchrony between two LFP signals or the
phase synchrony between individual spikes and tACS waveform. According to the
instantaneous phase of tACS waveform at a speciﬁc carrier frequency (f c ), we
assigned a phase to every spike of a single unit, and built a phase distribution for
each unit. Then we computed the PLV of each unit with N spikes at a carrier
frequency of f c deﬁned by the following formula:



  1N
ð4Þ
PLV f c ¼  ∑ eiðθn ðf c ÞÞ 
N n¼1
where θn ðf c Þ is the instantaneous phase at frequency f c assigned to a spike. We
used a ﬁxed number of N ¼ 200 randomly selected spikes per unit, computed PLV,
and repeated for each unit 200 times, with the mean PLV across all permutations as
the ﬁnal result. We assessed the signiﬁcance of modulation of spike phases by tACS
using Rayleigh’s test of uniformity, controlled for the number of spikes72. The PLV
between spikes and LFP was computed in a similar way with the exception that the
spike phase was determined using LFP phases, and a ﬁxed number of 1000 spikes
were used to extract the PLV. The PLV between two LFP signals was computed in a
similar way as used for computation PLV for spike-tACS, with the exception that
in this case θn ðf c Þ was the difference between instantaneous phases of two LFP
signals.
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Directed functional connectivity. The Wiener–Granger causality algorithm73–75
infers the inﬂuence of a process y on a process x by building two autoregressive
models: a full model where previous values of both x and y processes are used to
estimate the current value of x, and a reduced model where the prediction of
current x value is made solely based on previous x values. The algorithm then
compares corresponding residuals from two models and infers the directionality
from y to x if the full model results in a less residual error. We used the MVGC
toolbox76 to apply a conditional form of Wiener–Granger causality analysis in
the frequency domain to study the directionality of different oscillatory frequencies in a network of three nodes at PPC, VC, and LP. The MVGC toolbox
models the observed data using a vector autoregressive (VAR) approach without
assuming a linear scheme for observed real data. The process starts with estimating the model order in the MVGC toolbox using Akaike or Bayesian
information criteria or cross-validation. The next step is to estimate the parameters of the VAR model for both the full model (considering the effects of both
time series) and the reduced model (considering only one time series). Finally,
the Granger causality measure was estimated based on the estimators of residuals
of covariance matrices. We performed directionality analysis on LFP time series
downsampled to 200 Hz, then windowed into segments of 10 s length (with 75%
overlap). LFP time series were collected from 10 randomly selected channels
from each region, the directionality analysis was performed on all possible pairs,
then averaged across to produce ﬁnal results for PPC–VC, PPC–LP, and VC–LP
pairs. We used the Akaike method for model order estimation with a maximum
allowed model order of 20.

Thalamic model. Current balance:




dV
¼ g L V  EL  g KL V  EKL  ∑I int  ∑I syn þ I app
dt
Ion currents:

*
I i ¼ g i mp hq V  Ei

ð5Þ

Cm

ð6Þ

*ICAN current uses modiﬁed equation. See Li et. al.57 for details.
Maximal conductance densities gi (mS/cm2) of ionic currents:

HTC
RTC
IN
RE

INa

IDR

IH

ICa/L

ICa/T

ICa/HT

IAHP

ICAN

90
90
90
90

10
10
10
10

0.01
0.01
0.05
–

0.5
0.3
–
–

2.1
2.1
–
1.3

3.0
0.6
2.5
–

0.3
0.1
0.2
0.2

0.5
0.6
0.1
0.2

Gating variable (m or h) kinetic equations:


