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The default mode network (DMN) is a collection of cortical brain
regions that is active during states of rest or quiet wakefulness in
humans and other mammalian species. A pertinent characteristic of
the DMN is a suppression of local field potential gamma activity
during cognitive task performance as well as during engagement with
external sensory stimuli. Conversely, gamma activity is elevated in the
DMN during rest. Here, we document that the rat basal forebrain (BF)
exhibits the same pattern of responses, namely pronounced gamma
oscillations during quiet wakefulness in the home cage and suppres-
sion of this activity during active exploration of an unfamiliar en-
vironment. We show that gamma oscillations are localized to the BF
and that gamma-band activity in the BF has a directional influence on
a hub of the rat DMN, the anterior cingulate cortex, during DMN-
dominated brain states. The BF is well known as an ascending,
activating, neuromodulatory system involved in wake–sleep regula-
tion, memory formation, and regulation of sensory information pro-
cessing. Our findings suggest a hitherto undocumented role of the BF
as a subcortical node of the DMN, which we speculate may be impor-
tant for switching between internally and externally directed brain
states. We discuss potential BF projection circuits that could underlie
its role in DMN regulation and highlight that certain BF nuclei may
provide potential target regions for up- or down-regulation of DMN
activity that might prove useful for treatment of DMN dysfunction in
conditions such as epilepsy or major depressive disorder.
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Ahighly consistent finding across a wide range of functional
imaging studies in humans is that a network of brain regions,

referred to as the “default mode network” (DMN), increases its
activity during passive mental states compared with the perfor-
mance of cognitive tasks. This was initially shown in a meta-
analysis of several PET studies (1), in which a distribution of
brain regions broadly including the medial prefrontal, retro-
splenial, and anterior cingulate cortex (ACC), as well as lateral
parietal and temporal cortices, was shown to be activated when
subjects were in a state of quiet restfulness. The DMN areas are
thought to form a cohesive set of intrinsically coupled brain re-
gions, such that fMRI activations in its component regions exhibit
similar time courses, allowing them to be identified reliably using
seed-region analysis (2–4). Activity in the DMN exhibits anti-
correlation with a complementary, largely nonoverlapping, set of
fronto-parietal brain areas known as the “dorsal attention net-
work” (DAN) (5). It should be noted, however, that particular
brain structures may harbor functionally heterogeneous elements
and thus may contribute to multiple functions, as was shown for
the ACC (6). During wakefulness, the human brain thus alternates
between DAN- and DMN-dominated activation states, corre-
sponding to effortful cognitive task performance on the one hand
and quiet restfulness, introspection, and self-oriented processes on
the other (7). Abnormalities in DMN processing have been linked
to numerous brain disorders including epileptic seizures, clinical
depression, and neurodegenerative disorders (8–10).
Following the discovery of the DMN in humans, it has sub-

sequently been identified in other mammalian species, including

macaque monkey (11), ferret (12), and rat (13, 14). Because the
DMN is an anatomically and functionally interconnected net-
work (15), the fMRI activations in component areas tend to
fluctuate in a coordinated manner even in anesthetized animals.
However, some animal work has described a DMN based on
awake-state data that is more in line with the studies in humans.
Of particular interest is a study in chimpanzees, which demon-
strated robust coherent activity in DMN structures using PET
imaging (16). In this study, the PET contrast agent was injected
before the animals spent time in their home cages in a state of
quiet restfulness; the observed DMN activations during the PET
scan indicate that the constituent brain areas were activated
during the time spent in the home cage. This is important in the
context of the present study, as it confirms that quiet wakefulness
in the home cage is effective for activating the DMN. Direct
demonstrations of the DMN activations during fMRI scans in
awake animals are complicated by methodological issues such as
restraint, noisy environments, and interpretational aspects (e.g.,
the cingulate cortex is known to be activated during anxiety)
(17). Nevertheless, some evidence in awake rats suggests an
emergence of a DMN-like brain state after animals have habit-
uated to the fMRI environment (18).
A pertinent characteristic of the DMN is that brain activity in

its component areas is deactivated during the performance of
cognitive tasks. In humans, this deactivation has been observed
not only in imaging signals but also in electrophysiological
studies, including both subdural and intracranial recordings. This
observation is consistent with the known coupling between

