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Abstract

Increases in broadband cortical electroencephalogram (EEG) power in the gamma band (30–80 

Hz) range have been observed in schizophrenia patients and in mouse models of schizophrenia. 

They are also seen in humans and animals treated with the psychotomimetic agent ketamine. 

However, the mechanisms which can result in increased broadband gamma power and the 

pathophysiological implications for cognition and behavior are poorly understood. Here we 

report that tonic optogenetic manipulation of an ascending arousal system bi-directionally tunes 

cortical broadband gamma power, allowing on-demand tests of the effect on cortical processing 

and behavior. Constant, low wattage optogenetic stimulation of basal forebrain (BF) neurons 

containing the calcium-binding protein parvalbumin (PV) increased broadband gamma frequency 

power, increased locomotor activity, and impaired novel object recognition. Concomitantly, task­

associated gamma band oscillations induced by trains of auditory stimuli, or exposure to novel 

objects, were impaired, reminiscent of findings in schizophrenia patients. Conversely, tonic 

optogenetic inhibition of BF-PV neurons partially rescued the elevated broadband gamma power 

elicited by subanesthetic doses of ketamine. These results support the idea that increased cortical 

broadband gamma activity leads to impairments in cognition and behavior and identify BF-PV 

activity as a modulator of this activity. As such, BF-PV neurons may represent a novel target for 
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pharmacotherapy in disorders such as schizophrenia which involve aberrant increases in cortical 

broadband gamma activity.

INTRODUCTION

Normal cortical function relies on the ability of neural networks to maintain stable, yet 

flexible, levels of activity. This process is precisely regulated by the ratio of activity in the 

excitatory and inhibitory components of the cortical circuitry (E/I balance). Altered cortical 

E/I balance has been suggested to play a central role in the pathophysiology of numerous 

neuropsychiatric disorders, including schizophrenia, and has been linked to cognitive, 

negative, and positive symptoms (1–4). Thus, there is intense interest in revealing the 

mechanisms which regulate E/I balance, understanding the consequences of disrupted E/I 

balance, and designing therapeutic interventions which can restore E/I balance in disrupted 

cortical circuits.

Electroencephalographic (EEG) power in the gamma band range (30–80 Hz or higher) 

is a common metric employed to assess E/I balance (5–7). Increased resting broadband 

gamma activity has been observed in individuals with schizophrenia-spectrum disorders 

and correlated with symptoms (8–12). Similarly, in both human and animal studies, the 

psychotomimetics ketamine and phencyclidine increase cortical broadband gamma band 

power (13–18) presumably by inhibiting NMDA receptors on cortical interneurons, leading 

to cortical excitation via disinhibition of pyramidal neuron activity [(19,20) but see (21,22)]. 

Mouse genetic models of schizophrenia also report an increase in spontaneous broadband 

gamma band power (21–23). Thus, convergent evidence suggests that increased broadband 

gamma power is an important feature of schizophrenia. However, the consequences of 

increased broadband gamma power on cortical function and behavior remain poorly 

understood and the neuronal circuits which can be targeted to recalibrate this activity are 

an open area of investigation.

The basal forebrain (BF) has been suggested to represent a potent regulator of cortical 

high-frequency EEG activity (24–28). Furthermore, gamma band activity in BF is correlated 

with cortical gamma (29,30). Thus, alterations in the activity of BF neurons are one 

possible cause of disease-related alterations in cortical gamma activity. While cholinergic 

BF systems have been extensively studied, the contribution of non-cholinergic BF projection 

systems are just beginning to be uncovered (31–34). Previously, we showed that strong 

phasic optogenetic excitation of one population of GABAergic projection neurons, BF 

parvalbumin (PV) neurons, elicited synchronous narrow-band cortical oscillations, with 

a preference for the gamma frequency range, likely mediated via the projections of BF­

PV neurons to cortical PV interneurons (33). Here, we report the effect of a different 

optogenetic stimulation paradigm, designed to increase the natural discharge rate of BF-PV 

neurons and increase cortical broadband gamma activity. We use this paradigm to test 

the pathophysiological effects of increased or decreased cortical broadband gamma power, 

produced by manipulation of the activity of a specific subcortical arousal system, the BF-PV 

neurons.
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We find that tonic optical stimulation of BF-PV neurons in mice increases cortical 

broadband gamma power. This increased broadband gamma activity was associated with 

electrophysiological and behavioral phenotypes associated with schizophrenia, including 

increased locomotor activity, impairments in task-associated gamma oscillations, and 

novel object recognition. Conversely, tonic inhibition of BF-PV neurons partially reverses 

increases in broadband gamma power caused by the psychotomimetic, ketamine. These 

results demonstrate that BF-PV neurons play an important role in the control of both 

resting broadband gamma activity and task-associated narrow band gamma oscillations. 

The findings also link gamma power changes with functional deficits seen in patients with 

schizophrenia, thereby identifying BF-PV neurons as a potential therapeutic target.

METHODS AND MATERIALS

Subjects:

Adult (>4 months) PV-cre mice (Jackson Labs, Bar Harbor, Maine; Stock No. 008069) were 

housed at 21°C with 12:12 hour light/dark cycle (lights-on 7:00AM), and food and water 

available ad libitum. All procedures were performed in accordance with National Institutes 

of Health guidelines and were approved by the VA Boston Institutional Animal Care and 

Use Committee. Both male and female mice were used in this study.

Viral Vectors:

Optogenetic experiments employed double-floxed adeno-associated viral vectors (AAV) 

with Cre-dependent expression of channelrhodopsin2 (AAV5-DIO-CHR2-EYFP) or 

Archaerhodopsin subtype TP003 (AAV5-CAG-FLEX-Arch-GFP) for excitation or inhibition 

of BF-PV neurons respectively, purchased from the University of North Carolina (UNC) 

Vector Core. Validation of targeting/expression of viral transduction, functional efficacy of 

these vectors in exciting or inhibiting BF-PV neurons and fiberoptic cannula implantation 

were performed as described previously (33).