x V; ½Cai  x
dx

¼ φx 1 
dt
τ x V; ½Cai

ð7Þ

(Or in an equivalent form below)
Spike-triggered population ﬁring rate and spike-triggered EEG. We computed the
population ﬁring rate function for each region of interest using spike times collected from that region via multiple channels of the implanted microelectrode
array. For each region, the spike times from all channels were pooled together, then
sorted, then a binary time series were constructed based on sorted collective spike
times with an assigned value of one at time of spikes occurrence, and zero
otherwise. We next convolved the binary time series with a Gaussian kernel with a
standard deviation of c ¼ 4:6 ms and kernel width of 30 ms. We constructed the
spike-triggered population ﬁring rate and spike-triggered EEG by extracting a 1-s
window of population ﬁring rate or EEG around each spike, then averaging across
spikes.
Computational modeling of thalamo-cortical network. We adopted our previously developed computational models of cortex37 and thalamus46 and connected them in a biologically plausible way77 to form the uniﬁed thalamocortical (TC) model. In short, the cortical part includes 80 pyramidal (PY) and
20 fast-spiking inhibitory (FS) neurons, spatially arranged on a line. Connections within PY neurons are global with a connection probability of 0.5. Each FS
was connected to 10 adjacent FS neurons with a probability of 0.8. The reciprocal PY-FS connection was local where every FS was randomly connected to
0.8 of 32 surrounding PY. A biophysical synaptic model based on α-amino3hydroxy-5-isoxazolepropionic acid (AMPA) or γ-aminobutyric acid type A
(GABAA)-mediated synaptic currents were used to connect cell populations.
Individual PY and FS cells were modeled using Izhikevich formalism for point
neurons78 with the same parameter values reported previously37. The thalamic
network included 144 relay-model thalamic cells (RTC), 100 reticular inhibitory
neurons (RE), 49 high-threshold bursting thalamic cells (HTC), and 64 local
interneurons (IN), all placed in a two-dimensional grid. All chemical synaptic
connections were global in the thalamic model with a connection probability of
0.3 for HTC → IN, IN → RTC, and 0.2 for HTC → RE, RTC → RE, RE → HTC,
RE → RTC, and RE → RE. All gap-junction connections were local, with a
connection probability of 0.3. All thalamic neurons were modeled using
Hodgkin–Huxley formalism of point neurons, connected with glutamatergic
(mediated by both AMPA and NMDA receptors) and GABAergic (mediated by
GABAA receptors) synaptic currents (with implemented short-term synaptic
depression), or via gap junctions, with parameter values described previously 46.
The synthetic local ﬁeld potential (LFP) for the cortex was modeled as the
average sum of the absolute values of excitatory and inhibitory currents
entering PY neurons79. The thalamic LFP was obtained from the average
membrane potential of neurons. The tACS was modeled as a current injection
into PY neurons. The stimulation amplitude was systemically varied up to
10 pA, which caused a 2 mV change in membrane voltage in an isolated model
neuron. Given that an electric ﬁeld of 2 V/m has been found to cause an ~0.5
mV polarization of the membrane voltage27, the lower amplitude values in our
simulations span the range of human tACS studies, whereas the upper values
are of relevance for a more complete picture of the response dynamics and for
future studies employing higher stimulation amplitudes. The computational
modeling of thalamo-cortical network was implemented using the
Brian2 simulator in Python80.
Our model was implemented by connecting a thalamic model, constructed
exactly as previously outlined46, to a cortical model, constructed as previously
described in detail37 with some minor changes in parameter values. Changes to the
parameter values are noted in the following brief description of the model
equations. Full parameter deﬁnitions and values have been reported both for the
thalamic46 parameters and the cortical model37.

 


 
dx
¼ ϕx αx V; ½Cai ð1  xÞ  βx V; ½Cai x
dt
Kinetic parameters of all gating variables:
Current type Gating ϕx
variable
p=3

INa

1

αx or x∞

ð8Þ

βx or τx (ms)

