
lable at ScienceDirect

Brain Stimulation 15 (2022) 472e482
Contents lists avai
Brain Stimulation

journal homepage: http: / /www.journals .e lsevier .com/brain-st imulat ion
Cell type-specific excitability probed by optogenetic stimulation
depends on the phase of the alpha oscillation

Mengsen Zhang a, Flavio Frohlich a, b, c, d, e, f, *

a Department of Psychiatry, University of North Carolina, Chapel Hill, NC, USA
b Carolina Center for Neurostimulation, University of North Carolina, Chapel Hill, NC, USA
c Neuroscience Center, University of North Carolina, Chapel Hill, NC, USA
d Department of Cell Biology and Physiology, University of North Carolina, Chapel Hill, NC, USA
e Department of Biomedical Engineering, University of North Carolina, Chapel Hill, NC, USA
f Department of Neurology, University of North Carolina, Chapel Hill, NC, USA
a r t i c l e i n f o

Article history:
Received 8 November 2021
Received in revised form
30 January 2022
Accepted 21 February 2022
Available online 25 February 2022

Keywords:
Alpha oscillations
Optogenetics
Phase
Excitability
Gating
Synchronization
* Corresponding author. Department of Psychiatry,
Chapel Hill, NC, USA

E-mail address: flavio_frohlich@med.unc.edu (F. Fr

https://doi.org/10.1016/j.brs.2022.02.014
1935-861X/© 2022 The Authors. Published by Elsevier
a b s t r a c t

Background: Alpha oscillations have been proposed to provide phasic inhibition in the brain. Yet, pinging
alpha oscillations with transcranial magnetic stimulation (TMS) to examine phase-dependent network
excitability has resulted in conflicting findings. At the cellular level, such gating by the alpha oscillation
remains poorly understood.
Objective: We examine how the excitability of pyramidal cells and presumed fast-spiking inhibitory
interneurons depends on the phase of the alpha oscillation.
Methods: Optogenetic stimulation pulses were administered at random phases of the alpha oscillation in
the posterior parietal cortex (PPC) of two adult ferrets that expressed channelrhodopsin in pyramidal
cells. Post-stimulation firing probability was calculated as a function of the stimulation phase of the
alpha oscillation for both verum and sham stimulation.
Results: The excitability of pyramidal cells depended on the alpha phase, in anticorrelation with their
intrinsic phase preference; pyramidal cells were more responsive to optogenetic stimulation at the alpha
phase with intrinsically low firing rates. In contrast, presumed fast-spiking inhibitory interneurons did
not show such a phase dependency despite their stronger intrinsic phase preference.
Conclusions: Alpha oscillations gate input to PPC in a phase-dependent manner such that low intrinsic
activity was associated with higher responsiveness to input. This finding supports a model of cortical
oscillation, in which internal processing and communication are limited to the depolarized half-cycle,
whereas the other half-cycle serves as a signal detector for unexpected input. The functional role of
different parts of the alpha cycle may vary across the cortex depending on local neuronal firing
properties.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brain stimulation is a key tool for the causal manipulation of
neuronal networks in basic and clinical neuroscience. In particular,
transcranial magnetic stimulation (TMS) [1] is widely used to non-
invasively probe cortical excitability in humans [2e7]. One central
question investigated with TMS is how cortical excitability is
modulated by the alpha oscillation, which is thought to serve an
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inhibitory gating function of sensory processing [8e10]. Indeed,
TMS-evoked responses have been reported to depend on alpha
phase and/or amplitude [11e16]. Yet, given the number of con-
founding variables [17e19], the neuronal basis of such phasic
gating of stimulation pulses remains poorly understood. To address
this gap, we used optogenetic stimulation and single-unit extra-
cellular recordings to directly investigate if and how exogenous
input is rhythmically gated in the posterior parietal cortex, which
generates alpha oscillations [20,21].

Alpha oscillations are the first recorded brain rhythm in human
scalp electroencephalography (EEG) [22], initially observed at
parietal-occipital locations at 8e12 Hz, most prominent when eyes
were closed. Oscillations at a similar frequency range were later
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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found in various other cortical regions, such as the mu rhythm over
central regions [23,24] and the tau rhythm over temporal regions
[25]. Alpha-frequency rhythms observed at these distinct locations
were thought to reflect a similar inhibitory process for the visual,
somatosensory, and auditory systems respectively since they tend
to diminish when the cortex is excited by stimuli (event-related
desynchronization). Originally, alpha oscillations were considered
to simply reflect an “idling” state [26]. However, more recent evi-
dence suggests a more active role of alpha in information gating,
such as suppressing irrelevant information or pulsed sampling
[27e29]. At the level of the neurophysiological substrate, alpha
oscillations are thought to realize the gating function by modu-
lating cortical excitability over space and time [8e10]. In particular,
part of the alpha cycle is considered the excitatory phase and
another the inhibitory phase, corresponding to neuronal depolar-
ization and hyperpolarization respectively. Delineating the role of
alpha oscillations in modulating excitability is of translational
importance since pathological changes in alpha oscillation have
been implicated in various psychiatric [30e35] and neurological
disorders [36,37].

