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Abstract
High-density electroencephalographic (hdEEG) recordings are widely used in human studies to determine spatio-temporal 
patterns of cortical electrical activity. How these patterns of activity are modulated by subcortical arousal systems is poorly 
understood. Here, we couple selective optogenetic stimulation of a defined subcortical cell-type, basal forebrain (BF) parval-
bumin (PV) neurons, with hdEEG recordings in mice (Opto-hdEEG). Stimulation of BF PV projection neurons preferentially 
generated time-locked gamma oscillations in frontal cortices. BF PV gamma-frequency stimulation potently modulated an 
auditory sensory paradigm used to probe cortical function in neuropsychiatric disorders, the auditory steady-state response 
(ASSR). Phase-locked excitation of BF PV neurons in advance of 40 Hz auditory stimuli enhanced the power, precision 
and reliability of cortical responses, and the relationship between responses in frontal and auditory cortices. Furthermore, 
synchronization within a frontal hub and long-range cortical interactions were enhanced. Thus, phasic discharge of BF PV 
neurons changes cortical processing in a manner reminiscent of global workspace models of attention and consciousness.

Keywords  Basal forebrain · Parvalbumin · Gamma oscillations · Auditory steady-state response (ASSR) · Optogenetic 
high-density EEG

Introduction

Ever since the invention of the electroencephalogram (EEG) 
by Berger almost 100 years ago (Berger 1929), scientists 
have been interested in the changes in cortical electrical 

activity which occur under different behavioral states and 
in response to sensory stimuli. The ability to record EEG 
across the scalp using high-density EEG (hdEEG) record-
ings in humans has further expanded this capability, allow-
ing the analysis of spatio-temporal patterns of activity and 
how they are altered in particular disease states. However, 
human studies have a limited ability to reveal how subcorti-
cal arousal systems modulate these spatio-temporal patterns. 
Here, for the first time, using custom hdEEG arrays designed 
for mice (Choi et al. 2010) we reveal the spatio-temporal 
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patterns of cortical activity generated by selective optoge-
netic stimulation of a particular subcortical cell-type, basal 
forebrain (BF) cortically projecting parvalbumin (PV) 
neurons.

Our focus here is on gamma band oscillations (GBO, 
30–80 Hz or higher with a resonance peak at ~ 40 Hz). 
Cortical GBO participate in sensory perception, attention 
and working memory by coordinating activity within and 
between cortical regions involved in different aspects of the 
same task (Crone et al. 2001; Fries 2009). Substantial work 
suggests that cortical GBO play a role in binding of sensory 
information (Gray and Singer 1989), a process involved in 
conscious perception. In the auditory system, GBO induced 
by trains of 40 Hz acoustic stimuli (auditory steady-state 
response, ASSR) show reduced power and phase-locking 
in patients with schizophrenia, in both auditory and frontal 
cortices (Kwon et al. 1999; O’Donnell et al. 2013; Thune 
et al. 2016). Furthermore, similar changes are seen in sub-
jects who are at high risk of developing this disease (Hong 
et al. 2004). ASSR abnormalities correlate with positive 
symptoms (Spencer et al. 2008, 2009) suggesting they are 
functionally important markers of impaired information pro-
cessing. GBO induced by visual or auditory stimuli can be 
modulated by attention (Tiitinen et al. 1993; Skosnik et al. 
2007) via an action of frontal cortices on sensory cortices 
(Gregoriou et al. 2009; Schadow et al. 2009). Thus, enhanc-
ing this frontal control might be an important way to miti-
gate deficient GBO in schizophrenia and other disorders. 
However, currently we have a limited understanding of the 
neural systems which modulate the interaction of frontal and 
sensory cortices.

Most basic science work on GBO has focused on cortical 
mechanisms. Optogenetic and cell-type-specific molecular 
studies demonstrated the key role of cortical fast-spiking 
interneurons which contain PV (Cardin et al. 2009; Sohal 
et  al. 2009; Korotkova et  al. 2010; Carlen et  al. 2012). 
However, cortical GBO are also modulated by ascending 
subcortical systems (Munk et al. 1996; Brown et al. 2012). 
Recently, we showed that cortically projecting BF PV neu-
rons, the majority of which are GABAergic (McKenna et al. 
2013), modulate cortical GBO, likely by synchronizing the 
activity of cortical PV interneurons (Kim et al. 2015). Here, 
we use hdEEG recordings in mice coupled with selective 
optogenetic stimulation, to determine the cortical topogra-
phy of oscillations produced by stimulation of BF PV neu-
rons for the first time and to examine how activity of this 
system modulates the spatial–temporal pattern of gamma 
oscillation responses produced by the ASSR paradigm which 
is widely used in clinical studies of schizophrenia.

Materials and methods

Animals

All the experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the Korea 
Institute of Science and Technology (Permit number: 2014-
027) and were performed according to the guidelines of the 
Korean Animal and Plant Quarantine Agency (Publication 
no. 12512, partial amendment 2014), as well as United States 
National Institute of Health guidelines (NIH publication no. 
86-23, revised 1985). The experiments in this study used 
mice which selectively express the bacterial enzyme Cre 
recombinase in PV-positive neurons (B6;129P2-Pvalbtm1(cre)

Arbr/J, Stock #008069, The Jackson Laboratory, Bar Harbor, 
ME, USA). Experiments used adult male mice (> 10 weeks 
of age, body weight 25–30 g), and all efforts were made to 
minimize the pain or distress caused by the experiments. 
Animals were maintained on a 12:12 light–dark cycle (lights 
on at 8 AM) with food and water freely available. To ensure 
consistency of the results, stringent inclusion/exclusion cri-
teria were used. The data presented in this manuscript repre-
sents a detailed analysis of the responses in five mice which 
had: (1) extensive viral transduction in BF, in PV neurons; 
(2) correct localization of the optical fiber in the MCPO 
region of BF; and (3) successful implantation of low imped-
ance hdEEG arrays onto the skull. Mice were analyzed for 
brain mapping in response to optogenetic stimulation of BF 
PV neurons either alone or together with trains of auditory 
stimuli given at 40 Hz. Mice which did not show auditory 
evoked potentials were excluded from the ASSR analysis. 
Mice were also excluded if the hdEEGs showed high imped-
ance in the prefrontal cortex after implantation. Mice with 
optical fibers located outside BF or those lacking viral trans-
duction did not show an EEG GBO response.