0:32ðVV SH 13Þ
αm ¼ 1expððVV
13Þ=4Þ
SH

0:28ðVV SH 40Þ
βm ¼ 1expððVV
40Þ=5Þ
SH

VSH = −30 for HTC and IN
VSH = −40 for RTC and RE
INa

q=1

1

αh ¼ 0:128exp
ððV  V SH  17Þ=18Þ
0:032ðVV SH 15Þ
αm ¼ 1expððVV
15Þ=5Þ

4
βh ¼ 1þexpððVV

IDR

p=4

βm ¼ 0:5expððV  V SH  10Þ=40Þ

IH

p=1

0.25
SH
(RE: 1)
1
1
m1 ¼ 1þexpððVþ75Þ=5:5Þ

SH 40Þ=5Þ

1
τ m ¼ expð0:086V14:59Þþexpð0:0701V1:87Þ

ICa/L

p=2

4.6

1
m1 ¼ 1þexpððVþ10Þ=4Þ

0:7
τ m ¼ 0:4 þ expððVþ5Þ=15ÞþexpððVþ5Þ=15Þ

ICa/L

q=1

3.7

1
h1 ¼ 1þexpððVþ25Þ=2Þ

100
τ h ¼ 300 þ expððVþ40Þ=9:5ÞþexpððVþ40Þ=9:5Þ
Þ

ICa/T

p=2

4.6

1
m1 ¼ 1þexpððVþ62Þ=6:2Þ

1
τ m ¼ 0:612 þ expððVþ135Þ=16:7ÞþexpððVþ19:8Þ=18:2Þ
Þ

ICa/T

q=1

3.7

1
h1 ¼ 1þexpððVþ86Þ=4Þ

When V < −83 mV, τ h ¼ expððV þ 470Þ=66:6Þ
When V ≥ −83 mV,
τ h ¼ expððV þ 25Þ=10:5Þ þ 28

ICa/HT

p=2

4.6

1
m1 ¼ 1þexpððVþ34Þ=6:2Þ

1
τ m ¼ 0:612 þ expððVþ107Þ=16:7ÞþexpððV8:2Þ=18:2Þ

ICa/HT

q=1

3.7

h1 ¼

When V < −55 mV, τ h ¼ expððV þ 442Þ=66:6Þ
When V ≥ −55 mV,
τ h ¼ expððV  3Þ=10:5Þ þ 28

ICa/T
(RE)
ICa/T
(RE)
ICAN

p=2

6.9

1
m1 ¼ 1þexpððVþ55Þ=7:4Þ

1
τ m ¼ 3 þ expððVþ30Þ=10ÞþexpððVþ105Þ=15Þ
Þ

q=1

3.7

1
h1 ¼ 1þexpððVþ83Þ=5Þ

1
τ m ¼ 85 þ expððVþ51Þ=4ÞþexpððVþ410Þ=50Þ
Þ

1

m1 ¼

1
1þexpððVþ43Þ=5:2Þ

2:7
τ m ¼ 1:6 þ expððVþ55Þ=15ÞþexpððVþ55Þ=15Þ
Þ

m1 ¼

48½Ca2 i
48½Ca2 i þ0:09

τ m ¼ 48½Ca12 þ0:09

IAHP

p=1
p=1

1

1
1þexpððVþ58Þ=4Þ

Þ

Þ

i

Calcium dynamics:


 2þ 


d Ca2þ i
Ca rest  Ca2þ i
I
¼  Ca þ
dt
zFw
τ Ca

ð9Þ

Gap junction:
I gap ¼

V post  V pre
Rg

ð10Þ

Synaptic current:
I syn ¼ sDg syn BðV ÞðV  Esyn Þ

ð11Þ

ds
¼ α½T ð1  sÞ  βs
dt
Magnesium block for NMDA synapses:


ðV þ 25Þ
BðV Þ ¼ 1= 1 þ exp 
12:5

ð12Þ

Gating variable:

**

ð13Þ

**For GABAA and AMPA, BðV Þ ¼ 1:
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Short-term synaptic depression:


t  ti
D ¼ 1  1  Di ð1  UÞ exp 
τ
See Li et. al.57 for full details.

References
ð14Þ

2.
3.

Cortical model. Current balance (PY):
100

dv
¼ 0:7ðv þ 60Þðv þ 40Þ  u þ I
dt

ð16Þ

I ¼ I dc þ I syn þ I stim þ I noise

ð17Þ

50; u

dv
¼ ðv þ 55Þðv þ 40Þ  u þ I
dt

0
when v ≤ vb
du
¼ 0:2 U ðvÞ  u ;
U ðv Þ ¼
dt
0:025ðv þ 55Þ3 otherwise
I ¼ I dc þ I syn þ I stim þ I noise
reset rule : if v ≥ þ 25; then v

7.

ð19Þ

45
ð21Þ

gðtÞ ¼ g tspike expðt=τÞ

ð22Þ
g þ g max

8.
9.

10.

 

I syn ¼ gðtÞB V m V m  Erev

Upon presynaptic action potential : g t spike

5.