TMS can be used as a tool to probe network excitability and
thereby elucidate the role of oscillation phase on brain excitability
in humans. Its application is most common in the primary motor
cortex e a TMS pulse targeting a specific region can evoke invol-
untary contraction of the corresponding muscles, measured elec-
trophysiologically as the Motor Evoked Potential (MEP) [1,2].
Analogously, stimulation of the visual cortex can evoke phosphenes
(illusory flashing lights) [38,39]. The threshold and magnitude of
evoked responses have been used as quantitative measures of
cortical excitability. TMS-evoked MEP [16,40] or phosphenes
[14,15] have been found to depend on the phase of the alpha
oscillation, supporting the idea that alpha provides phasic inhibi-
tion to the respective brain regions. Though, the lack of such phase-
dependency was also observed [41]. In addition to MEP or
phosphenes-based methods most suitable for primary motor and
visual cortices, TMS-evoked responses in EEG [42] and functional
magnetic resonance imaging (fMRI) [43] were also found to depend
on the alpha phase. Yet, EEG and fMRI responses are complex
macroscopic outcomes of neuronal responses e the connection to
neuronal excitability is indirect. Moreover, EEG-based results have
not always been consistent with MEP-based results [44].

Inconsistency in the existing findings is in part due to the
complex and non-specific nature of TMS-evoked response [45].
TMS is thought to primarily activate axons or white-matter tracts
rather than cell bodies in the cortex [46,47]. Both pyramidal cells
and inhibitory interneurons are subject to activation. Cortical re-
sponses also consist of multiple waves reflecting initial activation
and subsequent polysynaptic network effects [48,49]. Moreover,
within the body of work where alpha phase-dependency is
observed, it remains unclear what exactly the more excitable phase
in the alpha cycle is. Although negative peaks in surface EEG are
sometimes assumed as the excitable phase [42] due to its associ-
ation with the synchronized discharge of cortical pyramidal cells,
actual observations based on evoked responses are rather diverse
[14,15] or non-specific [16,40]. What is missing is a direct link be-
tween different phases of alpha to the underlying neuronal firing
patterns and how this relationship impacts the response to
stimulation.

The present study fills in this missing piece by using optogenetic
stimulations targeted at random phases of alpha in the posterior
parietal cortex (PPC) in ferrets. PPC is a key component of the
posterior visual network, densely connected to the visual thalamus
[50]. PPC exhibits strong alpha oscillation [21], thought to be a
cortical driver of alpha oscillation in the visual network [20]. We
show that the excitability of the pyramidal cells by stimulation is
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modulated by the alpha phase. In particular, they aremore excitable
at the less active alpha phase (low intrinsic firing rate). Our work
highlights the crucial distinction and link between phase-
dependent excitability and phase-dependent intrinsic activity.

2. Materials and Methods

2.1. Animals

Two adult spayed female ferrets (Mustela putorius furo, one year
old at the beginning of the experiment) were used in this study. All
animal procedures were performed in compliance with the Na-
tional Institute of Health guide for the care and use of laboratory
animals (NIH publication Np. 8023, revised 1987) and the United
States Department of Agriculture and were approved by the Insti-
tutional Animal Care and Use Committee of the University of North
Carolina at Chapel Hill.

2.2. Head-post, bone screws, virus injection, and optrode
implantation surgery

The initial induction of anesthesia was performed with intra-
muscular injection of ketamine/xylazine (30 mg/kg of ketamine,
1e2 mg/kg of xylazine). After confirming the loss of paw pinch
reflex, animals were intubated for isoflurane (0.5e2% in 100% ox-
ygen) delivery via mechanical ventilation. The physiological pa-
rameters, including electrocardiogram, 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 im-
plantations. 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 PPC of the left
hemisphere to implant an optrode, i.e., a microelectrode array that
includes an optical fiber (16 channel circular Platinum/Iridium
electrode with a local reference electrode, 125 mm diameter, 5 mm
length, 250 mm spacing; fiber optic 4.5 mm length, 200 mm core
outer diameter; Microprobes for life science, Gaithersburg, MD).
Before implantation, the dura and pia were removed; 0.4 mL of
rAVV5-CaMKII-ChR2-mCherry was injected into PPC at three
different depths (0.2 mL at 0.6 mm, 0.1 mL at 0.4 mm, 0.1 mL at
0.8 mm). The electrode tips were secured at the center of the virus
injection site (13 mm AP, 3 mm ML, �0.6 mm DV relative to the
occipital crest). Custom-designed plastic cylinders were implanted
around the light fibers to anchor the optical fiber from the laser
during recordings and to prevent laser light leakage. A bone screw
close to the implant location on the left hemisphere was used as a
ground for the optrodes. The optrodes 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 one week
after surgery while recovering in their home cage.

2.3. Optogenetic stimulation procedure and electric potential
measurements

The ferrets were head-fixed and awake with eyes open during
the stimulation and recordings. A blue laser at 475 nm (Shanghai
Laser & Optics Century Co., Ltd., BL473T3) was used to activate the
channelrhodopsin in PPC. Black sheets were applied as covers
around the optic cable connection to avoid light leakage. Before
each session, the laser power was calibrated to a specific level e 1,
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2, 5, 10, 30 mW for Animal 1, and 1, 1.5, 2, 2.5, 3, 5, 10, 30 mW for
Animal 2. Each session consists of 50e500 trials; each trial lasts 1s;
inter-trial intervals were pseudo-random between 1 and 2s. In half
of the trials in each session, laser pulses of 17 ms duration were
administered in pseudo-random intervals to avoid forming a
rhythmic structure. The pulse duration was chosen to provide
sufficient time for ChR2 to reach plateau current at the lowest light
intensity [51,52] and at the same time to be brief enough relative to
an alpha cycle to provide sufficient phase resolution and to not
substantially alter the macroscopic oscillation. The maximum
number of pulses per trial was 10. No laser pulses were adminis-
tered in the other half of the trials (sham). The order of stimulation
and sham trials were randomly permuted within each session. The
timing of the laser pulses and the trial design was controlled by a
MATLAB program. Intracranial measurements of electric potentials
were recorded simultaneously from the optrode in PPC for each
session at a sampling frequency of 30 kHz. All stimulation and sham
trials were visually inspected.