Surgery

Animals were anesthetized with a ketamine-xylazine cock-
tail (120 and 6 mg/kg, respectively) and fixed in a stereotaxic 
apparatus (Model 900, David Kopf Instruments, Tujunga, 
CA, USA) for viral vector injection and electrode implanta-
tion. For all the experiments, we targeted the ventral, inter-
mediate portion of the BF, including the magnocellular pre-
optic nucleus where we previously found the highest density 
of PV neurons (McKenna et al. 2013). One microliter of 
adeno-associated viral vector expressing channelrhodop-
sin2 (AAV5-DIO-EF1a-hChR2[H134R]-EYFP, University 
of North Carolina Vector Core, NC, USA) was injected into 
the left BF (AP, 0.0 mm; ML, 1.6 mm; DV, 5.5 mm) at 
30 nl/min flow rate using a syringe pump (Fusion 100, Che-
myx, Stafford, TX, USA). A 33-gauge needle (C315I-SPC, 
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Plastics One, Roanoke, VA, USA) connected to a 10 µl 
Hamilton syringe (#84853, Hamilton Company, Reno, NV, 
USA) was used for the injection, and the needle was left in 
place for an additional 20 min to allow for diffusion of the 
viral vector. After slowly removing the needle, a custom-
made fiber optic cannula (200/225 µm core/clad diameter 
and NA = 0.39, average light transmission rate of 70%, 
FT200EMT, Thorlabs Inc., NJ, USA) with 1.25 mm ceramic 
ferrule (multimode, 230 µm inner diameter, Precision Fiber 
Products Inc., CA, USA) was inserted into the same site 
and then a 40-channel high-density microarray electrode 
was placed onto the skull, as previously described (Choi 
et al. 2010; Lee et al. 2011). We used 34 channels for this 
study (see Supplementary Methods). The fiber optic cannula 
and the microarray electrode were fixed with dental cement 
(Vertex Self-Curing, Vertex Dental, Zeist, Netherlands) for 
later stimulation and recording. After surgery, the mice were 
allowed to recover for 3–4 weeks before experiments began.

Opto‑hdEEG

Opto-hdEEG is a method which combines optogenetic stim-
ulation with high-density EEG for brain mapping in freely 
behaving mice. Microarray EEG probes were implanted over 
the skull of PV-Cre mice according to previously described 
protocols (Choi et al. 2010; Lee et al. 2011). High-density 
34-channel EEG was recorded simultaneously with optoge-
netic BF PV stimulation given in the presence or absence 
of auditory stimuli. Reference and ground electrodes were 
positioned on the interparietal bone.

Prior to EEG recording, mice were connected to a micro-
array connector and a patch cable and put in 500-ml glass 
beaker located in a sound-proof chamber. Mice had at least 
10 min of habituation period before stimulation. During the 
stimulation and EEG recording, mice behavior was video-
recorded. For most of the stimulation time, mice were quiet 
and awake; stimulation trials contaminated by abrupt move-
ment artifact (percentage of which was approximately 25% 
of all) were visually screened and excluded from the EEG 
analyses.

A block of optogenetic stimulation was composed of 
pulse trains delivered at six frequencies (2, 10, 20, 30, 40 
and 50 Hz) in a randomly shuffled order. Sixty blocks of 
optogenetic stimulation were administered for each mouse. 
The duration of a pulse train was 5 s, the inter-train inter-
val was 10 s, and the pulse width was 10 ms. Light inten-
sity at the tip of the patch cable was 1.2 mW (measured by 
PM100D, Thorlabs, Inc., Newton, NJ, USA).

The light was delivered to the fiber optic cannula 
implanted to the mouse through a custom-made patch 
cable connected to a 470-nm LED (M470F1, Thorlabs Inc., 
Newton, NJ, USA), which was operated by an LED driver 
(DC2100, Thorlabs Inc., Newton, NJ, USA). Control signals 

were generated with a custom-made Matlab (MathWorks, 
Natick, MA, USA) program and fed to the external trigger 
port of the LED driver through a DAQ analog output module 
(#9263, National Instruments, Austin, TX, USA). The patch 
cable was composed of an optical connector Lucent ceramic 
ferrule with 1.25 mm OD at one end, an SMA-type connec-
tor at the other end, and a 1-m-long optic fiber (200/225 µm 
core/clad diameter and NA = 0.39, FT200EMT, Thorlabs 
Inc., Newton, NJ, USA) in-between. The optical connector 
end of the patch cable was tightly coupled to the ferrule of 
the implanted fiber optic cannula by a ceramic split sleeve 
(1.25 mm ID, 6.60 mm length, Precision Fiber Products Inc., 
CA, USA), and the coupling was made 20 min before the 
experiment. EEG signals were acquired at 2 kHz sampling 
rate using Synamps2 amplifier and SCAN 4.5 data acquisi-
tion system (Neuroscan, Inc., El Paso, TX, USA) and band-
pass filtered between 0.1 Hz and 100 Hz.

Time‑dependent stimulation of auditory 
steady‑state stimuli

Auditory stimulation was given as trains of repetitive click 
sound at frequencies of 10, 20, 30, 40 and 50 Hz in a ran-
domly shuffled order. One hundred blocks of stimulation 
were given to each mouse and the recording was performed 
twice. The duration of a click sound pulse train was 1 s, 
the inter-train interval was 2 s, and the pulse width was 
1 ms. The fidelity of a 1-ms light pulse in activating PV 
neurons and producing gamma oscillations was shown by 
Cardin et al. (2010, Figs. 2b, 3b). Auditory stimuli (85 dB) 
were delivered through two pairs of personal computer 
speakers (signal to noise ratio ≥ 80 dBA, input impedance 
10 kΩ, input sensitivity 250 ± 50 mV, frequency response 
150 Hz-20 kHz, model BR-coupe, Britz International, Paju, 
South Korea). During the auditory stimulation, optogenetic 
stimulation was time-shifted in relation to the phase of audi-
tory stimulation in four different conditions: advanced, in-
phase, delayed and out-of-phase intervention conditions. In 
the advanced condition, a pulse of light was given earlier 
than the following pulse of sound by a quarter of the inter-
stimulus period. In the in-phase condition, a pulse of sound 
and a pulse of light were given at the same time. In the 
delayed condition, a pulse of light was given later than the 
preceding pulse of sound by a quarter of the stimulation 
period. In the out-of-phase condition, the pulses of light 
were given in the middle of the inter-stimulus period. The 
frequency of optogenetic stimulation was the same as the 
frequency of auditory stimulation. The pulse width of light 
was 1 ms, and light intensity at the tip of patch cable was 
1.2 mW. For the analyses presented here, steady-state audi-
tory stimulation at 40 Hz was used.
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EEG source estimation

EEG source estimations (Fig. 1d) were performed using 
CURRY software (ver 7, Neuroscan Inc., Herndon, VA). 
To reconstruct the equivalent dipole sources of the meas-
ured EEG, we built a volume conduction model with 
boundary element method using images downloaded from 
the open database of the Magnetic Resonance Microim-
aging Neurological Atlas Group (http://brain​atlas​.mbi.
ufl.edu/Datab​ase). Averaged magnetic resonance images 

based on the C57BL/6J mouse atlas database were used for 
the model. Details of the volume conduction model were 
described in the work of Lee et al. (2013b) and a Matlab-
based toolbox is available in FieldTrip (http://www.field​
tript​oolbo​x.org/tutor​ial/mouse​_eeg). For the response 
to single-pulse stimulation, EEG traces between 15 and 
30 ms after light onset were averaged over all trials and 
used for dipole fitting. For repetitive optogenetic stimula-
tion, EEG traces during the stimulation period were aver-
aged over the trials at a particular stimulation frequency. 