ð18Þ

ð20Þ

Magnesium block for NMDA synapses:
V þ802 **
m
 
60
B Vm ¼

2
1 þ V m60þ80
 
**For GABAA and AMPA, B V m ¼ 1:
Cortical LFP measured from PY neurons:


 
 


 

N I AMPA;i þ I NMDA;i þ I GABAA ;i 
; N: number of PY neurons
LFP ¼ ∑
N
i¼1

4.

6.

u þ 100:

20

Synapses:

ð15Þ

du
¼ 0:03½2ðv þ 60Þ  u
dt

reset rule : if v ≥ þ 35; then v
Current balance (FS):

1.

11.

12.

ð23Þ
13.
ð24Þ

14.
15.

16.
ð25Þ

Addition of NMDA synapses to the cortical model:
For experiments with NMDA synapses in the cortical model (Supplementary
Fig. S14), NMDA synapses were added to existing PY → PY glutamatergic
connections. NMDA synapse parameters were set to g max ¼ 0:015 nS, τ ¼ 150 mS,
and Erev ¼ 0 mV 76. The conductance increase g max for RTC → PY AMPA
synapses was reduced from 0.3 to 0.1 nS and direct current stimulation to
PY and FS cells was adjusted to I dc ¼ 75 pA for PY cells, and I dc ¼ 58 pA for
FS cells.
Statistical analysis. The comparison of means for two populations was performed
using an independent t-test with signiﬁcance levels at 0.05 or 0.01. The signiﬁcance
of phase-locking values was assessed by the Rayleigh test for non-uniformity of
circular distribution of phases.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

17.

18.

19.

20.

21.

22.

23.

Due to the large ﬁle size, the data sets generated and analyzed during the current study
are available from the corresponding author upon request. Source data are provided with
this paper.

24.

Code availability

26.

Custom Matlab code that was used to analyze is available from the corresponding author
upon request.

25.

27.

Received: 9 April 2019; Accepted: 24 March 2021;

18

28.