Stereotaxic Surgeries:

Under isoflurane anesthesia (induction, 5%; maintenance, 1–2%), mice were injected 

bilaterally with 1 μL (50 nL/min) of AAV-ChR2 or AAV-ArchT using a Hamilton syringe 

(75N; 30G needle). Injections targeted the magnocellular preoptic area (MCPO)/Horizontal 

limb of the diagonal band (HDB) region of the BF (AP 0.0 mm from bregma; ML 1.6; DV 

−5.2) where cortically-projecting PV neurons are concentrated (19). Following experiments, 

correct targeting of AAV injections was histologically validated (Supplementary Figure 1). 

Two weeks following AAV viral injections, mice underwent a second surgical procedure to 

implant EEG screw electrodes (0.10”, Cat No. 8403, Pinnacle Technology Inc.) bilaterally 

above frontal cortex (AP 1.5 mm; ML ±1 mm). Reference and ground screws were placed in 

the bone above the midline cerebellum and parietal cortex, respectively. Electromyography 

(EMG) electrodes were placed in the nuchal muscle. All electrodes were connected to a 

headmount (Cat No. 8402, Pinnacle Technology Inc.). Fiber-optic cannulae (200μm, 0.22 

NA optical fiber, Doric Lenses) were bilaterally implanted targeting BF (AP 0; ML ±1.6, 

DV −5.4). Each mouse was allowed to recover from surgery for at least one week prior to 

experiments.
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In Vivo Electrophysiology:

EEG/EMG signals were amplified using a 3 Channel-EEG System (#8200-K1-SL, Pinnacle 

Technologies). Signals were recorded (2000 Hz sampling rate) with a secondary digitizer 

(Digidata 1440, Molecular Devices) using WinWCP software (John Dempster, University of 

Strathclyde), to both record EEG/EMG and generate TTL output signals to control stimuli. 

Auditory stimulation used in the ASSR task consisted of trains of white noise clicks (10ms) 

and were delivered via a cage mounted speaker. ChR2 stimulation or ArchT inhibition 

was performed using a blue laser (473nm; Model No CL473–050-O or DL473–80-O, 

CrystaLaser), or green laser (532nm; MGL-III-543/1~100mW, OptoEngine), respectively. 

Light was delivered via fiber-optic patch cables (MFP_50/125/900–0.22_10mm_FC-ZF1.25, 

Doric lenses), connected to the implanted optical cannulae. Optimal laser power for tonic 

stimulation was chosen based on initial dose-finding experiments to maximize effects on 

broadband gamma [n=3; 3mW: −1.9 ± 5.0%; 4mW: 20.0 ± 4.7%; 5mW: 39.26 ± 17.4%; 

6mW: 6.82 ± 4.0%]. Here, we observed an inverted U-shaped dose response pattern, with 

a laser power of 5mW producing the maximal effect on broadband gamma. Using the 

Deisseroth laboratory on-line calculator (https://web.stanford.edu/group/dlab/cgi-bin/graph/

chart.php), assuming no light leakage, this laser power would produce a predicted irradiance 

in the brain of 8.7 mW/mm2 at 0.5 μm from the fiber tip and 1.8 mW/mm2 at 1 μm 

from the tip. However, these values may underestimate the spatial extent of the effects of 

stimulation since BF PV neurons appear to be connected by electrical synapses (35). Control 

experiments showed that ChR2 stimulation and ArchT inhibition parameters used in this 

study did not result in stimulation site tissue damage (Supplementary Figure 2).

To analyze the data, time-frequency spectral analysis was performed on raw EEG records, 

and the resulting spectra were averaged. Mock stimulation (control) experiments were 

performed in the same manner as those with optical stimulation, but with the laser turned 

off. Additionally, control mice were not virally injected, and received laser light stimulation 

alone. For acute ketamine (Ketalar, JHP Pharmaceuticals) treatment, mice were injected (i.p) 

at dose of 15 mg/kg. All results were analyzed within animal.

Behavioral Tasks:

To assess locomotor activity, experiments were performed on three consecutive days in 

an open field environment (26cm × 48cm). On day one, mice were habituated to the 

environment for 10 minutes (no recording/stimulation performed). Days two and three 

consisted of either a control or optogenetic stimulation (counterbalanced). Movement was 

tracked via video monitoring. A custom-designed workflow utilizing open source software 

(Bonsai, OpenEphys.org) was used to assess locomotor activity under each condition. For 

the novel object recognition (NOR) task, mice were first habituated to the NOR chamber 

(44 × 44 cm) for 10 minutes with no objects presented. EEG/EMG was recorded during 

task performance. All mice performed the task with and without receiving optogenetic 

stimulation (counterbalanced). An automated on-line video tracking system (EthoVision 

XT, Noldus Information Tech.) was used to timestamp EEG records with investigation 

timepoints (manually confirmed post-hoc) and to analyze behavioral performance. This 

system increased throughput and allowed us to mitigate experimenter bias, as no blinding 

protocol was employed. For investigation associated EEG data, multi-taper spectral analysis 
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(36) was performed on 6 second segments of EEG data (2 seconds pre- & 4 seconds post­

investigation). The power values in the time frequency spectra from each investigation were 

then normalized to the mean power in each frequency bin across the 2 seconds preceding 

the investigation. These normalized spectra of total power for each investigation were then 

averaged across all mice for each phase of the task. For statistical analysis of this data, 

power across the frequency band of interest (25 – 58Hz) for each 6s EEG segment was 

binned (250ms) and values compared between treatment groups using a repeated measure 

analysis of variance (RMANOVA). We chose to focus on this frequency range based on a 

prior study which suggested that activity in the 25–58 Hz range reflects top-down predictive 

coding during a spatial working memory test (37), and our own control data in the NOR task 

showing prominent increases in power in this range associated with object investigation.