Fig. 1   Cortical brain mapping of single-pulse stimulation of BF 
PV neurons performed by the opto-hdEEG technique. a Schematic 
diagram of the experiment. Viral vectors carrying ChR2-EYFP 
were injected into the left BF of PV-Cre mice to induce selective 
ChR2-EYFP expression in BF PV neurons. Optical stimulation of 
BF PV neurons and simultaneous high-density EEG (hdEEG) 
recordings using microarray electrodes followed 3–4 weeks later. b 
Confirmation of viral transduction in BF PV neurons using immu-
nohistochemistry. Tip position of the optic fiber is marked with 
a  white arrowhead in the left panel and scale bar is 250  µm. PV 
immunohistochemistry (red fluorescence, top right) shows that 
ChR2-EYFP (green, middle right) was expressed in BF PV neurons 
(merged image, bottom right). Scale bar is for 20  µm. BF basal 
forebrain, OT olfactory tubercle. c Electrode montage for mouse 
hdEEG. The colormap of cortical areas was constructed based on 
the Mouse Brain in Stereotaxic Coordinates (Franklin and Paxinos 
2008). PFC prefrontal cortex, MC motor cortex, SC somatosensory 
cortex, VC visual cortex, AC auditory cortex, RSC retrosplenial 
cortex, GND ground, REF reference. See also Table  S1 for elec-

trodes’ coordinates. d Region-specific cortical activation by single-
pulse stimulation of BF PV neurons. Equivalent dipoles generating 
surface potentials were identified by current source density (CSD) 
maps, estimated using averaged evoked potentials of 6369 trials, 
10–30  ms after the stimulus onset. e Representative stimulus-
locked potentials in PFC and BF (average from one mouse). Bipha-
sic responses were observed in PFC, comprised of positive (P1) 
and negative (N1) deflections in succession. Peaks corresponding 
to P1 (0–15 ms) and N1 (15–30 ms) were fit to a Rayleigh function, 
V(s) = Vmse

1−s2

2

(

s =
t

�

)

 , to determine significant responses. f Top-

ographic maps of the response amplitude (Vm) estimated from the 
Rayleigh model. Channels with significant activation (p < 0.05, 
Wilcoxon rank-sum test comparing Vm to basal amplitude fluctua-
tions, see Supplementary Method for details) were marked with 
filled black circles and channels with marginal activation 
(0.05 < p < 0.10, Wilcoxon rank-sum test) were marked with empty 
circles. The response amplitude Vm for N1 peak was sign-reversed 
compared to P1. Non-significant regions are shaded with gray

http://brainatlas.mbi.ufl.edu/Database
http://brainatlas.mbi.ufl.edu/Database
http://www.fieldtriptoolbox.org/tutorial/mouse_eeg
http://www.fieldtriptoolbox.org/tutorial/mouse_eeg
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The source was estimated with eLORETA algorithm and 
time-averaged source strength was superimposed with the 
MRI.

Analysis of single‑pulse stimulation data

All signals were analyzed with a custom-built Matlab pro-
gram. For the verification of stimulus-locked responses, we 
fitted cortical EEGs to a Rayleigh distr ibution 

V(s) = V
m
se

1−s2

2

(

s =
t

�

)

 (Supplementary Method), where Vm 
and τ are the intensity and latency of the response, respec-
tively, and t is the time. Fitting was applied to the early 
period (0–15 ms after stimulus onset) in which BF LFP was 
optogenetically evoked, and intermediate period (15–30 ms 
after stimulus onset) in which a prominent unimodal peak 
was observed in cortical EEGs (see Fig. 1e). EEGs were first 
de-trended and subtracted by the initial values to meet the 
boundary condition of the Rayleigh distribution. 

Fig. 2   Rhythmic stimulation of BF PV neurons at ~ 40 Hz preferen-
tially enhances frontal cortex gamma band oscillations (GBO). a, b 
Representative EEG traces during optogenetic stimulation of BF PV 
neurons at 10 Hz and 40 Hz stimulation, respectively. PFC prefron-
tal, MC motor, SC somatosensory, VC visual, AC auditory, BF basal 
forebrain. To allow high time resolution, only the beginning (left) and 
end (right) of the 5-s stimulus train are shown. c Ratio of power dur-
ing stimulation to baseline power at the stimulation frequency. PFC 
shows a resonance peak of power at 40 Hz whereas the other corti-
cal areas did not show any frequency-specific response. In PFC and 
MC, stimulation at different frequencies resulted in significantly dif-
ferent evoked power (Friedman’s ANOVA, p < 0.05) while the other 
regions did not. A post hoc analysis showed that 40 Hz stimulation 
resulted in significantly different response (*p < 0.05, multiple com-
parison with Tukey–Kramer method) compared to low-frequency (2 
and 10 Hz) stimulations in PFC. Error bars indicate SEM. See also 
Figure S1 for inter-trial coherence and phase-locking value. d Corti-

cal topography of evoked power (fold ratio to pre-stimulus baseline) 
for various stimulation frequencies (2, 10, 20, 30, 40 and 50 Hz; stim-
ulation pulse duration, 10  ms). PFC showed the largest increase of 
power in response to 40 Hz stimulation. Except for 2 Hz stimulation, 
all channels (marked with black dots) showed significantly increased 
power compared to pre-stimulus baseline (Wilcoxson signed rank 
test, p < 0.05) in response to optogenetic stimulation. e Evoked power 
in response to 40 Hz and 50 Hz stimulation. Evoked power was sig-
nificantly large in PFC compared to posterior part of the brain regions 
such as SC and AC (*p < 0.05, Friedman ANOVA and multiple 
comparison with Tukey–Kramer method). f, g Distributions of cur-
rent source density (CSD) estimated by a minimum-norm current 
estimate algorithm. Note the strong focal activity at 40 Hz compared 
to broadly distributed activity at 10 Hz. The magnitude of the dipole 
strength was stronger for 40 Hz stimulation compared to 10 Hz by an 
order of magnitude (note different CSD scales in f and g)
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Goodness-of-fit was evaluated by χ2 test and the trials with 
p < 0.05 were determined to be well fitted. Distribution of 
the response intensities obtained from individual trials was 
tested with Wilcoxon rank-sum test, to determine whether 
the well-fitted response was significantly different from the 
baseline fluctuation (Fig. 1f).