Fröhlich, F. Endogenous and exogenous electric ﬁelds as modiﬁers of brain
activity: rational design of noninvasive brain stimulation with transcranial
alternating current stimulation. Dialogues Clin. Neurosci. 16, 93–102 (2014).
Fröhlich, F. Network Neuroscience (Academic Press, 2016).
Datta, A. et al. Gyri-precise head model of transcranial direct current
stimulation: improved spatial focality using a ring electrode versus
conventional rectangular pad. Brain Stimul. 2, 201–207 (2009).
Miranda, P. C., Lomarev, M. & Hallett, M. Modeling the current distribution
during transcranial direct current stimulation. Clin. Neurophysiol. 117,
1623–1629 (2006).
Sadleir, R. J., Vannorsdall, T. D., Schretlen, D. J. & Gordon, B. Transcranial
direct current stimulation (tDCS) in a realistic head model. Neuroimage 51,
1310–1318 (2010).
Brignani, D., Ruzzoli, M., Mauri, P. & Miniussi, C. Is transcranial alternating
current stimulation effective in modulating brain oscillations? PLoS ONE 8,
e56589 (2013).
Sahlem, G. L. et al. Oscillating square wave transcranial direct current
stimulation (tDCS) delivered during slow wave sleep does not improve
declarative memory more than sham: a randomized sham controlled crossover
study. Brain Stimul. 8, 528–534 (2015).
Liu, A. et al. Immediate neurophysiological effects of transcranial electrical
stimulation. Nat. Commun. 9, 5092 (2018).
Huang, Y. et al. Measurements and models of electric ﬁelds in the
in vivo human brain during transcranial electric stimulation. Elife 6, e18834
(2017).
Vöröslakos, M. et al. Direct effects of transcranial electric stimulation on brain
circuits in rats and humans. Nat. Commun. 9, 483 (2018).
Lafon, B. et al. Low frequency transcranial electrical stimulation does not
entrain sleep rhythms measured by human intracranial recordings. Nat.
Commun. 8, 1199 (2017).
Antal, A. et al. Comparatively weak after-effects of transcranial alternating
current stimulation (tACS) on cortical excitability in humans. Brain Stimul. 1,
97–105 (2008).
Boyle, M. R. & Frohlich, F. in Neural Engineering (NER) 2013 6th
International IEEE/EMBS Conference on (IEEE) 140–143 (2013).
Helfrich, R. F. et al. Entrainment of brain oscillations by transcranial
alternating current stimulation. Curr. Biol. 24, 333–339 (2014).
Herrmann, C. S., Murray, M. M., Ionta, S., Hutt, A. & Lefebvre, J. Shaping
intrinsic neural oscillations with periodic stimulation. J. Neurosci. 36,
5328–5337 (2016).
Kasten, F. H. & Herrmann, C. S. Transcranial alternating current stimulation
(tACS) enhances mental rotation performance during and after stimulation.
Front. Hum. Neurosci. 11, 2 (2017).
Neuling, T., Rach, S. & Herrmann, C. S. Orchestrating neuronal networks:
sustained after-effects of transcranial alternating current stimulation depend
upon brain states. Front. Hum. Neurosci. 7, 161 (2013).
Polanía, R., Nitsche, M. A., Korman, C., Batsikadze, G. & Paulus, W. The
importance of timing in segregated theta phase-coupling for cognitive
performance. Curr. Biol. 22, 1314–1318 (2012).
Vossen, A., Gross, J. & Thut, G. Alpha power increase after transcranial
alternating current stimulation at alpha frequency (α-tACS) reﬂects plastic
changes rather than entrainment. Brain Stimul. 8, 499–508 (2015).
Zaehle, T., Rach, S. & Herrmann, C. S. Transcranial alternating current
stimulation enhances individual alpha activity in human EEG. PLoS ONE 5,
e13766 (2010).
Ahn, S. et al. Targeting reduced neural oscillations in patients with
schizophrenia by transcranial alternating current stimulation. Neuroimage
186, 126–136 (2019).
Ahn, S., Prim, J. H., Alexander, M. L., McCulloch, K. L. & Fröhlich, F. Identifying
and engaging neuronal oscillations by transcranial alternating current
stimulation in patients with chronic low back pain: a randomized, crossover,
double-blind, sham-controlled pilot study. J. Pain 20, 277.e1–277.e11 (2018).
Alexander, M. et al. S102. Pilot double-blind, placebo-controlled clinical trial
of transcranial alternating current stimulation (tACS) for the treatment of
major depressive disorder. Biol. Psychiatry 83, S386 (2018).
Noury, N., Hipp, J. F. & Siegel, M. Physiological processes non-linearly affect
electrophysiological recordings during transcranial electric stimulation.
NeuroImage 140, 99–109 (2016).
Deans, J. K., Powell, A. D. & Jefferys, J. G. Sensitivity of coherent oscillations
in rat hippocampus to AC electric ﬁelds. J. Physiol. 583, 555–565 (2007).
Radman, T., Su, Y., An, J. H., Parra, L. C. & Bikson, M. Spike timing ampliﬁes
the effect of electric ﬁelds on neurons: implications for endogenous ﬁeld
effects. J. Neurosci. 27, 3030–3036 (2007).
Fröhlich, F. & McCormick, D. A. Endogenous electric ﬁelds may guide
neocortical network activity. Neuron 67, 129–143 (2010).
Ozen, S. et al. Transcranial electric stimulation entrains cortical neuronal
populations in rats. J. Neurosci. 30, 11476–11485 (2010).

NATURE COMMUNICATIONS | (2021)12:3151 | https://doi.org/10.1038/s41467-021-23021-2 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23021-2