Data and Statistical Analyses:

Data were analyzed offline using custom scripts written for MATLAB (R2016a-2018b, 

MathWorks). Analysis of spectral power and/or phase was performed using either the 

multi-taper method ((36); Chronux Toolbox, Chronux.org), or complex Morlet wavelet 

analysis, as described previously (11). All data are presented as mean ± standard error. 

Statistical analyses were performed using both JMPpro12 (SAS Institute Inc.) and R 

(www.r-project.org). RMANOVA were performed using Tukey’s HSD post hoc test, and 

repeated measures correlation were performed in the manner described by Bakdash and 

Marusich (38). For NOR, univariate t-tests were used to compare object exploration to the 

chance level of exploration (μ = 50%; prob > t), and student’s t-test were used to test 

between groups.

RESULTS

Tonic Optogenetic Stimulation of BF-PV Neurons Enhances Broadband Gamma Band 
Activity but Impairs Evoked Gamma Oscillations

Here we employed a “tonic” stimulation paradigm, where mice expressing ChR2 bilaterally 

in BF-PV neurons were treated with constant low wattage (5 mW) light for 60 s, repeated at 

5-minute intervals (10 repetitions). This tonic stimulation paradigm progressively increased 

broadband gamma band power during stimulation, with a slow (>60s) return to baseline 

levels following the end of stimulation (Figure 1B&D). Comparing the power spectra of 

EEG activity from the 60 s before stimulation to that occurring during the stimulation period 

(Figure 1C), we observed an elevation in broadband gamma power only in mice expressing 

ChR2, and not in control animals which received laser stimulation alone [Figure 1D&E; 

ChR2+: n=12 (8 ♂ 4♀); +44.3 ± 10.5%; ChR2-: n=8 (5 ♂ 3♀); +8.0 ± 5.0%; t-test: t18 = 

−2.67, p = 0.02]. Other frequency bands were not significantly altered.

Patients with schizophrenia exhibit well-replicated deficits in their ability to synchronize 

cortical firing in response to repetitive auditory stimuli delivered at 40 Hz, the so-called 

“auditory steady state response” (ASSR) (11,39–42). One potential explanation of this 

abnormality is enhanced background discharge of cortical principal neurons (‘noise’) 

resulting from reduced activity in cortical PV interneurons. Thus, we tested whether 

increased broadband activity produced by tonic BF-PV optogenetic stimulation would affect 
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ASSR. Mice with bilateral BF-PV expression of ChR2 [n=6(4 ♂ 2♀)] were exposed to 1 

s trains of auditory clicks (90 dB) delivered at 40 Hz and repeated every 2 s. ASSR was 

assessed from 3 consecutive blocks of stimulation, each consisting of 100 repetitions. The 

initial block, auditory stimulation alone, provided a baseline response. For the second block, 

auditory stimulation was coupled with tonic stimulation of BF-PV neurons (5 min; 5 mW). 

A third block of auditory stimulation was used to assess recovery. Wavelet analysis of frontal 

cortex EEG determined the effects on evoked power and phase-locking factor.

As shown in Figure 2 (A&B), the relative change (fold change from background) in 40 

Hz stimulus-evoked power (40 ± 2 Hz) was significantly decreased with tonic BF-PV 

stimulation compared to both baseline and recovery periods [RMANOVA, F2,10 = 6.06, p = 

0.02, Baseline: 7.23 ± 1.22, ChR2: 3.32 ± 0.73, Recovery: 7.72 ± 1.91; Baseline vs. ChR2: 

p = 0.02, Recovery vs. ChR2: p = 0.04]. Further analysis revealed a significant elevation 

in pre-auditory stimulus (0–0.8s) 40 Hz total power with ChR2 stimulation compared to 

the baseline, and a trend-level increase compared to recovery [Figure 2C; RMANOVA, 

F2,10 = 5.09, p = 0.03, Baseline: 40.96 ± 4.41 μV2/Hz, ChR2: 59.45 ± 7.15 μV2/Hz, 

Recovery: 39.07 ± 4.00 μV2/Hz; Baseline vs. ChR2: p = 0.04, Recovery vs. ChR2: p 

= 0.06]. Additionally, there was a significant decrease in absolute evoked power during 

the ASSR (1.2 – 2 s) with BF-PV stimulation [Figure 2D; RMANOVA, F2,10 = 10.04, 

p = 0.004, Baseline: 302.09 ± 59.60 μV2/Hz, ChR2: 192.90 ± 42.69 μV2/Hz, Recovery: 

292.40 ± 67.61 μV2/Hz; Baseline vs. ChR2: p = 0.03, Recovery vs. ChR2: p = 0.05]. 

The relationship between the 40 Hz ASSR evoked power and the pre-auditory stimulus 

broadband gamma power was in the expected direction but did not show a significant 

correlation (Supplementary Figure 3A; repeated measures correlation, r = −0.36, p = 0.22).

Another common measure in clinical ASSR studies looks at event-related consistency, or 

phase-locking at 40 Hz. Here, phase values were first derived via wavelet analysis for 

each trial. Circular variance across trials was then calculated to yield the phase-locking 

factor (PLF). The mean PLF at 40 ± 2 Hz was then calculated across the 3 s ASSR 

epoch (Figure 2E–G) for each animal (n=6). Repeated measures ANOVA (F2,10 = 10.04, 

p = 0.004, Baseline: 0.16 ± 0.01; Tonic Stim.: 0.13 ± 0.01; Recovery: 0.19 ± 0.02) 

showed a significant decrease in ASSR PLF with tonic BF-PV stimulation compared to the 

baseline and recovery periods (p=0.04 and p=0.003 respectively). Additionally, we observed 

a significant negative correlation between 40 Hz PLF and pre-auditory stimulus broadband 

gamma power (Supplementary Figure 3B; repeated measures correlation, r = −0.64, p = 

0.02). Together, these findings demonstrate that tonic stimulation of BF-PV neurons elevates 

background gamma power and impairs evoked 40 Hz gamma band oscillations, reminiscent 

of clinical and computational modeling studies of schizophrenia (9,11,22,40,43–45).