Power, phase‑locking value (PLV) and probability 
of significantly evoked activity (PSEA)

Fold change of power upon auditory stimulation (Fig. 2c–e) 
was calculated for each stimulation trial as P =

P
Stim

P
Base

 , where 
P
Stim

 and P
Base

 are the power of f
Stim

 ± 2 Hz band during 
the stimulation period and pre-stimulation baseline period, 
respectively. Power was calculated by fast Fourier transfor-
mation, and the initial 0.2-s period after sound onset was 
excluded from the calculation to remove the effect of event-
related potentials on ongoing oscillation power. In the case 
of sole optogenetic stimulation, no onset-evoked potential 
was observed (Fig. S3a). PLV (Figs. S1b and S2c) was cal-
culated as PLV =

1

N

�

�

�

∑

e
−iΔ�x(tk) �

�

�

 , where Δ�x

(

tk
)

 is the 
phase difference between EEG signal x and stimulation pulse 
at time tk , and N is the number of samples in the analysis 
period. Instantaneous phases of EEG were obtained by Hil-
bert transform of the band-pass ( f

Stim
 ± 2 Hz)-filtered EEG 

signals. A probability of observing significantly evoked 
activity (PSEA) was obtained by counting the number of 
trials with significantly evoked activity among all the trials. 
Deviant detection algorithm determines whether each trial 
has significantly evoked activity by comparing PLV to stim-
ulation with confidence intervals of PLVs from surrogate 
data.

Topographic mapping

Topographic mapping is a procedure of 2-D interpolation 
of sparse data (34 channels of high-density EEG) onto the 
mouse brain surface (Figs. 1f, 2d, 3b). The mouse brain sur-
face was rendered by spm_surf() function in SPM8 using 
the mouse magnetic resonance microscopy atlas (download-
able at http://www.loni.ucla.edu/). The colored surface was 
estimated with 2-D cubic spline interpolation based on the 
coordinates of the microarray.

Sound‑evoked response latency

The sound-evoked response was defined as a trough point 
of 35–45 Hz band-pass-filtered EEG which followed the 
sound stimulation pulse. For each trial, the latency of the 
response was calculated with respect to the rising edge of 
the square-wave sound stimuli. The initial 0.2-s period was 
excluded from constructing response latency distribution. 

Fig. 3   Rhythmic 40 Hz stimulation of BF PV neurons in advance or 
in phase with 40  Hz auditory stimuli enhances gamma band 
responses in frontal–prefrontal and auditory cortices. a Experimental 
paradigm to test whether optogenetic stimulation of BF PV neurons 
affects the response to auditory stimulation (AS). Optical stimulation 
(OS) was administered at four different phases with respect to AS. 
Advanced: OS given 6.25 ms before AS, in-phase: OS given simulta-
neous with AS, delayed: OS given 6.25  ms after AS, and out-of-
phase: OS given at the middle of two consecutive AS stimuli. 
The  time interval between two consecutive AS is 25 ms (the period 
for 40  Hz). The order of OS conditions was randomly shuffled. AS 
and OS lasted 1 ms. b Cortical topography of evoked power (power 
ratio to pre-stimulus baseline) during ASSR and optogenetic BF stim-
ulation delivered under conditions of different relative timing. The 
power ratio was presented in dB unit for contrast ( P = 10log10

PStim

PBase

 ). 
In each condition, the channels with significantly (Wilcoxson signed 
rank test, p < 0.05) increased power compared to AS alone were 
marked with black dots. Depending on the timing of BF PV activa-
tion, the auditory steady-state response (ASSR) dramatically 
increased (during advanced and in-phase interventions). See also Fig-
ure S2 for averaged EEG traces, power and phase-locking value with 
different interventions. c Response latency distributions, relative to 
each sound click, in prefrontal cortex (upper, PFC) and auditory 
(lower, AC) cortex show sharp synchronization in in-phase and 
advanced BF stimulations. The control distribution of AS alone is 
overlaid with gray color onto the distribution obtained for each timing 
condition. Triangles and numbers above each trace indicate the 
latency with maximal probability, in ms. Advanced and delayed phase 
responses compared to AS were marked as white and black triangles, 
respectively. Note that advanced and in-phase BF PV stimulation 
lead to sharpened distributions of response latencies in PFC preced-
ing (5.2  ms) or following (7.8  ms) AS, and in AC where response 
latencies followed AS (6.5–6.6 ms)

http://www.loni.ucla.edu/
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From the pool of response latency, probability mass function 
was estimated by kernel smoothing density estimate using 
the normal distribution (Fig. 3c).

Directed phase lag index (dPLI), phase 
synchronization index (PSI), and connectogram

dPLI (Fig. 4d) was calculated as dPLI = 1

N

∑

H
�

Δ�xy

�

tk
��

 , 
where H(⋯) is a Heaviside step function, ��xy

(

tk
)

 is the 
phase difference between two signals x and y at time tk , and 
N  is the number of samples in the analysis period. PSI 
(Fig.  5a–c) between signals was calculated as 
PSI =

1

N

�

�

�

∑

e
−iΔ�xy(tk) �

�

�

 . Instantaneous phases were obtained 
by Hilbert transform of the band-pass ( f

Stim
± 2 Hz)-filtered 

EEG signals. The circular connectogram (Fig. 5c) depicts 
the channel pairs with robust connection during stimulation. 
For each trial, the significance of PSI increase during the 
stimulation was first determined by deviant detection 

algorithm. Robustness of the connection was determined by 
the proportion of trials which showed a significant increase 
of PSI during the stimulation, and the channel pairs with the 
proportion higher than 50% were connected with yellow 
lines.

Statistical analysis

The intra-animal variance in our data was more significant 
than inter-animal variance. Hence, after checking the sta-
tistical independence on the individual animals, we used 
all trials from all animals as the ensemble data set for 
analysis. Statistical significance of fold power change in 
response to stimulation at different frequencies was tested 
with repeated measures ANOVA (Friedman’s test) and 
post hoc comparisons were performed by Tukey–Kramer 
method (Fig. 2c, e). PLV during stimulation was compared 
to surrogate dataset constructed by phase randomization 
with rank-sum test (Fig. S1b). Evoked power of ASSR for 