29. Reato, D., Rahman, A., Bikson, M. & Parra, L. C. Low-intensity electrical
stimulation affects network dynamics by modulating population rate and
spike timing. J. Neurosci. 30, 15067–15079 (2010).
30. Schmidt, S. L., Iyengar, A. K., Foulser, A. A., Boyle, M. R. & Fröhlich, F.
Endogenous cortical oscillations constrain neuromodulation by weak electric
ﬁelds. Brain Stimul. 7, 878–889 (2014).
31. Ali, M. M., Sellers, K. K. & Fröhlich, F. Transcranial alternating current
stimulation modulates large-scale cortical network activity by network
resonance. J. Neurosci. 33, 11262–11275 (2013).
32. Toloza, E. H., Negahbani, E. & Frohlich, F. Ih interacts with somato-dendritic
structure to determine frequency response to weak alternating electric ﬁeld
stimulation. J. Neurophysiol. 119.3, 1029–1036 (2017).
33. Aspart, F., Remme, M. W. & Obermayer, K. Differential polarization of
cortical pyramidal neuron dendrites through weak extracellular ﬁelds. PLoS
Comput. Biol. 14, e1006124 (2018).
34. Pikovsky, A., Rosenblum, M. & Kurths, J. Synchronization: A Universal
Concept in Nonlinear Sciences Vol. 12 (Cambridge University Press, 2003).
35. Witkowski, M. et al. Mapping entrained brain oscillations during transcranial
alternating current stimulation (tACS). Neuroimage 140, 89–98 (2016).
36. Grossman, N. et al. Noninvasive deep brain stimulation via temporally
interfering electric ﬁelds. Cell 169, 1029–1041 (2017).
37. Negahbani, E., Kasten, F. H., Herrmann, C. S. & Fröhlich, F. Targeting alphaband oscillations in a cortical model with amplitude-modulated highfrequency transcranial electric stimulation. Neuroimage 173, 3–12 (2018).
38. Noury, N. & Siegel, M. Phase properties of transcranial electrical
stimulation artifacts in electrophysiological recordings. Neuroimage 158,
406–416 (2017).
39. Noury, N. & Siegel, M. Analyzing EEG and MEG signals recorded during tES,
a reply. Neuroimage 167, 53–61 (2018).
40. Palva, S. & Palva, J. M. Functional roles of alpha-band phase synchronization
in local and large-scale cortical networks. Front. Psychol. 2, https://doi.org/
10.3389/fpsyg.2011.00204 (2011).
41. Bollimunta, A., Mo, J., Schroeder, C. E. & Ding, M. Neuronal mechanisms and
attentional modulation of corticothalamic alpha oscillations. J. Neurosci. 31,
4935–4943 (2011).
42. Stitt, I., Zhou, Z. C., Radtke-Schuller, S. & Fröhlich, F. Arousal dependent
modulation of thalamo-cortical functional interaction. Nat. Commun. 9, 2455
(2018).
43. Donoghue, T. et al. Parameterizing neural power spectra into periodic and
aperiodic components. Nat. Neurosci., 23, 1655–1665 (2020).
44. Okun, M. et al. Diverse coupling of neurons to populations in sensory cortex.
Nature 521, 511 (2015).
45. Opitz, A. et al. Spatiotemporal structure of intracranial electric ﬁelds induced
by transcranial electric stimulation in humans and nonhuman primates. Sci.
Rep. 6, 31236 (2016).
46. Li, G., Henriquez, C. S. & Fröhlich, F. Uniﬁed thalamic model generates
multiple distinct oscillations with state-dependent entrainment by stimulation.
PLoS Comput. Biol. 13, e1005797 (2017).
47. Lefebvre, J., Hutt, A. & Frohlich, F. Stochastic resonance mediates the statedependent effect of periodic stimulation on cortical alpha oscillations. eLife 6,
e32054 (2017).
48. Adrian, E. D. & Matthews, B. H. C. The berger rhythm: potential changes
from the occipital lobes in man. Brain 57, 355–385 (1934).
49. Alagapan, S. et al. Modulation of cortical oscillations by low-frequency direct
cortical stimulation is state-dependent. PLoS Biol. 14, e1002424 (2016).
50. Braitenberg, V. & Schüz, A. Anatomy of the Cortex: Statistics and Geometry
Vol. 18 (Springer Science & Business Media, 2013).
51. Barthó, P. et al. Ongoing network state controls the length of sleep spindles via
inhibitory activity. Neuron 82, 1367–1379 (2014).
52. Molaee-Ardekani, B. et al. Effects of transcranial Direct Current Stimulation
(tDCS) on cortical activity: a computational modeling study. Brain Stimul. 6,
25–39 (2013).
53. Radman, T., Ramos, R. L., Brumberg, J. C. & Bikson, M. Role of cortical cell
type and morphology in subthreshold and suprathreshold uniform electric
ﬁeld stimulation in vitro. Brain Stimul. 2, 215–228 (2009).
54. Reato, D., Rahman, A., Bikson, M. & Parra, L. C. Effects of weak transcranial
alternating current stimulation on brain activity—a review of known
mechanisms from animal studies. Front. Hum. Neurosci. 7, 687 (2013).
55. Moliadze, V., Antal, A. & Paulus, W. Boosting brain excitability by
transcranial high frequency stimulation in the ripple range. J. Physiol. 588,
4891–4904 (2010).
56. Krause, B., Márquez-Ruiz, J. & Cohen Kadosh, R. The effect of transcranial
direct current stimulation: a role for cortical excitation/inhibition balance?
Front. Hum. Neurosci. 7, 602 (2013).
57. Li, G., Henriquez, C. S. & Fröhlich, F. Rhythmic modulation of thalamic
oscillations depends on intrinsic cellular dynamics. J. Neural Eng. 16, 016013
(2019).