2.4. Verifying electrode position 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 su-
crose solution, shock frozen in dry ice, and cut into 50 mm thick
sections with a cryostat (CM3050S, Leica Microsystems). Sections
were stained for cells (Nissl). Imaging was conducted with an
Aperio VERSA bright-field slide scanner at �10 magnification. The
electrode array was located in the sections by electrode tracks,
tissue damage or loss, and by comparing and documenting the
sections to ferret atlas plates [53].

2.5. Electrophysiological data analysis

Event-related potential, spectral analysis, and alpha phase-
amplitude estimation. The raw electrophysiology data were low-
pass filtered at 300 Hz and down-sampled to 1 kHz to obtain the
local field potential (LFP). The LFP time series were visually
inspected, and segments with high amplitude artifacts were
rejected. The event-related potentials (ERP) or optogenetic-evoked
potentials (OEP) were computed for each session as the LFP within
an 80 ms window following the onset of each laser pulse averaged
across all pulses. The power spectral density of the LFP was esti-
mated using Welch's method (1s Hann window, no overlap). The
peak alpha frequency of each animal was estimated between 10
and 20 Hz after removing the aperiodic (1/f-like) component from
the spectra using FOOOF [54]. LFP in the channel with the highest
peak alpha power was bandpass filtered for ± 3Hz around the
animal-specific alpha frequency. Hilbert transform was used to
estimate instantaneous alpha phase and amplitude from the
bandpass filtered data. To accurately estimate the phase and
amplitude of the ongoing alpha oscillation, ERPs were subtracted
from LFP prior to bandpass filtering.

Spike extraction, sorting, and clustering. Kilosort2 [55], a toolbox
based on a template matching algorithm, was used for initial spike
extraction and sorting from raw electrophysiology data. Briefly, the
raw datawere high-pass filtered at 300 Hz, median-referenced, and
whitened. Putative spike times were extracted from the pre-
processed data based on threshold-crossing at �3.5 standard de-
viation below the average potential. These putative spike times
were used to initialize a set of templates, i.e., putative spatiotem-
poral waveforms. Then, a matching pursuit algorithm was used to
optimize the templates and infer spike times iteratively. As a final
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step for Kilosort, a heuristic algorithm was used to automatically
merge certain templates based on the continuity of probability
density distribution across the classification boundary. Following
automated sorting in Kilosort, we performed an additional step of
manual curation and template merging using Phy2 (https://github.
com/cortex-lab/phy), producing the final single-unit (SU) assign-
ment. The average waveform of each SU was computed using the
raw data (broadband, 30 kHz). Subsequently, the waveforms were
used to classify SUs into putative cell types e pyramidal cells (PYR)
and fast-spiking inhibitory interneurons (INT). For each animal,
Principal Component Analysis was applied to the time derivative of
the waveforms to construct a two-dimensional feature space (first
two principal components). The classification boundary was
manually drawn between two clusters, and the resulting wave-
forms of each cluster were visually inspected to confirm putative
cell identity.

Phase-locking value (PLV). The entrainment of spikes of each SU
to the alpha oscillationwasmeasured by PLV. The spike phase of the
nth spike is defined as the instantaneous alpha phase q at the spike
time tn. The PLV of a unit to the alpha oscillation is

PLV ¼ 1
N

�����
XN

n¼1

ei qðtnÞ
�����

, where N is the total number of spikes of the unit [56]. We used a
fixed number of N ¼ 200 randomly selected spikes per unit,
computed PLV, and repeated 200 times for each unit. The mean PLV
across all subsamples was the final result. The subsampling pro-
cedure was used to de-bias PLV from its dependency on N.

Null models of unit response to optogenetic stimulation. To assess
unit response to optogenetic stimulation, we constructed null
models that account for the intrinsic variability of unit activity and
its dependency on the instantaneous alpha phase. To do so, we
transported the laser pulse onset times in each stimulation trial to a
randomly assigned sham trial for each session. We create 1000
different random reassignments of stimulation times for each
session. Statistical measures (e.g., average firing rate change, firing
probability density) based on the sham pulses were used to
construct the mean and 95% confidence intervals of the null model.

Statistical analysis of the relation between neuronal excitability
and intrinsic phase preference. We performed two types of analyses
to measure the relation between excitability and intrinsic spike-
phase dependency: (1) the correlation between excitability as a
function of stimulation phase and intrinsic firing probability as a
function of stimulation phase, and (2) the sum excitability at the
preferred phase (i.e., where the intrinsic spiking probability density
is greater than uniform distribution). More formally, phase-
dependent excitability was defined as the difference between the
post-stimulation firing probability density and post-sham firing
probability (see Fig. 3a for illustration),

DpS½qn� ¼pS½qn� �
1
M

XM

m¼1

pmnull½qn�

where pS½qn� is the post-stimulation firing probability density at the
n-th phase bin qn (the alpha phase at stimulation onsets), pmnull½qn� is
the post-sham firing probability density at the n-th phase bin for
the m-th random sample of sham windows, and M ¼ 1000 is the
total number of random samples of sham windows (see the con-

struction of the null model above). 1
M

PM
m¼1

pmnull½qn� is the mean post-

sham firing probability across all random samples, which is an
estimate of the intrinsic firing probability density. To provide
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sufficient phase resolution (i.e., sufficiently large number of phase
bins) and to include a sufficient number of spikes for estimating
firing probability (i.e., sufficiently large post-stimulation time
window), we chose N ¼ 12 as the number of phase bins and 10 ms
as the duration of post-stimulation windows so that 1/12 of an
alpha cycle is comparable to 10 ms.