Fig. 4   Stimulation of BF PV neurons in advance to auditory stimuli 
increases the probability of auditory steady-state responses (ASSR) in 
prefrontal cortex (PFC) and auditory cortex (AC) and enhances top-
down control of AC by PFC. a Raster plots showing the presence of 
significant ASSR in auditory (AC, green bars) and frontal-prefrontal 
(PFC, red bars) cortex during auditory steady-state stimulation (black 
bars). Significance of the ASSR for individual trials was determined 
by deviant detection algorithm when the auditory stimulation (AS) 
was given without intervention (upper row, AS), when the BF PV 
stimulation was given in advance of AS by 6.25  ms (middle row, 
advanced), and when the BF PV stimulation was given in an  anti-
phasic manner to AS (lower row, out-of-phase). These raster plots 
show the non-stationary nature of ASSR; not every sound evoked 
significant ASSR. b Stimulation timing strongly affects the likelihood 
of conjoint responses in PFC and AC. Individual trials were analyzed 
to determine if they elicited a significant response. Responses in 
individual trials were considered significant if the power at gamma 
band frequencies exceeded a 95% confidence interval of the baseline 
gamma power. See also Fig. S4 for all the intervention conditions. 1st 
row: the pie charts illustrate the probability of a significant response 
in both PFC and AC, P(AC, PFC), in PFC alone, P(~ AC, PFC), in 
AC alone, P(AC, ~ PFC) or in neither region, P(~ AC, ~ PFC). 2nd 
row: conditional probability of a significant ASSR response in PFC 
given a significant ASSR in AC, P(PFC│AC). 3rd row: conditional 
probability of ASSR in AC given ASSR in PFC, P(AC│PFC). The 
advanced stimulation increased the consistency of ASSR by increas-
ing conjoint activity of ASSR in both AC and PFC whereas out-of-
phase stimulation caused the reverse effect. c Significant ASSR in 
PFC increases ASSR power in the auditory cortex. The diagrams 
show ASSR power ratio in auditory cortex in the presence (PFC) 
and absence (~ PFC) of significant PFC response. The difference was 
significant for advanced and out-of-phase conditions (*p < 0.05, Wil-
coxon rank-sum test). d In the advanced stimulation condition phase 
relationship analysis indicates enhanced PFC driving of the response 
in AC. The phase relationship between ASSR in PFC and AC were 
investigated by calculating directed phase lagging index, ranging 
from 0 (AC drives PFC) to 1 (PFC drives AC). *Significant differ-
ence. Wilcoxon signed rank test was performed for comparison of 
pre-stimulus versus stimulus periods. Friedman’s ANOVA and post 
hoc comparison with Tukey–Kramer method was applied for the 
group comparisons between stimulation conditions

▸
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each optogenetic intervention condition was compared to 
naïve ASSR power by signed rank test (Fig. 3b). The dif-
ference in ASSR response latency distribution was tested 
with two-sample Kolmogorov–Smirnov test (Fig.  3c). 
Evoked power of ASSR and PLV under optogenetic inter-
vention conditions were tested with repeated measures 
ANOVA (Friedman’s test) and post hoc comparisons were 
performed by Tukey–Kramer method (Fig. S3b, c). ASSR 
power in auditory cortex with or without frontal ASSR 
power was tested with rank-sum test (Fig. 4c). dPLI dur-
ing ASSR with optogenetic intervention were tested with 
repeated measures ANOVA (Friedman’s test) and post hoc 
comparisons were performed by Tukey–Kramer method 
(Fig. 4d). For all tests, we used p = 0.05 as the significance 
threshold.

Results

Cortical responses to single‑pulse optical 
stimulation of BF PV neurons

To determine the effect of stimulation of BF PV neurons 
on the spatio-temporal patterns of cortical electrical activ-
ity, we combined unilateral BF PV-specific optogenetic 
stimulation with hdEEG recordings in the mouse (opto-
hdEEG, Fig. 1a). We targeted the magnocellular preoptic 
(MCPO) area for optical stimulation since this subregion 
of the BF contains a high density of PV neurons (McKenna 
et al. 2013). Immunohistochemical staining confirmed cor-
rect targeting and selective transduction of BF PV neurons 
(Fig. 1b), as in our previous study (Kim et al. 2015). Our 
custom-designed mouse hdEEG arrays were used to record 
the topography of the cortical responses (Fig. 1c).

We first characterized the cortical responses to single-
pulse stimulation of BF PV neurons (optical pulse dura-
tion = 10 ms, 6360 trials). Single-pulse stimulation of 
BF PV neurons generated significant activity in many 
cortical regions when compared to baseline fluctuation 
(Fig. 1d). The cortical regions affected by BF PV neurons 
were determined by comparing the fit of the early (P1, 
0–15 ms) and intermediate (N1, 15–30 ms) parts of the 
evoked cortical potentials (Fig. 1e) to a Rayleigh function 
(χ2 goodness-of-fit, p < 0.05, Supplementary Methods). 
Briefly, the trials with LFPs which fit a Rayleigh func-
tion were sorted out and classified as a significantly acti-
vated trial if the peaks exceed the confidence interval of 
baseline fluctuations. The prefrontal, motor, and auditory 
cortices presented a significant P1 peak and the prefrontal 
cortices demonstrated a significant N1 peak compared to 
baseline fluctuations (Wilcoxon rank-sum test, p < 0.05). 
The ratios of significantly activated trials to total trials 
were 5.9 ± 0.7% and 6.0 ± 1.2% for P1 and N1 peaks, 

Fig. 5   BF PV stimulation in advance to auditory stimuli reorgan-
izes the cortical network in favor of stronger long-range interactions 
between prefrontal cortex (PFC) and auditory cortex (AC). a Phase 
synchrony between PFC and AC for individual trials in different 
stimulation conditions. Trials were sorted in descending order of the 
average phase synchrony during the auditory stimulation (from time 
0–1 s). b Changes in cortical ASSR networks during BF PV stimula-
tion according to phase synchrony between different channels under 
the different stimulation conditions. Node size indicates the strength 
of phase synchrony averaged over all the pairs connecting with all 
other leads. Lines represent the connections which showed signifi-
cantly enhanced phase synchrony (threshold: 80 percentile value of 
AS phase synchrony ratio). Advanced stimulation increased phase 
synchrony throughout the network with the maximal enhancement 
in PFC, whereas out-of-phase stimulation largely diminishing phase 
synchrony throughout the network. c Connectograms illustrating the 
robustness of the ASSR network. The  robust connection between 
two channels (yellow lines) was defined established when the phase 
synchrony between the channels was found significantly increased in 
more than 50% of the individual trials during stimulation. The signifi-
cance of phase synchrony was determined by deviant detection algo-
rithm
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respectively. The average P1 peak amplitudes were 5.4, 
4.9, 4.7, 0.5, and 1.3 µV for prefrontal, motor, somatosen-
sory, visual and auditory cortices, respectively. The aver-
age N1 peak amplitudes were − 5.1, − 3.2, 1.9, 3.6, and 
1.5 µV for prefrontal, motor, somatosensory, visual and 
auditory cortices, respectively. The latency was similar 
across the regions with mean latency of 6.3 ± 0.004 ms and 
21.3 ± 0.002 ms for P1 and N1 peaks, respectively. The 
topography of P1 and N1 responses are depicted in Fig. 1f.