In addition to the steady-state component of ASSR, we examined the onset event-related 

potential (ERP), which occurred during the first 200ms of the auditory stimulus train (1–

1.2s). Here, we examined both the amplitude of N1 component of the onset ERP, as well 

as stimulus-evoked broadband gamma power (Supplementary Figure 4). The N1 peak was 

not significantly affected by tonic BF-PV stimulation when compared to baseline but was 

reduced compared to the recovery phase of the task [RMANOVA, F2,10 = 4.11, p = 0.04, 

Baseline: 104.17 ± 16.15 μV, ChR2: 89.60 ± 9.17 μV, Recovery: 123.67 ± 10.96 μV; 
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Baseline vs. ChR2: p = 0.46, Recovery vs. ChR2: p = 0.04, Baseline vs. Recovery: p = 

0.28]. A similar result was observed when measuring the relative change (fold change from 

background) in broadband gamma associated with the onset ERP [RMANOVA, F2,10 = 5.83, 

p = 0.02, Baseline: 1.30 ± 0.06, ChR2: 1.27 ± 0.04, Recovery: 1.43 ± 1.06; Baseline vs. 

ChR2: p = 0.82, Recovery vs. ChR2: p = 0.02, Baseline vs. Recovery: p = 0.06]. Together, 

these results suggest a rebound effect specific to the onset ERP, which was not observed in 

the steady-state component of the ASSR.

Optogenetic Stimulation of BF-PV Neurons Increases Locomotor Activity

Increased locomotor activity is commonly observed in animals treated with 

psychotomimetics which increase broadband gamma activity, such as the NMDA receptor 

antagonist ketamine. To determine if tonic BF-PV stimulation would have a similar impact 

on behavior, we assessed locomotor activity in mice in both the presence and absence of 

tonic stimulation of BF-PV neurons. Following habituation, mice were given 10 minutes 

to explore an open field environment. Mouse movement was tracked via video monitoring 

for the last five minutes of this exploration opportunity. Animals received tonic BF-PV 

stimulation during this 5-minute period (30–180 s) on one day, and mock stimulation (no 

laser) on the other as a control. As shown in Figure 3, all mice with BF-PV expression 

of ChR2 [n=8(5 ♂ 3♀)] showed a significant increase in total distance traveled with tonic 

stimulation of BF-PV neurons, compared to mock stimulation [Stim: 1518.8 ± 329.1 cm; 

Con: 967.3 ± 184.8 cm; paired t-test: t7 = 3.31, p=0.01]. The cumulative distance plot of 

mouse locomotor activity shows that the increase in movement seen in ChR2 expressing 

mice is associated with the time that the tonic stimulation was given (Figure 3 D&E). 

Increased locomotor activity was not observed in mice without ChR2 expression [n=7(4 ♂ 
3♀); Stim: 1034.8 ± 121.1 cm; Con: 889.4 ± 97.8 cm, paired t-test: t6 = 1.59, p>0.05]. Direct 

comparison of the increase in locomotor activity to elevation in broadband gamma elicited 

by tonic BF-PV stimulation revealed a modest but highly significant positive correlation 

(Supplementary Figure 5). However, following stimulation the time course of the cessation 

of elevated locomotor activity appears to be far more rapid that that of the elevation in 

broadband gamma, suggesting these effects are at least partially separable.

Optogenetic Stimulation of BF-PV Neurons Impairs Novel Object Recognition (NOR) 
Performance and Object Investigation induced Gamma Activity

We next examined the effects of tonic BF-PV stimulation on the NOR task, a cognitive 

paradigm used to assess recognition memory (46). The task consisted of two phases (Figure 

4A); the familiarization phase (5 min) where two identical objects were presented, and the 

recall phase (10 min) where one of the familiar objects was replaced with a novel object. 

There was a 10-minute retention interval between the familiarization and recall phases of 

the task. All mice (n=10(8 ♂ 2♀)) performed the task two times: once without optogenetic 

stimulation (Con), and once with tonic BF-PV stimulation given during the familiarization 

phase (Stim). These task repetitions were separated by at least 1 week and were performed 

using different objects, which had been determined to have equivalent salience.

As shown in Figure 4B, during the familiarization phase of the task, object preference was 

not significantly different from chance [% investigation time(Con: 55 ± 5%, t9 = 0.89, p 
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= 0.19; Stim: 46 ± 4%, t9 = −0.91, p = 0.81); % total Investigations (Con: 55 ± 4%, t9 

= 1.19, p = 0.13; Stim: 48 ± 4%, t9 = −0.42, p = 0.66)]. By contrast, during the recall 

phase of the task, novel object preference was only observed in control recordings and not 

in experiments where mice received BF-PV stimulation during the familiarization phase. [% 

investigation time (Con: 67 ± 6%, t9 = 3.03, p = 0.01; Stim: 40 ± 7%, t9 = −1.50, p = 0.91); 

% total investigations (Con: 60 ± 6%, t9 = 1.59, p=0.09; Stim: 38 ± 7%, t9 = −1.78, p = 

0.95)]. Further, both of these measures significantly differed between the two groups (% 

time spent: t18 = −3.10, p = 0.01; % total investigations: t18 = −2.39, p = 0.03). To ensure the 

above effects were not related to context specific learning, in a subset of these mice (n = 6) 

we additionally examined the effects of BF-PV stimulation during both phases of the task. 

Using this stimulation paradigm, no significant novel object preference was observed during 

the recall phase [% investigation time (57 ± 10%, t5 = 0.72, p = 0.25); % total investigations 

(53 ± 7%, t5 = 0.45, p = 0.33)].