The correlation (1) was defined as

rSI ¼
PN

n¼1ðDpS½qn� � DpS½qn�ÞðpI½qn� � pI½qn�ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1ðDpS½qn� � DpS½qn�Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1ðpI½qn� � pI½qn�Þ2

q

where N is the number of phase bins, DpS½qn� is the excitability at

the n-th phase bin qn, DpS½qn� ¼ 1
N

PN
n¼1

DpS½qn� is the average excit-

ability, pI ½qn� is the intrinsic firing probability density at the n-th
phase bin qn, and pI ½qn� is the average intrinsic firing probability
density over all phase bins. We also calculated the correlation co-
efficient rSI for each sham sample by replacing DpS½qn� with

Dpmnull½qn� ¼ pmnull½qn� � 1
M
PM

m¼1p
m
null½qn� of the m-th random sample,

which provided a null distribution of the correlation coefficients.
For statistical analysis, the null distributionwas used to provide the
95% and 99% confidence intervals to determine whether rSI was
significantly different from zero. We also reported the p-values for
standard Pearson correlation analysis for reference.

The sum excitability at the preferred phase (2) was defined as

DpprefS ¼
XJ

j¼1

DpS
h
q*j

i

where q*j is the j-th phase bin where pI ½q*j � � 1=ð2pÞ, i.e., where
intrinsic firing probability density is above uniformity, and J is the
total number of phase bins where intrinsic firing probability den-
sity was above uniformity. Like the correlation analysis above, the
null distribution and confidence intervals were constructed using
1000 random samples of post-sham windows.

3. Results

12e17 Hz oscillations in the posterior parietal cortex (PPC) and
the associated thalamocortical network in ferrets are considered
the homolog of human alpha oscillations [20]. Electrophysiological
activity in two awake, head-fixed ferrets was recorded to examine
the relation between alpha oscillation and single-unit activity in
Fig. 1. Probing the modulating effect of the alpha oscillation on the excitability of corti
oscillation (a). The left posterior parietal cortex (PPC) was stimulated with optogenetic to
measured (b). Three possible outcomes were considered: neurons are equally excitable regar
neurons are more excitable at their intrinsically preferred phase (d), neurons are more excit
this figure legend, the reader is referred to the Web version of this article.)
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the left PPC (Fig. 1a, Fig. 2a). Optogenetic stimulations were given at
random intervals at the recorded site to probe the excitability of
cortical neurons at different phases of alpha oscillation (Fig.1b). We
investigated three competing hypotheses: (1) stimulations increase
neuronal firing rate independent of the alpha phase of the stimu-
lation, i.e., neuronal excitability is phase neutral (Fig. 1c), (2) units
preferentially increase firing rate when stimulations occur at their
intrinsically preferred firing phase (red highlights in Fig. 1d), (3)
neurons preferentially increase firing rate when stimulations occur
outside of their intrinsically preferred firing phase (off red high-
lights in Fig. 1e).

An optrode was implanted at the left PPC (Fig. 2aec) for
simultaneous electrophysiology recording (Fig. 2d) and light
stimulation of the channelrhodopsin. Both ferrets showed a
prominent peak in the alpha frequency range (13.25 Hz for Animal
1, 13.28 Hz for Animal 2) in the frequency spectra (Fig. 2e).
Individual-specific alpha peaks were used to bandpass-filter the
LFP (Fig. 2d, bottom two traces) to estimate instantaneous alpha
phase and amplitude for each ferret. Spikes were sorted into single
units (SU), which were further classified into putative pyramidal
cells (PYR) and putative interneurons (INT; Fig. 2f and g) based on
their average waveform. The firing rate of each unit was computed
for 10 ms before and after the onset of each laser pulse (“pre” and
“post” in Fig. 2h and i). On average, the putative pyramidal cells of
Animal 1 showed a significant increase in firing rate (t-test,
t(191) ¼ 2.706, p ¼ 0.007). No significant firing rate changes were
observed for Animal 1's interneurons (t(43)¼ -0.453, p¼ 0.652), or
Animal 2's pyramidal cells (t(181) ¼ -0.111, p ¼ 0.912) and in-
terneurons (t(16) ¼ 1.117, p ¼ 0.281). At the SU level, null models of
pre- and post-stimulation firing rate were constructed for each unit
using its activity in the sham trials. Units with firing rate change
outside of the 95% CI were labeled in Fig. 2h and i (yellow, signifi-
cant increase in firing rate; green, significant decrease in firing
rate). For Animal 1, 20 units significantly increased firing rate (19
PYR, 1 INT), and 8 units significantly decreased firing rate (3 PYR, 5
INT). For Animal 2, 9 units significantly increased firing rate (8 PYR,
1 INT), and 6 units significantly decreased firing rate (6 PYR, 0 INT).
Overall, these results indicate that few cells were highly responsive
to light stimulation in terms of the average firing rate. For Animal 1,
the population firing rate increase was dependent on laser power
andmost prominent for 10, 30 mW.We also observed a stimulation
evoked potential (OEP) in Animal 1 (Fig. 2k), which was laser
power-dependent (Fig. 2l). The OEPs were removed from the LFP
before alpha phase estimation.
cal neurons. Neurons have different firing probabilities at different phases of the alpha
ols at random phases of the alpha oscillation while neuronal spiking activities were
dless of whether the alpha phase is intrinsically preferred (highlighted in red) or not (c),
able at their non-preferred phase (e). (For interpretation of the references to colour in