Rhythmic activation of BF PV neurons at 40 Hz 
preferentially enhanced prefrontal cortex gamma 
oscillations

Although the response to single-pulse stimulation con-
firmed significant effects of BF PV neuron stimulation 
on cortical activity, BF PV neurons normally discharge 
at high frequencies during active brain states (Xu et al. 
2015; Duque et al. 2000). Thus, to investigate the fre-
quency dependence of the effect of BF PV neurons on 
the topography of cortical rhythms, we selectively and 
repetitively stimulated BF PV neurons at various stimula-
tion frequencies (fStim=2, 10, 20, 30, 40, and 50 Hz; pulse 
duration = 10 ms; stimulation duration = 5 s; inter-stimulus 
interval = 10 s) in a randomly shuffled order, and recorded 
the hdEEG response. In each mouse, this optical stimula-
tion was repeated 60 times per fStim. Figure 2a, b shows the 
EEG responses in five different cortical areas and the LFP 
in the BF averaged over trials for a representative mouse. 
In the BF LFP, a negative peak time-locked to the optical 
pulse was visible in time traces for both 10 and 40 Hz, 
indicating synchronous activation of BF PV neurons. BF 
PV neurons are connected by gap junctions (McKenna 
et al. 2013), so this simultaneous optogenetic stimulation 
likely mimics their naturally synchronous discharge, con-
sistent with observations of gamma band fluctuations in 
local field potential recordings in BF during spontaneous 
wakefulness (Nair et al. 2016).

In the cortex, stimulus-locked responses were not promi-
nent in the raw traces for stimulation at 2, 10 or 20 Hz, but 
stimulus-locked oscillations were pronounced for 40 Hz and 
50 Hz stimulation (Fig. 2a, b), particularly over frontal cor-
tex. Next, we examined the effects of individual animals and 
stimulation frequency in each region using multiple compar-
ison tests. We found there were no significant difference in 
the responses between individual mice (p > 0.05, Friedman 
ANOVA) but there was a significant effect from stimulation 
frequency in prefrontal and motor cortex (p = 0.0004, dF = 5, 
χ2 = 28.1 for prefrontal and p = 0.003, dF = 5, χ2 = 17.9 for 
motor cortex, Friedman ANOVA, Table S2).

We plotted the evoked power ratio in different cortical 
regions with respect to the stimulation frequency (Fig. 2c). 

PFC showed a resonant frequency of 40 Hz, in good agree-
ment with previous findings (Kim et al. 2015). For other 
cortical regions (e.g., SC, VC, and AC), increased power was 
observed at the stimulation frequency but with no apparent 
resonance peak (p < 0.05, Friedman’s ANOVA and post hoc 
comparisons with Tukey–Kramer method).

The cortical topographies of the change of power induced 
at various stimulation frequencies are shown in Fig. 2d 
(hdEEG signals were filtered at cutoff frequencies = fStim± 
2 Hz, normalized by pre-stimulus power and ensemble-
averaged). Compared to the baseline, the power increased 
in most of the regions as marked by black dots (Wilcoxson 
signed rank test, p < 0.05). As stimulation frequency varies, 
the topographical responses changed in a way that a promi-
nent response occurs in the prefrontal cortex at gamma band 
(Fig. 2e).

We further visualized the influence of stimulation by esti-
mating the equivalent dipole source for the grand-averages 
of evoked power. We used the minimum-norm estimate 
algorithm and boundary element model (Lee et al. 2013a). 
Figure 2f, g shows that the reconstructed source distributions 
are compatible with the topographies in Fig. 2d. Stimulation 
at 40 Hz shows a more focal activation of the PFC (anterior 
cingulate, secondary motor and orbitofrontal regions) com-
pared to the dispersed distribution reconstructed for 10 Hz. 
The magnitude of the dipole strength was stronger for 40 Hz 
stimulation compared to 10 Hz by an order of magnitude.

To investigate the reliability of the evoked power with 
respect to the stimulation, we examined the time courses 
of the inter-trial coherence (ITC) to measure consistency 
in timing response to BF PV stimulation (Fig. S1a). The 
ITC plots showed that 40 Hz stimulation of BF PV neurons 
generated a consistent response in PFC in terms of phase 
dynamics. We found a significant main effect in the whole-
time block particularly at 40 Hz stimulation and the evoked 
response was the largest for PFC. The increased phase-lock-
ing value and reliability of evoked oscillations are presented 
in Fig. S1b, c, respectively, and time traces of evoked EEG 
for each brain region with different stimulation frequency 
are presented in Fig. S2.

Rhythmic phase‑locked stimulation of BF PV 
neurons tunes auditory steady‑state responses 
(ASSR)

Since BF PV stimulation most strongly affected GBO in 
frontal cortex and previous studies have shown an influ-
ence of frontal cortex on GBO in primary sensory cortices 
(Gregoriou et al. 2009), we next asked whether stimulation 
of BF PV neurons would enhance cortical GBO induced 
by 1-s trains of 40 Hz auditory stimuli (auditory steady-
state response, ASSR; 85 dB; pulse duration = 1  ms, 
stimulation duration = 1 s; inter-stimulus interval = 2 s; 
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200 repetitions), and if so, determine the optimal phase 
relationship between optical stimulation of BF PV neu-
rons and delivery of auditory stimuli. BF PV neurons were 
stimulated during ongoing auditory steady-state stimula-
tion with a low light power to prevent any overwhelm-
ing responses to optical stimulation (1.2 mW; pulse dura-
tion = 1 ms) at various phase differences between the onset 
of sound and optical stimulation. The experiment was per-
formed in a beaker to maintain the constant level of sound 
pressure, and during the experiment, the mice stayed 
awake for most of the time maybe due to the loud sound. 
Variant behavioral states were observed including groom-
ing, sniffing, actively moving, etc. As depicted in Fig. 3a, 
we tested four distinct phase differences between sound 
and optical stimulation which we refer to as advanced 
(optical stimulation of BF PV neurons 6.25 ms before 
tone, i.e. one quarter of the cycle), in-phase (0 ms differ-
ence), delayed (6.25 ms after the tone), and out-of-phase 
(12.5 ms before/after tone, i.e., half a cycle) interventions. 
The influences of rhythmic stimulation of BF PV neurons 
were compared to auditory stimulation (AS) alone.

The cortical topographies of ASSR power were plot-
ted under the different conditions of BF PV stimulation 
(Fig. 3b). Strikingly different results were apparent for 
advanced and in-phase stimulation versus out-of-phase 
and delayed stimulation. Advanced and in-phase stimu-
lations magnified the ASSR response in frontal cortex 
compared to auditory stimulation (AS) alone (Wilcoxon 
signed rank test, p < 0.05). On the other hand, delayed and 
out-of-phase stimulations did not significantly alter ASSR 
power. The time traces of ASSR in different conditions are 
presented in Fig. S3a and the power and phase-locking 
values are presented in Fig. S3b–c.