Similar to the open field locomotor findings reported above, tonic BF-PV stimulation 

significantly enhanced total distance traveled (Con: 1009 ± 63 cm; Stim: 1535 ± 67 cm; 

p < 0.01) and velocity (Con: 3.15 ± 0.20 cm/s; Stim: 4.80 ± 0.21 cm/s; p < 0.01) during task 

performance (Figure 4C). Additionally, stimulation significantly increased the total number 

of object investigations of both objects (Con: 23.1± 2.2; Stim: 60.8 ± 6.6 cm; p < 0.01) 

and the combined investigation time for both objects (Con: 19.4 ± 2.7 s; Stim: 49.0 ± 6.1 

s; p < 0.01) during the familiarization phase of the task. These effects were absent during 

the recall phase of the task in the absence of optical stimulation [Total distance (Con: 1488 

± 235 cm; Stim: 1632 ± 175 cm; p>0.05); Velocity (Con: 2.65 ± 0.31 cm/s; Stim: 2.66 ± 

0.27 cm/s; p>0.05); Total Investigation # of both objects (Con: 43.8 ± 8.2; Stim: 48.2 ± 

5.8; p>0.05); Combined Investigation time for both objects (Con: 42.9 ± 10.4s; Stim: 35.6 ± 

5.6s; p>0.05)].

Throughout all phases of task performance, on-line tracking of nose position was employed 

to extract frontal EEG activity related to investigations of the object that remained 

unchanged across both phases of the task. Time frequency analysis was then performed 

for EEG data associated with each investigation (total power), with the results normalized 

to the power of the prior 2 seconds of baseline EEG activity. Results were then pooled 

across all experimental mice for each experimental condition and task phase (Figure 4 

D&E). As shown in Figure 4E, during the familiarization phase of the task, investigation of 

objects was associated with short bursts of low frequency gamma band activity (25–58Hz). 

This phenomenon was significantly impaired when mice received tonic BF-PV stimulation. 

During the recall phase of the task, the investigation induced gamma response was restored 

to control values in the mice that had been treated with BF-PV stimulation during the 

familiarization phase. Examining the relationship between pre-investigation broadband 

gamma power to investigation induced low frequency gamma for all object investigations 

recorded showed a small but highly significant negative correlation (Supplementary Figure 

6A; repeated measures correlation, induced gamma versus normalized background gamma, r 

= −0.28, p = 9.9e-11), supporting the idea that higher background broadband gamma leads 

to a smaller exploration induced response. Further, comparison of the average investigation 

induced gamma response observed in the familiarization phase of the task to novel object 
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preference during the recall phase showed a strong positive correlation (Supplementary 

Figure 6B & C; repeated measures correlation, gamma versus % time investigating, r = 0.85, 

p = 0.01 & gamma versus % number of investigations, r = 0.75, p = 0.01). This suggests 

that the impairment in exploration-induced gamma response to initial object investigation is 

related to impaired novel object preference.

Optogenetic Rescue of Ketamine Induced Elevation in Broadband Gamma

Finally, we investigated whether inhibition of BF-PV activity could correct increased 

broadband gamma power induced by a psychotomimetic. To test this, BF-PV neurons 

[n=8(5 ♂ 3♀)] were bilaterally transduced with the inhibitory opsin, ArchT, allowing 

optogenetic silencing of their activity (33). Five minutes into a 60-minute recording, mice 

received an acute, subanesthetic dose of ketamine (15 mg/kg). After allowing 5 minutes for 

the ketamine to take effect, mice received either tonic bilateral optogenetic inhibition of BF­

PV neurons (5 min constant 532 nm light; 20 mW) or mock stimulation (counterbalanced, 

treatments 1 week apart). As predicted by previous work (13,47), acute injection of ketamine 

rapidly elevated broadband gamma band power (Figure 5). During the 5-minute period 

of mock inhibition (No Laser, 10–15 min, Figure 5A) ketamine elicited a 59.4 ± 11.8% 

increase in broadband gamma power above baseline (pre-ketamine; 0–5 min). During the 

same time period, with concurrent ArchT inhibition of BF-PV neurons (Figure 5B), this 

increase in broadband gamma power was reduced to 33.8 ± 4.8%. Overall, optogenetic 

BF-PV inhibition led to a statistically significant decrease in the elevation of gamma band 

power elicited by ketamine (−36.81 ± 8.4%; p=0.02, Figure 5C). ArchT inhibition of BF-PV 

neurons alone, in the absence of ketamine, did not significantly affect broadband gamma 

band power in the frontal cortex EEG (−1.3 ± 5.8% change from baseline).

DISCUSSION

Increasing evidence supports the critical role of cortical E/I balance in the regulation of 

cortical network activity. Abnormalities in this balance, reflected by elevated broadband 

gamma activity, represent an important feature of the etiology of schizophrenia and other 

neuropsychiatric disorders (2,4,48,49). Here we show that manipulation of the activity level 

of BF-PV projection neurons can bidirectionally tune cortical broadband gamma activity, 

leading to altered task-associated gamma band activity and changes in behavior reminiscent 

of both electrophysiological and behavioral phenotypes associated with schizophrenia. 

Furthermore, bilateral optogenetic inhibition of BF-PV neurons partially rescued the 

increase in spontaneous gamma power elicited by ketamine, identifying BF-PV neurons 

as a possible therapeutic target for treatment of psychosis.

One of the principal roles of the BF is to regulate cortical activity levels (50–53). 