Fig. 2. Endogenous alpha oscillations and cell type-specific, power-dependent response to light stimulation. Optrode was implanted at the left posterior parietal cortex (PPC,
with a caudal part PPc and a rostral part PPr) of the ferrets (red circle, a; lesions in b, c), following viral injection of CaMKII-ChR2-mCherry at the same location (florescent in c). Main
cortical areas are labeled in (a): olfactory bulb (OB), proreal gyrus (PRG), anterior sigmoid gyrus (ASG), posterior sigmoid gyrus (PSG), coronal gyrus (CNG), lateral gyrus (LG),
suprasylvain gyrus (SSG), medial ectosylvian gyrus (MEG), visual cortex (VC), and cerebellum (Cb). Spiking activity and alpha-frequency oscillations were conspicuous in the raw
(broadband) signal (d, top). Unit activities were extracted from the high-pass filtered signal (2nd trace in d), and alpha phase and amplitude were estimated from the bandpass
filtered signal around each ferret's peak alpha frequency (fc; bottom trace in d). Both animals showed a prominent peak in the alpha frequency range (10e16 Hz) in the power
spectra (e). Units were classified by the normalized spike waveforms (peak amplitude normalized to 1) into putative pyramidal cells (PYR) and interneurons (INT; f, g). Cell type-
specific pre- and post-stimulation firing rates (FR) are shown in (h, i; mean ± SEM), where yellow lines highlight units that significantly increased firing rates, and green lines for
those with significantly decreasing firing rates. Animal 1 showed clear laser power dependency of firing rate increase (DFR; j). In addition, optogenetic simulation-evoked potentials
(OEP) were observed in LFP (k), with laser power-dependent amplitude (l). (**p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Next, we examined the relation between spike timing and the
phase of ongoing alpha oscillations. Without stimulation (sham
condition), neuronal firing probability waxed and waned across
different alpha phases (Fig. 3a.i for conceptual illustration, b.i and
c.i for real data). Interneurons showed a stronger intrinsic phase
preference than pyramidal cells (Fig. 3: blue curves in b.i and c.i
further from uniformity than red curves), quantified as significantly
greater phase-locking values (PLV) for interneurons than pyramidal
cells in sham trials (d, e). The PLV in stimulation trials were not
significantly different from the sham trials (paired t-tests: Animal 1,
t(191) ¼ -1.25, p ¼ 0.21 for pyramidal cells, and (t43) ¼ 0.73,
p ¼ 0.47 for interneurons; Animal 2, t(181) ¼ 0.69, p ¼ 0.49 for
pyramidal cells, and t(16) ¼ -0.63, p ¼ 0.54 for interneurons). To
understand neuronal excitability as a function of the alpha phase,
we examined how the intrinsic firing probability was modified by
light stimulations at different alpha phases. Specifically, we defined
excitability as the difference (Fig. 3a.iii) between the post-
stimulation firing probability (10 ms window, Fig. 3a.ii) and
intrinsic firing probability (Fig. 3a.i). For the following analyses, we
removed spikes that occurred at very low alpha amplitude
(<10 mV), since in the absence of the alpha oscillation, the phase
estimation would not be meaningful (see Fig. 4ab for the de-
pendency of intrinsic spike phase on alpha amplitude). Including
these low alpha amplitude spikes leads to qualitatively identical
results. In both animals, the excitability of pyramidal cells (Fig. 3b.ii,
c.ii) was anticorrelated with the phase preference (red, b.i, c.i),
while the excitability of the interneurons (b.iii, c.iii) was not
correlated with the phase preference (blue, b.i, c.i). For Animal 1,
the Pearson correlation between the excitability and intrinsic phase
preference of the pyramidal cells was r ¼ �0.723, with p ¼ 0.0079
476
(95% confidence interval, CI, of the null model is [�0.544,0.582]),
and that of the interneurons was r ¼ 0.089, with p ¼ 0.807 (95% CI
of the null model is [�0.692,0.707]). For Animal 2, the correlation
coefficient for the pyramidal cells was r ¼ �0.707, with p ¼ 0.010
(95% CI of the null model is [�0.583,0.619]), and that of the in-
terneurons was r ¼ �0.1425, with p ¼ 0.659 (95% CI of the null
model is [�0.607, 0.603]). The phase dependency of excitability can
also be measured by the sum excitability at the preferred phase: for
Animal 1, the sum excitability at the preferred phasewas�0.046 for
pyramidal cells, significantly lower than zero (99% CI ¼ [�0.028,
0.027]), and �0.017 for the interneurons, not significantly different
from zero (95% CI ¼ [�0.037, 0.037]); for Animal 2, the sum excit-
ability at the preferred phase was �0.054 for pyramidal cells,
significantly lower than zero (99% CI ¼ [�0.040, 0.035]),
and �0.034 for the interneurons, not significantly different from
zero (95% CI¼ [�0.104,0.100]). These results are consistent with the
correlation-based analysis above. The phase-dependent excitability
in Animal 1 was extended to 30 ms after stimulation (sum excit-
ability at the preferred phase was �0.0418, with 99%
CI ¼ [�0.022,0.020]; not significant for Animal 2 or interneurons,
p > 0.05). Furthermore, in Animal 1, the anticorrelation for pyra-
midal cells depended on the laser power (Fig. 3f) in a similar
fashion to that of the firing rate and optogenetic-evoked response
(Fig. 2IJ). In short, pyramidal cells were found more excitable at the
non-preferred phase, supporting the hypothesis in which the non-
preferred phase exhibits the strongest response to stimulation
(Fig. 1e).