ARTICLE

58. Haberbosch, L. et al. Safety aspects, tolerability and modeling of retinofugal
alternating current stimulation. Front. Neurosci. 13, https://doi.org/10.3389/
fnins.2019.00783 (2019).
59. Raco, V., Bauer, R., Olenik, M., Brkic, D. & Gharabaghi, A. Neurosensory effects of
transcranial alternating current stimulation. Brain Stimul. 7, 823–831 (2014).
60. Laakso, I. & Hirata, A. Computational analysis shows why transcranial
alternating current stimulation induces retinal phosphenes. J. Neural Eng. 10,
046009 (2013).
61. So, P. P. M., Stuchly, M. A. & Nyenhuis, J. A. Peripheral nerve stimulation by
gradient switching ﬁelds in magnetic resonance imaging. IEEE Trans. Biomed.
Eng. 51, 1907–1914 (2004).
62. Asamoah, B., Khatoun, A. & Mc Laughlin, M. tACS motor system effects can
be caused by transcutaneous stimulation of peripheral nerves. Nat. Commun.
10, 266 (2019).
63. Atlas Specialty Metals Technical Services Department, The atlas specialty
metals technical handbook of stainless steels. (Atlas Specialty Metals, 2008).
64. Kumar, R. J., Rajasekhar, E., Subhan, C., Panduranga, P. & Gupta, N.
Dielectric studies of acrylic resin, alginate, dental plaster, dental stone,
glass ionomer and silver amalgam. Indian J. Adv. Chem. Sci. 2, 98–103 (2014).
65. Fedorov, A. et al. 3D Slicer as an image computing platform for the
quantitative Imaging Network. Magn. Reson. Imaging 30, 1323–1341 (2012).
66. Tustison, N. J. et al. N4ITK: improved N3 bias correction. IEEE Trans. Med.
Imaging 29, 1310–1320 (2010).
67. Radtke-Schuller, S. Cyto- and Myeloarchitectural Brain Atlas of the Ferret
(Mustela putorius) in MRI Aided Stereotaxic Coordinates 1 edn (Springer
International Publishing, 2018).
68. Tallon-Baudry, C., Bertrand, O., Delpuech, C. & Pernier, J. Stimulus speciﬁcity
of phase-locked and non-phase-locked 40 Hz visual responses in human. J.
Neurosci. 16, 4240–4249 (1996).
69. Pachitariu, M., Steinmetz, N. A., Kadir, S. N., Carandini, M. & Harris, K. D. in
Advances in Neural Information Processing Systems. 4448–4456 (2016).
70. Barthó, P. et al. Characterization of neocortical principal cells and
interneurons by network interactions and extracellular features. J.
Neurophysiol. 92, 600–608 (2004).
71. Lachaux, J.-P., Rodriguez, E., Martinerie, J. & Varela, F. J. Measuring phase
synchrony in brain signals. Hum. Brain Mapp. 8, 194–208 (1999).
72. Zar, J. H. Biostatistical Analysis (Pearson Education India, 1999).
73. Granger, C. W. Investigating causal relations by econometric models and
cross-spectral methods. Econometrica 37, 424-438 (1969).
74. Geweke, J. F. Measures of conditional linear dependence and feedback
between time series. J. Am. Stat. Assoc. 79, 907–915 (1984).
75. Geweke, J. Measurement of linear dependence and feedback between multiple
time series. J. Am. Stat. Assoc. 77, 304–313 (1982).
76. Barnett, L. & Seth, A. K. The MVGC multivariate Granger causality toolbox: a
new approach to Granger-causal inference. J. Neurosci. Methods 223, 50–68
(2014).
77. Izhikevich, E. M. & Edelman, G. M. Large-scale model of mammalian
thalamocortical systems. Proc. Natl Acad. Sci. USA 105, 3593–3598 (2008).
78. Izhikevich, E. M. Dynamical Systems in Neuroscience (MIT Press, 2007).
79. Mazzoni, A. et al. Computing the Local Field Potential (LFP) from Integrateand-Fire Network Models. PLoS Comput. Biol. 11, e1004584 (2015).
80. Stimberg, M., Brette, R. & Goodman, D. F. M. Brian 2, an intuitive and
efﬁcient neural simulator. eLife 8, e47314 (2019).