Direct stimulation or inhibition of BF firing enhances or slows activity in cortical EEG, 

respectively (25,31–34,54) and enhances responsiveness to sensory input (55). While 

BF cholinergic neurons have been classically implicated in the augmentation of cortical 

activation, recent findings suggest that GABAergic BF neurons also play an important 

role (31–34). The results presented here show that elevations of the discharge of BF-PV 

neurons via low-wattage tonic optogenetic activation increases cortical broadband gamma 
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activity mimicking the pathophysiological increases in broadband gamma activity observed 

in rodent models of schizophrenia, suggesting that BF-PV neurons may be important in 

regulating such activity. Prior studies have observed that BF-PV neurons show limited local 

connectivity (31). Thus, the effects observed in our present work are more likely to be 

mediated by extra-BF projections. Beyond direct projections to the cortex, BF-PV also 

strongly project to the thalamic reticular nucleus (56), so increasing BF-PV neuron activity 

could also lead to disinhibition of thalamocortical relay neurons, and as a result promote 

increased broadband gamma in the cortex. Supporting this idea, chemogenetic activation 

of glutamatergic thalamocortical neurons similarly increases high-frequency cortical activity 

(32).

Prior theoretical and experimental studies have hypothesized that enhanced broadband 

gamma band activity could interfere with cortical information processing (8,11,22,57–59). 

One example is impaired task-evoked gamma band activity in response to the 40Hz ASSR; 

a widely-replicated finding in schizophrenia patients (39,40). One possible explanation of 

the ASSR deficit observed in schizophrenia patients is that an increase in background 

activity or “noise” in the cortex impairs entrainment of principal neurons to the steady-state 

response (11,12,22,44,60). Our findings support this hypothesis, since both the power 

and phase locking of the ASSR to 40 Hz auditory stimuli was reduced with increases 

in broadband gamma activity induced by tonic BF-PV stimulation. Further, 40 Hz phase 

locking showed a significant negative correlation with increased pre-stimulus broadband 

gamma power, as observed in schizophrenia patients (11). While this clinical study did 

not observe the resting-state alterations in broadband gamma activity reported here, the 

work examined patients with chronic schizophrenia. Recently, it has been suggested that 

elevated resting-state broadband gamma is evident in clinically high risk individuals, and 

first-episode schizophrenia patients (9). Therefore, our results may be more relevant to the 

early stages of schizophrenia.

In this study, we also examined the onset ERP associated with the 40 Hz ASSR. Reductions 

of the N1 component of auditory evoked ERPs have been consistently reported in patients 

with schizophrenia (61,62), and have been proposed as a marker of functional brain 

abnormalities related to the genetic predisposition to schizophrenia (63). Here, although 

stimulation tended to reduce this response compared to baseline, the effect was variable and 

did not reach significance. However, the response during optical stimulation was reduced 

compared to the recovery phase of the task, following cessation of tonic BF-PV stimulation, 

measured in terms of both broadband gamma power and N1 peak amplitude. Interestingly, 

N1 amplitude has been observed to be influenced by several factors, including arousal level, 

and attention. Changes in E/I balance likely will be reflected by changes in arousal, another 

related but separate function of BF-PV neurons (64). Thus, we theorize that this higher 

response during the recovery period may be associated with a lasting impact on attention/

arousal following tonic BF-PV stimulation, an effect which takes several seconds to manifest 

itself (64). Interestingly, if one compares the inverted u-shaped model (see (4)) describing 

the effects of E/I balance on neural activity, it mirrors the classic Yerkes–Dodson law which 

describes an empirical relationship between arousal and behavioral performance.

McNally et al. Page 10

Mol Psychiatry. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In our previous studies, we reported that optogenetic inhibition of BF-PV neurons also leads 

to impaired 40 Hz ASSR (33) whereas phasic optogenetic stimulation can either enhance or 

decrease the ASSR depending on the relative time of presentation of optical and auditory 

stimuli (65). Taken together with our present findings, this suggests that appropriately 

timed synchronous activity of BF-PV neurons can enhance ASSR responses while either 

inappropriate inhibition or elevation of spontaneous activity of BF-PV neurons can both 

decrease ASSR responses. We believe this powerfully illustrates the necessity for proper E/I 

balance for optimal cortical processing (4 see inverted U input-output curve,5). Interestingly, 

prior work has shown that NMDA receptor antagonists such as ketamine and MK-801 can 

bidirectionally modulate ASSR (44,66), with effects critically dependent upon dosage and 

time post injection. Thus, the elevation of broadband gamma activity produced by our tonic 

BF-PV stimulation paradigm appears to better model the results observed in patients with 

schizophrenia, than these commonly employed pharmacological models.

To test whether impairments of task-associated gamma oscillations due to increased 

broadband gamma activity could also impair behavior, we additionally examined NOR 

task performance. Schizophrenia patients exhibit deficits in spatial working and episodic 

memory recognition tasks which are comparable to NOR (67,68), and this task is commonly 

employed as a means to develop novel treatments directed at schizophrenia-related cognitive 

impairment in rodent models (69). Here we observed that, despite an increase in the total 

number of object investigations and investigation time of both objects during familiarization, 

tonic BF-PV stimulation impaired not only overall NOR task performance, but also 

investigation induced EEG activity. The observed investigation induced activity, in the low 

gamma (high beta) frequency range (25–58 Hz), is consistent with increased EEG activity 

previously reported in mice during spatial working memory task performance (37), and 

has been implicated in top-down predictive coding processes (70). We observed a positive 

correlation between investigation induced activity and task performance, supporting the idea 

that impaired task-associated gamma activity is linked to impaired cognitive performance. 

Interestingly, we also observed a significant negative correlation between pre-investigation 

broadband gamma and investigation induced gamma, providing further support for the idea, 

described above, that increased background activity or “noise” leads to an impairment in the 

exploration-induced gamma response.

We have additionally observed that tonic BF-PV stimulation leads to enhanced locomotor 

activity, a classic schizophrenia-related behavioral phenotype in animals, similar to that 

observed with systemic injection of NMDA antagonists such as ketamine (71–74). Despite 

a weak positive correlation of this effect to broadband gamma power, this locomotor effect 

appears to have a different time course. Further work is needed to elucidate the mechanism 

underlying this effect but one possibility is that increased activity of cortical pyramidal 

neurons projecting to the ventral tegmental area and striatum is responsible (75). Direct 

projections of BF-PV neurons to motor cortex or subcortical areas involved in locomotion 

are another possibility (75). Interestingly, a recent study observed a similar enhancement of 

locomotor activity with optogenetic inhibition of GABAergic BF-somatostatin interneurons 

(34). Prior in vitro work has shown that BF-somatostatin neurons functionally inhibit BF 

projection neurons, including BF-PV neurons (31). Thus, inhibition of BF-somatostatin 
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neurons likely leads to disinhibition of BF-PV neurons, resulting in enhanced locomotor 

activity.