Further, we investigated how neuronal spiking was influenced
by the amplitude of alpha oscillations (Fig. 4). Given sufficient
amplitude (>10 mV), neuronal spiking showed clear phase



Fig. 3. Excitability anticorrelated with intrinsic alpha phase preference in pyramidal cells but not interneurons. (a) conceptually illustrates how to quantify unit excitability as
a function of the alpha phase at the time of stimulation. Without stimulation, neuronal intrinsic firing probability as a function of the alpha phase was estimated in randomly
sampled 10-ms windows (a.i). In stimulation trials, a similar firing probability function was calculated within 10-ms windows immediately following each stimulation onset (a.ii).
The difference between the post-stimulation firing probability function and the intrinsic firing probability function (D firing probability) indicates the excitability of single units
relative to their intrinsic activity at different alpha phases (a.iii). In the real data, single units of both animals showed strong phase preference (b.i, c.i), especially in putative in-
terneurons (INT, blue) compared to pyramidal cells (PYR, red). Horizontal axes in (b, c) indicate the relative phase to the most preferred alpha phase of each animal (relative alpha
phase ¼ 0). The shaded area highlights where intrinsic firing probability density is greater than the uniform distribution. (d, e) shows a strong intrinsic phase preference of INT over
PYR in terms of the phase-locking values (PLV) of spiking activity in the sham trials. PYRs had negative excitability at their preferred alpha phases in both animals (in b.ii, c.ii, red
curves below dashed lines in shaded area) and positive excitability at their non-preferred phases (red curves above the dashed lines outside of shaded area). In Animal 1, the
anticorrelation between the intrinsic phase preference and excitability of PYRs depended on laser power (f, red solid curve; red þ purple area indicates the 95% confidence intervals
of the corresponding null model). In contrast, INTs did not show such anticorrelation (solid blue curves in b.iii, c.iii, f; blue þ purple area in f indicates the 95% confidence intervals of
the corresponding null model). See text for detailed statistical results. (All error bars indicate standard errors. ***p < 0.001). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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dependency on alpha oscillations and such dependency increase
with alpha amplitude (Fig. 4a and b). The intrinsic firing rates of
pyramidal cells and interneurons were modulated by alpha
amplitude in distinct manners (Fig. 4c and d; distributions esti-
mated from 1000 random samples of post-sham windows,
matched to the duration of post-stimulationwindows as illustrated
in Fig. 3a.i, a.ii). For pyramidal cells (PYR, Fig. 4c.i, d.i), higher alpha
amplitude (greater than the median) was associated with lower
firing rates (mean of distribution c.i is significantly lower than zero
with t(999) ¼ -12.8, p < 10�34; mean of distribution d.i is signifi-
cantly lower than zero with t(999) ¼ -27.9, p < 10�126). However,
for interneurons (Fig. 4c.ii, d.ii), higher alpha amplitude was asso-
ciated with higher firing rates (mean of distribution c.ii is signifi-
cantly greater than zero with t(999) ¼ 13.6, p < 10�38; mean of the
distribution d.ii is significantly greater than zerowith t(999)¼ 23.2,
p < 10�95). The overall excitability of the neurons was not signifi-
cantly modulated by alpha amplitude (Fig. 4e and f). For Animal 1,
the excitability of pyramidal cells at the preferred phase was
significantly lower for higher alpha amplitude (the difference be-
tween high and low alpha amplitude windows was �0.063, with
99% CI¼ [�0.053, 0.057]). This was not observed for Animal 2 or for
interneurons. Overall, alpha amplitude-modulated intrinsic
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neuronal firing properties in a cell type-specific manner, but its
effect on excitability requires further examination.

4. Discussion

In this study, we showed that the excitability of pyramidal cells
in ferret PPC depended on the phase of the local alpha oscillation.
Importantly, we connected the phase-dependency of neural excit-
ability to the phase-dependency of intrinsic neuronal firing activ-
ity: excitability was anticorrelated with intrinsic phase preference
(Fig. 3). These findings clarify the neurophysiological significance of
alpha oscillations and provide clues about the functional role of
different alpha phases that was elusive to noninvasive methods.

In the study of phase-dependent excitability, it is key to deter-
mine what is the more excitable phase. For scalp EEG, surface
negativity has often been associated with synchronized depolari-
zation of pyramidal cells [57], in particular for alpha oscillations
[8,42,58] (note that the relation between surface negativity and
firing rates can be reversed for other rhythms such as slow oscil-
lations [59] and ultimately depends on the choice of reference). In
the present study, we refer to this depolarization phase as the
intrinsically preferred phase, or simply, the preferred phase (Fig. 1).