To determine how stimulation of BF PV neurons 
affected the temporal distribution of responses to the 
ASSR, we detected the peaks of individual evoked poten-
tials with respect to individual sound pulses from all trials 
and all mice and then the peak latencies were collected to 
plot the latency distribution (Fig. 3c). The maximum prob-
ability, the most probable latency, and the response range 
were calculated and summarized in Table 1. The frontal 
cortex was activated more promptly in the advanced stim-
ulation condition compared to other conditions, whereas 
the peak response in auditory cortex was delayed.

Advanced stimulation of BF PV neurons increases 
the influence of frontal cortex on auditory cortex

Previous studies have shown that activation of prefrontal 
cortex can influence the generation of GBO in sensory cor-
tices (Gregoriou et al. 2009; Schadow et al. 2009). To exam-
ine whether stimulation of BF PV neurons would affect the 
likelihood of conjoint GBO responses in prefrontal cortex 
and auditory cortex, we analyzed responses in individual 
trials under the different conditions. As depicted in the 
representative time trace of ASSR occurrence in Fig. 4a, 
ASSR occurred irregularly. The probability of events was 
calculated from each mouse and ensemble-averaged. We 
found that in unperturbed condition, the co-occurrence rate 
of ASSR in PFC and AC was 23% whereas the no-response 
rate was 52% (left panels in Fig. 4b). The probability of 
events changed dramatically by BF PV intervention: during 
advanced stimulation, the co-occurrence rate increased to 
55% from 23% and the no-response rate dropped to 19% 
(middle panels in Fig. 4b). Oppositely, during out-of-phase 
stimulation, the no-response rate increased to 65% and 
the co-occurrence rate dropped to 11%. The high input/

Table 1   Summary of the 
distribution parameters of 
response latency

Pmax is the maximum probability and τmax is the latency at Pmax. Full width at half maximum (FWHM) is 
the difference of two cutoff values of latency at which the probability is half of Pmax. The dynamic range 
for most likely observed latency values, [τ1,τ2], are the two extreme values for FWHM. FWHM measures 
the sharpness of the distribution and is often used to assess the temporal precision of the system. In naïve 
AS, FWHM in AC was shorter than in PFC, meaning that AC react to the sound stimuli in a more tem-
porally precise way compared to PFC. This pattern was switched, however, under the advanced stimula-
tion: FWHM in PFC was shorter than in AC, indicating that advanced stimulation made PFC more agile to 
sound pulse. On the other hand, under the out-of-phase stimulation, the dynamic range for the response in 
PFC became wider, meaning the responses at PFC became unpredictable

Parameters AS Advanced In-phase Delayed Out-of-phase Continuous

PFC Pmax 0.09 0.11 0.12 0.08 0.06 0.09
τmax (ms) 6.3 5.2 7.8 10.2 5.5 6.4
FWHM (ms) 9.1 7.2 7.0 10.8 11.5 8.5
[τ1, τ2] (ms) [2.1, 11.2] [1.8, 9.0] [4.2, 11.2] [4.3, 15.1] [0.7, 12.2] [2.4, 10.9]

AC Pmax 0.09 0.09 0.08 0.07 0.09 0.09
τmax (ms) 5.8 6.9 6.5 5.8 6.0 6.0
FWHM (ms) 8.6 9.5 9.2 11.3 8.5 7.8
[τ1, τ2] (ms) [2.2, 10.9] [2.9, 12.4] [3.0, 12.2] [0.7, 12.0] [1.7, 10.2] [2.4, 10.3]
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output feature shown in advanced stimulation was similar 
in in-phase stimulation and the inactivity shown in out-of-
phase stimulation was similar in delayed stimulation with a 
smaller magnitude of the effect (Fig. S3 and Table 2). Fur-
thermore, the power of the ASSR in auditory cortex was 
enhanced when there was a significant response in frontal 
cortex (Fig. 4c). Phase relationship analysis showed that the 
information flow from PFC to AC increased in a significant 
way during advanced stimulation (Fig. 4d). Together, these 
results suggest that advanced BF PV stimulation enhances 
the influence of frontal cortex on auditory cortex GBO.

BF PV reorganizes the cortical network of auditory 
steady‑state responses: advanced or in‑phase 
stimulation promotes formation of a global 
workspace

Stimulation of BF PV neurons in advance of auditory stimuli 
boosted the cortical responses, reminiscent of the effect of 
increased arousal (Linden et al. 1985; Plourde 1996) and 
attention on the ASSR (Tiitinen et  al. 1993). Although 
speculative, our findings suggest that BF PV neurons might 
facilitate global integration of sensory information and 
facilitate the formation of a global workspace for conscious 
perception involving increased interactions within cortical 
hubs and increased long-range synchronization of neuronal 
activity at gamma band frequencies (Dehaene and Changeux 
2011; Kitzbichler et al. 2011). Thus, next we investigated 
how stimulation of BF PV neurons changes the cortical net-
work configuration.

Examination of the functional connectivity of cortical 
ASSR networks according to the consistency of phase syn-
chrony between different nodes of the network under the 
different stimulation conditions confirmed our predictions of 
increased long-range synchronization and increased interac-
tion between cortical hubs. Advanced stimulation increased 

long-range phase synchrony between PFC and auditory cor-
tices, compared to AS or out-of-phase stimulation (Fig. 5a). 
Advanced stimulation affected the whole cortical network 
of GBO so that the changes in network topology were 
associated with the emergence of long-distance synchrony 
(Fig. 5b). At each node, the average of phase synchrony with 
other nodes was indicated by node size. Advanced stimula-
tion increased the diameter of nodes whereas out-of-phase 
stimulation reduced it. Investigation of the percentage of tri-
als which significantly increased phase synchrony compared 
to baseline values (Fig. 5c), revealed that advanced stimu-
lation increased the robustness of communication between 
frontal and sensory cortices, whereas out-of-phase stimula-
tion essentially disconnected the cortical ASSR network.

Discussion

How subcortical arousal systems modulate the spatio-tem-
poral dynamics of cortical electrical activity is an important 
unresolved question with translational implications. Thus, 
here for the first time, we combined selective optogenetic 
stimulation of a defined subcortical neuronal cell-type, BF 
PV neurons, with high-density EEG recordings in mice 
(opto-hdEEG) and examined the effect on an auditory stimu-
lation paradigm used to detect cortical processing abnormal-
ities in neuropsychiatric disorders. We found that rhythmic 
stimulation of BF PV neurons at frequencies within their 
normal physiological firing range (Kim et al. 2015; Xu et al. 
2015), exerted a potentiation of GBO in auditory cortex and 
reorganized the cortical topography of responses in a manner 
consistent with increased attention or awareness.