Recent findings suggest that therapeutic strategies aimed at restoration of E/I balance 

and associated network function may reduce symptoms in schizophrenia and improve 

cognitive function (4). Here, we observed that optogenetic inhibition of BF-PV neurons 

partially rescued the schizophrenia-like elevation in spontaneous gamma band activity 

elicited following acute ketamine injection. Previous work showed that direct optogenetic 

modulation of cortical inhibitory neuron excitability in the medial prefrontal cortex locally 

rescued E/I deficits (5). Our findings are consistent with that study, with the added benefit of 

being able to more globally modify cortical circuit activity via modulation of a small cluster 

of subcortical neurons. We did not observe a significant effect of optogenetic inhibition 

of BF-PV neurons alone on baseline levels of broadband gamma. We believe that this is 

largely due to the fact that background levels of broadband gamma are quite low, thus there 

is limited capacity to decrease this activity further. Future efforts targeting such inhibition 

specifically to periods with enhanced levels of broadband gamma would be of interest to 

resolve this issue. Alternatively, this also may be due to incomplete inhibition of BF-PV 

neurons using the method employed.

Several recent studies have suggested that the BF serves as a subcortical switch commanding 

transitions between cortical network activity associated with internally and externally 

focused brain states (30,34,76). Impaired suppression of default mode network (DMN) 

activity may represent a mechanism whereby cognitive deficits and other symptoms are 

induced or exacerbated in psychiatric disease (48). It has been proposed that the reciprocal 

relationship between DMN and task-oriented network activity is mediated via ‘net-inhibitory 

long-range projections’ (77,78). Informed by our prior findings (33), our present results 

suggest that corticopetal GABAergic BF-PV projections can robustly influence cortical 

gamma activity, providing a functional pathway by which BF could influence DMN 

activity (30). Our tonic stimulation of BF-PV neurons likely impairs the ability to 

functionally modulate DMN related broadband gamma activity in the cortex. This would 

lead to inefficiencies in the ability to actively switch between network states, required for 

processing task-related sensory input.

Overall, our results identify BF-PV as a critical subcortical node for regulating cortical 

broadband gamma activity and support the idea that enhancement in such activity leads to 

functional impairments in cognition and behavior. While cortical PV interneurons are well 

known to be impaired in schizophrenia and other neuropsychiatric disorders, little is known 

regarding how such disorders impact BF-PV projection neurons. These findings support 

future efforts to study whether there are abnormalities in BF-PV neurons in patients. Further, 

optogenetic inhibition of BF-PV neurons partially rescued the elevation of broadband 

gamma produced by subanesthetic ketamine. Thus, alteration of the activity level of BF-PV 

neurons may represent a novel target for therapeutic interventions to correct broadband 

gamma abnormalities in schizophrenia and other disorders. The paradigm presented here 

also provides a novel and rapidly reversible means to probe the functional consequences of 

altered cortical broadband gamma activity and its relationship to pathophysiology.
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Figure 1: Tonic optical stimulation of basal forebrain (BF) parvalbumin (PV) neurons increases 
broadband cortical gamma band (30–80 Hz) activity, a measure of cortical excitatory-inhibitory 
(E/I) balance.
(A) Schematic of the experiment. The sagittal brain section shows the location of the BF-PV 

neurons transduced with channelrhodopsin 2 (ChR2), allowing optical stimulation using 

blue light and the frontal electroencephalographic (EEG) recording site. BF-PV neurons 

project to cortical GABAergic interneurons, including those which contain PV, allowing 

BF-PV neurons to influence cortical activity via reciprocal circuit interactions with cortical 

pyramidal neurons (PYR). BF-PV projections to the thalamic reticular nucleus ((56), not 

shown) are another potential route by which BF-PV neurons may modulate cortical activity; 

(B) Representative averaged time frequency spectrogram of cortical EEG activity shows 

the effect of tonic, low wattage bilateral optogenetic stimulation of BF-PV neurons (60 s 

of constant 5 mW laser light). This stimulus elicited a robust and progressive elevation 

of broadband power across the gamma frequency range, which was maintained beyond 

cessation of stimulation. (C) For mice expressing ChR2, a comparison of the overall power 

spectral density for the 60 s period prior to stimulation (baseline) to that observed during 

stimulation (Laser On) showed an elevation in power across the gamma frequency range 

(30–100Hz), as well as a moderate enhancement in theta (6–10 Hz). (D&E) Across all 

experimental animals, tonic stimulation (60–120 s) significantly elevated EEG power in the 

gamma band (30–80 Hz), when compared to background (0–60 s). This effect was specific 

for mice expressing ChR2 in BF-PV neurons (ChR2+, (N=12), and was not observed in 

controls which received laser stimulation alone (Con, N=8). (*p<0.05; paired t-test).
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Figure 2: Elevation of broadband gamma activity by tonic optical stimulation of BF-PV neurons 
impairs the 40 Hz auditory steady-state response (ASSR).
ASSR is a measure of the ability of the cortex to generate evoked narrowband cortical 

gamma oscillations which is impaired in schizophrenia. Mice received three consecutive 

blocks of 40 Hz trains of auditory stimulation. The first ASSR block provided a baseline 

measure of the cortical response to auditory stimuli and consisted of 100 repetitions of a 1 

s train of clicks delivered at 90 dB. For the second ASSR block, auditory stimulation was 

combined with constant low wattage (5 mW) optogenetic stimulation of BF-PV neurons. 