Fig. 4. Intrinsic neuronal spiking modulated by the amplitude of alpha oscillation. (a) and (b) show how alpha phase dependency of neuronal spikes (along the y-axis) was
influenced by the amplitude of alpha oscillations (along the x-axis) for Animal 1 and 2, respectively. Y-axis indicates the spike alpha phase relative to the preferred phase (maximum
firing probability over all amplitudes). Color indicates the conditional firing probability density of all single units over the alpha phase, given the alpha amplitude at the spike time.
Neuronal spikes were more concentrated at the preferred phase when alpha amplitude was high. (c) and (d) show how intrinsic firing rates of pyramidal cells (PYR, c.i and d.i) and
interneurons (INT, c.ii and d.ii) were modulated by alpha amplitude. The level of amplitude modulation (x-axes) was quantified as the difference between neuronal firing rates in
sham trials with high alpha amplitude and those with low alpha amplitude (median split). The distributions were constructed using 1000 random sampling (see the construction of
the null model in Materials and Methods). Negative modulation (shaded) means that higher alpha amplitude was associated with lower firing rates; Positive modulation (unshaded)
means that higher alpha amplitude was associated with a higher firing rate. PYR (c.i, d.i) showed more negative modulation, while INT (c.ii, d.ii) showed more positive modulation.
(e) and (f) show that the excitability of PYR and INT was not significantly modulated by alpha amplitude. Here the excitability was quantified as the difference between post-
stimulation firing rate and intrinsic firing rate. Error bars indicate the 95% confidence intervals constructed from the null models. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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It is tempting to hypothesize (as we have, Fig. 1d) that the preferred
phase is also the excitable phase e neurons may be more excitable
when they are already depolarized. A similar position has been
implied in existing works [42,60,61]. However, our results showed
the opposite: the pyramidal cells were more excitable at the non-
preferred phase (Fig. 1e; Fig. 3). In other words, our results sug-
gest that neurons alternate between two functional phases in an
alpha cycle: a depolarization phase, where intrinsic firing activity is
high but responsiveness to additional input is low, and an excitable
phase, where intrinsic firing activity is low but responsiveness to
additional input is high. In the depolarization phase, multiple
neurons in a network are firing in a small time window, which is
thought to facilitate information integration and network
communication [62]. In the excitable phase, the greater respon-
siveness to input, coupled with low intrinsic activity, is ideal for
signal detection with a high signal-to-noise ratio [8]. Overall, our
findings support a multifunction view of alpha oscillations (c.f.
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[63]), where half of the alpha cycle facilitates internal processing
and communicationwhile the other half facilitates signal detection.

What could be the cellular mechanism underlying this dissoci-
ation between the excitable phase and preferred phase? One
plausible explanation is the sigmoidal shape of neuronal input-
output response, i.e., how input currents are translated into firing
rates (graphically as FeI curves; Fig. 5b,c). The derivative of an FeI
curve indicates how the neuron would increase its firing rate given
a small additional input, i.e., the excitability. FeI curves are typically
sigmoidal, meaning the derivative (excitability) is small at both
very low and at very high intrinsic firing rates (plateaus on the left
end and right end in b,c), but large at intermediate intrinsic firing
rates (steep increase in the middle of the curve). In other words, a
neuron is most excitable at intermediate intrinsic firing rates. Now
putting alpha oscillations back in the picture, if the firing rate at the
preferred alpha phase (magenta asterisk in Fig. 5a) is in this in-
termediate range (magenta asterisk in b) and the firing rate at the
non-preferred alpha phase (green asterisk in a) is in the low firing



Fig. 5. Anticorrelation between intrinsic phase preference and excitability may be explained by features of the FeI curve. Without external stimulation, neuronal firing rates
(FR) vary from low (green asterisk) to high (magenta asterisk) from the least preferred alpha phase to the most preferred alpha phase (a). Different firing rates reflect different levels
of current input as often depicted by the FeI curve (b, c). If the alpha-regulated FR range (gray line connecting green and magenta asterisk in b) maps to the lower part of the full FR
range (bracket), additional input at the preferred phase (magenta horizontal arrow) can induce a large FR increase (magenta vertical arrow), while input at the non-preferred phase
(green horizontal arrow) can induce only a small increase in the FR (green vertical arrow) e opposite of the present experimental results. If the alpha-regulated FR range maps to a
broad range (gray line connecting green and magenta asterisk in c), additional input at the preferred phase (magenta horizontal arrow) can lead to a small increase in FR (magenta
vertical arrow) while the same amount of input at the non-preferred phase (green horizontal arrow) can lead to a large increase in FR (green vertical arrow) e consistent with the
experimental results. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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rate range (green asterisk in b), the preferred phase would thus be
more excitable than the non-preferred phase e this is the opposite
of what we have observed. However, if the firing rate at the non-
preferred phase is in the intermediate range (green asterisk in c)
and the preferred phase is the high firing rate range (magenta
asterisk in c), the non-preferred phase is more excitable e this is
what we have observed in this experiment. Thus, which alpha
phase is the more excitable phase depends not only on the phase
itself, but also on where the alpha-regulated firing rate range (gray
vertical line connecting the asterisks in b,c) is relative to the full
firing rate range (large bracket). This explanation has two impor-
tant implications: (1) knowing the alpha phase alone, without
knowing the alpha-regulated firing rate range relative to the full
firing rate range, is insufficient to predict what phase is more
excitable, and (2) alpha oscillations may be considered as a more
sophisticated gain control mechanism rather than a general
inhibitory process.

The dependency of excitability on the firing rate range is likely
to contribute to the variability of alpha oscillation's functional roles
across cortical areas. Empirically reported excitable alpha phase
varies from study to study and across regions [14,15,58,64]. Given
that neuron firing properties vary across the cortex [65], it is
possible that the same alpha phase does not have the same level of
excitability and functional significance. Thus, the functional dif-
ferentiation into internal processing versus signal detection phases
suggested by our findings may be PPC-specific. Alpha oscillations in
PPC are associated with high-level cognitive functions such as
workingmemory [66,67] and attention [68,69] in suppressing task-
irrelevant information to prioritize internal processing. Splitting an
alpha cycle into internal processing and signal detection phases
may help fine-tune the balance between top-down and bottom-up
processing. However, primary sensory and motor cortices may
demand less internal processing time than association cortices such
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as the PPC, while prioritizing the accurate gating of sensory input
and motor output. Thus, in primary sensory and motor cortices,
separating the alpha phase into internal processing and signal
detection phase may be functionally inefficient. One could hy-
pothesize that the excitable phase and the intrinsically preferred
phase are more aligned in primary cortices. Additional experiments
targeting pyramidal cells and interneurons in the sensory and
motor cortices will elucidate the role of alpha oscillations in those
regions and provide more comparable results to human TMS
studies, where the visual [14,15] and motor cortices
[40e42,44,60,70] were the primary targets. The interaction be-
tween alpha oscillation and neuronal firing rate range across the
cortical hierarchy is worthy of further experimental examination.