A handful of previous studies have examined the effect 
of stimulation of particular subcortical arousal systems on 
whole-brain activity, by combining optogenetic stimulation 
with positron emission tomography (opto-PET) (Thanos 

Table 2   Co-occurrence and 
conditional occurrence rate of 
ASSR in PFC and AC

The highest probability to have the most ASSR was observed when BF PV was activated in advance to 
the sound: 74% of sound evoked ASSR in PFC and only 19% of sound did not evoke ASSR. On the hand, 
when the BF PV was activated alternatively to the sound rhythm (i.e., out-of-phase), PFC was almost inert 
to the sound input. Most importantly, P(PFC) ranged between 0.16 and 0.74 depending on the intervention 
condition, indicating that PFC is strongly modulated by BF PV intervention. Bold font is used to indicate 
the highest and lowest probabilities under the different conditions

AS Advanced In-phase Delayed Out-of-phase Continuous

P(PFC) 0.36 0.74 0.52 0.27 0.16 0.34
P(AC) 0.35 0.64 0.46 0.35 0.30 0.37
P(AC, PFC) 0.23 0.55 0.36 0.18 0.11 0.25
P(AC, ~ PFC) 0.12 0.08 0.10 0.17 0.19 0.12
P(~ AC, PFC) 0.13 0.19 0.16 0.09 0.05 0.09
P(~ AC, ~ PFC) 0.52 0.19 0.38 0.56 0.65 0.54
P(PFC|AC) 0.52 0.89 0.70 0.45 0.31 0.66
P(AC|PFC) 0.46 0.67 0.54 0.56 0.60 0.57



1516	 Brain Structure and Function (2019) 224:1505–1518

1 3

et  al. 2013) or functional magnetic resonance imaging 
(opto-fMRI) (Lee et al. 2017). Our hdEEG arrays have the 
additional advantage of millisecond temporal resolution 
and allow comparison with human hdEEG studies. Thus, 
opto-hdEEG is an important technique for understanding the 
effect of subcortical arousal systems on the spatio-temporal 
patterns of cortical electric activity.

We focused our study on the BF, an important component 
of the ascending reticular activating system involved in corti-
cal activation, attention and reward processing (Yang et al. 
2017). Previous electrical stimulation, lesion and pharma-
cological stimulation studies have shown that BF promotes 
cortical GBO (Brown et al. 2012). Furthermore, coherence 
and Granger causality analysis of local field potential record-
ings from BF and visual cortex suggested that BF drives 
gamma oscillations in visual cortex (Nair et al. 2016). A 
previous optogenetic study from our group indicated that 
cortically projecting GABAergic neurons containing PV 
appear to have a special role in modulating cortical GBO, 
in part through their targeting of cortical PV interneurons 
(Kim et al. 2015). However, it was unclear how BF PV 
neurons affect the spatio-temporal dynamics of cortical 
electrical activity. Our results using opto-hdEEG show that 
stimulation of BF PV neurons at gamma band frequencies, 
mimicking their discharge during wakefulness and REM 
sleep (Kim et al. 2015; Xu et al. 2015) elicited the most 
pronounced, reliable and consistent responses, with a focus 
in the frontal cortex whereas single-pulse or low-frequency 
stimulation had widespread effects on cortical activity which 
included many frequency bands. This strongly indicates that 
dynamic modulation of cortical activity cannot be simply 
predicted from the cortical projection patterns of arousal 
systems, and necessitate studies using opto-hdEEG or simi-
lar methodology.

In addition to the topography of basal forebrain projec-
tions to the cortex (Zaborszky et al. 2013), the dynamic pat-
tern of cortical responses depends on the resonant proper-
ties of individual cortical regions as well as cortico–cortical 
and cortical–subcortical interactions. Our previous study 
(Kim et al. 2015) showed that optogenetic BF PV stimu-
lation entrains a resonant 40 Hz oscillator within frontal 
cortex. Previous studies in humans (Rosanova et al. 2009) 
have shown that frontal corticothalamic circuits are more 
primed to generate a resonance response at gamma frequen-
cies than other cortical areas, which may partly explain 
the predominance of frontal GBO responses in our study. 
Although direct projections of BF GABA/PV neurons to 
cortical interneurons in frontal cortex are the most parsi-
monious explanation of this response, other projections of 
BF GABA/PV neurons, for instance to the thalamic reticu-
lar nucleus (Kim et al. 2015), may also play a role. Future 
studies should tease out the role of these different pathways.

BF GABAergic neurons play an important role in atten-
tion (Burk and Sarter 2001), as do the cortical PV neurons 
to which they project (Kim et al. 2016). One well-known 
effect of attention is an enhancement of sensory stimuli-
evoked GBO (Tiitinen et al. 1993; Skosnik et al. 2007), 
mediated by an influence of the frontal cortex on primary 
sensory cortices (Gregoriou et al. 2009). Our hdEEG study 
examined whether concomitant rhythmic stimulation of 
BF PV could enhance the ASSR in a manner similar to 
the effects of attention. Analysis of the phase relation-
ship revealed that BF PV stimulation most profoundly 
enhanced auditory stimuli-driven GBO when stimulated 
in advance of sound onset. Several features of the cortical 
responses to advanced BF PV stimulation were consistent 
with the effects of attention. Advanced BF PV stimulation 
enhanced frontal cortex control of GBO in the auditory 
cortex and reorganized the cortical network such that long-
range interactions at gamma band frequencies were facili-
tated. In addition, stimulation of BF PV neurons tuned the 
amplitude of ASSR in both auditory and prefrontal cortex 
and sharpened the temporal profiles.

Human and non-human primate studies have shown that 
attention, working memory and conscious awareness of sen-
sory stimuli are associated with a profound reorganization 
of cortical activity patterns (Dehaene and Changeux 2011; 
Kitzbichler et al. 2011; Gross et al. 2004). According to the 
global workspace model these higher-level cognitive pro-
cesses lead to ignition of a cortical network, allowing broad-
casting of information between functionally related nodes 
of the cortical network. The activity of integrative hubs is 
enhanced and long-range cortical activity within the beta 
and gamma bands of the EEG is facilitated (Dehaene and 
Changeux 2011). Our results suggest that increased rhythmic 
activity of BF PV neurons may play a role in such a reor-
ganization of cortical activity. Synchronization of frontal 
cortex hubs and long-range cortical interactions within the 
gamma band were enhanced, as in human studies of working 
memory (Kitzbichler et al. 2011) or conscious awareness 
(Dehaene and Changeux 2011). Many severe neuropsychi-
atric conditions such as vegetative state, schizophrenia and 
Alzheimer’s disease are associated with deficits in attention, 
working memory and awareness, associated with impaired 
frontal control and generation of GBO. Our results suggest 
that therapies which enhance the synchronous, rhythmic dis-
charge of BF PV neurons at gamma band frequencies may 
be effective in mitigating these deficits.
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