Acknowledgements
We would like to thank Dr. Charles Zhou for comments on the manuscript, and Connie
S. Scoggins, John M. Bernabei, Dr. Alexandra Badea, Neerav Goswami, Dr. Luis Gomez,
Dr. Boshuo Wang, and Dr. Lari Koponen for advice and technical assistance on the
electric ﬁeld modeling. We thank William Stanford for assisting with the computational
modeling of the thalamo-cortical circuit. We would also like to thank Dr. Justin Riddle,
Dr. Chris Walker, and Dr. Rachel Force for proofreading the manuscript, and Grace
Ross, Peyton Siekierski, Nivi Ramasamy, Annabel Hinkle, and Aasim Khan for their help
with data collection. This work was supported by NIH grants R01MH111889 and
R01MH122477. The content of current research is solely the responsibility of the
authors and does not necessarily represent the ofﬁcial views of the National Institutes
of Health.

Author contributions
W.A.H., E.N., I.M.S., and F.F. designed the ferret experiments. I.M.S., E.N., and W.A.H.
performed the implant surgeries. I.M.S. and W.A.H. performed the experiments and
collected the electrophysiology data. W.A.H. performed the local stimulation experiments and analyzed the data. E.N. collected the potential and electric ﬁeld measurement
data. I.M.S. developed the analysis pipeline. W.A.H., E.N., SA, and I.M.S. analyzed the
experimental results. E.N. performed the histology experiments. S.R.-S. interpreted the
histological data and contributed text and ﬁgure to the manuscript. F.F. designed the
biophysical model. D.J.P., M.D. (Davey), and F.F. performed biophysical modeling of

NATURE COMMUNICATIONS | (2021)12:3151 | https://doi.org/10.1038/s41467-021-23021-2 | www.nature.com/naturecommunications

19

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23021-2

thalamo-cortical network, analyzed the results, and contributed text and ﬁgures to the
manuscript. T.T.D., A.C.H., M.D.* (Dannhauer), and A.V.P. created and analyzed the
ﬁnite element model of the electric ﬁeld in a ferret head. T.T.D., M.D.*, and A.V.P.
analyzed the electric potential recordings and contributed text to the manuscript.
W.A.H., E.N., S.A., I.M.S., and F.F. wrote the manuscript. All authors reviewed the
manuscript.

Competing interests
F.F. is the lead inventor of IP ﬁled on the topics of non-invasive brain stimulation by UNC.
F.F. is the founder and CSO of Pulvinar Neuro LLC. He owns shares in Pulvinar Neuro. The
company played no role in this research. A.P. is an inventor on patents and patent applications related to transcranial magnetic stimulation and, in the past 3 years, has received travel
funds as well as patent royalties from Rogue Research; research grants, travel funds, consulting
fees, as well as equipment donation from Tal Medical/Neurex; research grant, hardware
donations, and patent application support from Magstim; equipment loans and hardware
donations from MagVenture; consulting fees from Neuronetics; and consulting fees from
Advise Connect Inspire. The remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23021-2.
Correspondence and requests for materials should be addressed to F.F.

20

Peer review information Nature Communications thanks Michael Nitsche, Giulio
Rufﬁni and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:3151 | https://doi.org/10.1038/s41467-021-23021-2 | www.nature.com/naturecommunications