Alpha phase dependencies observed in the present work differ
by cell types (Fig. 3). Putative interneurons exhibited a stronger
coupling to alpha oscillations, which is consistent with previous
findings [21]. This may reflect a general contribution of in-
terneurons to rhythm generation [71e73]. Phase-dependent
excitability was only found in pyramidal cells but not in-
terneurons, most likely due to the fact that channelrhodopsin
expression was targeted to pyramidal cells e any effect on in-
terneurons would have been indirect through the activation of
pyramidal cells. The lack of second-hand phase-dependent excit-
ability in interneurons suggests that the network interaction be-
tween the two cell types in response to stimulation is not
straightforward.

Overall, our results support the idea that the phase of alpha
oscillations modulates cortical excitability as observed in non-
invasive human studies using TMS [14e16,40]. Nevertheless, the
present study and human TMS studies differ in many aspects,
including themechanism of stimulation (optogenetics vs. TMS) and
the mechanism of measurements (intracranial electrophysiology
vs. MEP/phosphene/EEG). These distinctions lead to different
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interpretations of excitability e primarily in terms of single-neuron
excitability (the present study) vs. network excitability (TMS
studies). The present optogenetic stimulation relies on the
expression of light-activated cation channels in the membrane of
pyramidal cells in a very confined region in PPC. Light stimulation
opens the channels and permits transmembrane currents that
induce subthreshold depolarization or trigger action potentials
[74,75]. Thus, the evoked response mostly reflects single-neuron
excitability in a manner similar to synaptic transmission. In
contrast, TMS mainly induces currents along the white matter
tracts, where the spatial derivative of the induced potential is high
along the fiber [45]. As a result, excitability depends on the
morphology of white matter fibers (bent fibers reduce the
threshold of excitation). The response of stimulation may be at
several nodes away from the site of activation [76], reflected as a
multi-wave response structure in time, which was not observed in
the present experiment. Thus, compared to the present optogenetic
stimulation, TMS can induce network excitation in a more spatially
and temporally extended and non-cell-type-specific manner. In
parallel to the distinctions in stimulation mechanisms, single
neuron response is accessible to highly localized intracranial elec-
trophysiology but not to non-invasive measurements of excitability
such as MEP, phosphene, or scalp EEG, while macroscopic and
network effects domanifest at themotor, perceptual, and EEG level.
In light of these mechanistic distinctions and existing findings in
TMS studies, our findings suggest that alpha phase-dependent
excitability observed in humans is at least in part due to the
modulation effect of alpha oscillations on single neuron excitability.

Like all scientific studies, the present work has several limita-
tions. First, while we have focused on immediate neuronal re-
sponses to stimulation in our analysis and theoretical explanation,
network effects cannot be ruled out. To study the longer time scale
network effects, an improved protocol with longer inter-
stimulation intervals may be used. In the present study, few units
have a significant firing rate increase (Fig. 2), and the overall firing
rates have a small (Animal 1) to no (Animal 2) increase. This was
intended as we wanted to probe neuronal excitability while mini-
mizing network effects that would alter the macroscopic oscilla-
tion. A short post-stimulation window (10 ms) was chosen to
provide sufficient phase resolution and specificity for our analyses
of excitability within the alpha cycle (~75 ms). Light stimulation
was administered a few times per second (roughly 1 stimulation
per alpha cycle) in order to maximize the number of stimulations
without altering the macroscopic oscillation. However, a single-
pulse TMS stimulation protocol for humans typically involves sec-
onds of inter-pulse intervals (IPI) [77,78], and stronger MEP has
been observed for longer IPI [79]. Our short IPI protocol limits our
ability to examine such long-term effects on cortical excitability.
Thus, to reach conclusions more comparable to human TMS studies
and to better examine the long-time scale network effects of brief
simulation, an improved experimental protocol would be required
with longer IPI at the time scale of seconds, and increased stimu-
lation strength (higher laser power and opsin expression) to
intentionally elicit stronger network effects. Second, optogenetic
stimulation was only targeted at pyramidal cells. To fully under-
stand the cell-type specificity in phase-dependent excitability,
optogenetic stimulation of interneurons would be an important
next step. Third, the experimental paradigm did not allow us to
connect neuronal level excitability to cognition. Alpha-phase
dependent perception have been observed in, e.g., visual percep-
tion [64,80,81], auditory perception [82] (c.f [58]. for tACS
entrainment), and higher-level cognition [61,83]. Connecting target
engagement by stimulation to performance in cognitive tasks
would improve our understanding of the functional significance of
phase-dependent excitability.
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In conclusion, we found that neuronal excitability depended on
the alpha oscillation in opposition to the intrinsic phase preference
of neurons. It suggests that alpha oscillations in PPC alternate be-
tween an internal processing phase and a signal detection phase.
We further provided a conceptual model of how the functional
differentiation of alpha phases can result from the interaction be-
tween macroscopic oscillation and neuronal firing rate range.
Together, our findings provide a window to the cellular-level
mechanisms of phase-dependent excitability inaccessible in
noninvasive approaches. Future work utilizing computational
modeling and advanced optogenetic stimulation may deepen our
understanding of the cell type-specific and network mechanisms of
phase-dependent excitability.
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