Finally, mice received a third ASSR block of auditory stimulation alone, to assess recovery 

from optogenetic stimulation. (A) Grand average time frequency spectrograms show the 

EEG response to 40 Hz auditory stimulation in frontal cortex, under each condition. (B) 
Comparison of the relative change at 40 Hz (±5Hz) power shows a significant impairment 

when auditory stimulation was coupled with tonic BF-PV stimulation, which recovers to 

baseline levels following cessation of optogenetic stimuli (N=6). Results from individual 
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mice are plotted with dashed lines, with the mean represented by black bars with SEM. (C 
& D) This impairment results from both an elevation in the absolute power of background 

40 Hz activity, calculated from the period preceding the auditory stimuli (0 – 0.8s, panel 

C), as well as a significant decrease in the absolute value of evoked 40 Hz power (1.2 – 2s, 

panel D). (*p<0.05; RMANOVA with Tukey’s HSD post hoc). Phase locking factor (PLF) 

was additionally assessed from ASSR data. (E) Grand average spectrograms show phase 

locking factor response to 40 Hz auditory stimulation in frontal cortex under baseline, tonic 

stimulation, and recovery conditions. (F) Comparison of PLF at 40 Hz (±2Hz) under each 

condition, shows that when auditory stimuli were coupled with tonic BF-PV stimulation, 

PLF was reduced, and recovered to baseline levels following cessation of optogenetic stimuli 

(N=6). (G) The mean PLF during auditory stimuli (1–2s) calculated for individual mice are 

plotted with dashed lines, which shows a significant reduction in 40Hz PLF during the tonic 

BF-PV stimulation block, compared to baseline and recovery. The mean across all animals 

tested represented by black bars with SEM. (*p<0.05; RMANOVA with Tukey’s HSD post 

hoc).
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Figure 3: Tonic optical stimulation of BF-PV neurons increases open field locomotor activity.
Locomotor activity in an open field environment was tracked across a 5-minute period 

in mice expressing channelrhodopsin2 (ChR2) in BF-PV neurons (BF-PV ChR2+) and 

control animals (ChR2-), both with and without tonic optogenetic stimulation (2.5 min tonic 

stimulation at 5 mW; blue bar). (A) Representative example demonstrating the effect of 

tonic optogenetic stimulation on locomotor activity in a mouse expressing ChR2. (B&C) 
Mice expressing ChR2 (ChR2+, N=8) showed a significant increase in total distance 

traveled across the 5 minutes of the experiment. This was not observed in animals which did 

not express ChR2 (ChR2-, N=6). (D & E) Cumulative distance traveled plots for ChR2+ and 

ChR2- mice show that increased locomotor activity corresponded with expression of ChR2 

in BF-PV neurons. Thus, this effect was not due to non-specific effects of the blue light 

delivered to the BF. (*p<0.05; paired t test).
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Figure 4: Elevation of broadband gamma activity by tonic optical stimulation of BF-PV neurons 
impairs working memory in the NOR task and object investigation induced gamma band 
activity.
(A) NOR task performance was assessed in mice expressing channelrhodopsin2 (ChR2) 

in BF-PV neurons, with and without bilateral tonic low wattage (5 mW) optogenetic 

stimulation given during the familiarization phase of the task. (B) No difference was 

observed between these groups in object preference during the familiarization phase of the 

task in terms of the % of the overall number of investigations, and % of total investigation 

time. During the recall phase, novel object preference was observed only in controls, and not 

in mice which had received BF-PV stimulation during the familiarization period (Univariate 

t-test: * denotes p<0.05, and † denotes p<0.10). (C) BF-PV stimulation significantly 

increased locomotor activity during the familiarization phase of the task, which returned to 

control levels during the recall phase (*p<0.05; paired t test). (D) Time frequency plots show 

the grand average of investigation induced frontal EEG activity for both control and BF-PV 
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tonic stimulation groups for both familiarization and recall phases of the task. Spectral 

analysis of EEG activity related to object investigation (dashed line) was performed, with 

results normalized and pooled across all experimental animals (n = 10) for each phase of the 

task and treatment group (Control Familiarization: n = 80; Stim Familiarization: n = 163; 

Control Recall: n = 107; Recall following Stim: n = 174). Investigation induced activity was 

observed in the lower gamma band range (~25–58Hz). (E) Analysis of activity at this range 

across all groups and task phases shows a robust investigation induced gamma response in 

control mice during the familiarization phase of the task which is significantly impaired with 

concurrent BF-PV stimulation. Investigation induced gamma was restored to control levels 

during the recall phase, in the absence of BF PV stimulation. (*p<0.05; RMANOVA with 

Tukey’s HSD post hoc)
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Figure 5: Optogenetic inhibition of BF-PV neurons partially rescues the elevation in broadband 
gamma activity caused by the psychotomimetic drug, ketamine.
Mice expressing the inhibitory proton pump, Archaerhodopsin TP003 (ArchT), in BF-PV 

neurons were given an acute injection of ketamine (15 mg/kg i.p.) to elicit an increase 

in spontaneous gamma activity. Five minutes following this injection, mice received 5 

minutes of mock BF-PV stimulation (Laser Off), or bilateral tonic optogenetic inhibition (20 

mW). (A & B) Representative time frequency spectrograms show the broadband elevation 

in gamma band activity following ketamine injection (dotted white line). This elevation 

in spontaneous gamma was reversibly diminished with optogenetic inhibition of BF-PV 

neurons (green bar). This was not observed with mock stimulation (ketamine alone) in the 

same mice. (C) For each mouse tested (N=7), the percent increase in gamma band power 

(30–80 Hz) elicited by ketamine was calculated across a 5-minute period (600–900s) during 

ArchT or mock inhibition. Mice showed a significant decrease in the ketamine-elicited 
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increase in spontaneous gamma with ArchT inhibition compared to mock stimulation. 

(*p<0.05; paired t test).
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