Significance

The default mode network (DMN) is suppressed during perfor-
mance of externally directed cognitive tasks, and several brain
disorders such as epilepsy or major depressive disorder have
been linked to DMN dysregulation. Here we provide evidence
suggesting that the basal forebrain (BF) may play an important
role in influencing DMN activity. We show that rat BF gamma
oscillations are elevated during quiet wakefulness in the home
cage and are strongly suppressed during explorative behavior,
similar to cortical DMN structures. Furthermore, we document
directed gamma-band coherence from BF to anterior cingulate
cortex (ACC), a major DMN hub. Our findings highlight a hitherto
undiscovered functional influence of the BF on the ACC that may
lead to therapeutic approaches for DMN disorders.

Author contributions: J.N., M.H., and G.R. designed research; J.N. and J.A. performed
research; A.L.V. contributed new reagents/analytic tools; J.N., A.-L.K., M.H., and G.R. an-
alyzed data; and J.N., M.H., and G.R. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: The data reported in this paper are publicly available through the
CRCNS - Collaborative Research in Computational Neuroscience at crcns.org/ (https://
ezid.cdlib.org/id/doi:10.6080/K0MK6B2Q).
1To whom correspondence should be addressed. Email: gregor.rainer@unifr.ch.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1712431115/-/DCSupplemental.

1352–1357 | PNAS | February 6, 2018 | vol. 115 | no. 6 www.pnas.org/cgi/doi/10.1073/pnas.1712431115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1712431115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
http://crcns.org/
https://ezid.cdlib.org/id/doi:10.6080/K0MK6B2Q
https://ezid.cdlib.org/id/doi:10.6080/K0MK6B2Q
mailto:gregor.rainer@unifr.ch
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712431115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712431115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1712431115


electrophysiological activity, e.g., local field potential (LFP)
gamma-band oscillations, and cortical blood oxygenation level-
dependent (BOLD) activation (19) and with the demonstration
that pharmacological blocking of spiking activity abolishes both
stimulus-evoked BOLD activity and gamma-band LFPs (20).
Indeed a consistent finding related to DMN cortical deactivation
during cognitive task performance is a transient suppression of
the gamma band, which is time-locked to the onset of task per-
formance and varies in amplitude in relation to task difficulty
(21–24). Conversely, gamma-band activity is elevated in human
DMN structures during control conditions that include quiet
wakefulness, fixating one’s eyes on a target, or an eyes-closed
condition. This gamma-band activity is then suppressed as the
DAN is activated and subjects engage with an external stimulus.
In animals, it has proven difficult to reliably detect task-related
deactivations in DMN structures inside the fMRI scanner, even
in macaque monkeys (25–27). It is likely that animal subjects
must expend considerable cognitive effort to complete the task-
negative control conditions inside the fMRI scanner and that this
effort does not correspond well to quiet restfulness and as a
result is not associated with DMN activation (27). Outside the
fMRI scanner, however, there is evidence for DMN deactivation
during task performance. For example, in macaques performing
a sensorimotor task, gamma oscillations are suppressed in the
posterior cingulate cortex (28, 29), a constituent element of the
DMN in that species (11). Similarly, sensorimotor task perfor-
mance in the cat is associated with gamma deactivation from
about 40 Hz upwards across many DMN structures including the
ACC (30). Taken together, the task-related DMN deactivation
observed in humans can be seen also in DMN regions of animal
subjects, provided the control condition is of a nature that can
reliably activate the DMN.
We have previously demonstrated that pronounced gamma

oscillations are present in the rat basal forebrain (BF) when
animals are in a wakeful state inside the home cage (31), a
finding that is reminiscent of DMN activation during the task-
negative behavioral states that characterize home-cage behavior
(16). We therefore hypothesized that the BF may harbor a
specific population of neurons that produce strong gamma os-
cillations when activated and at the same time are functionally
coupled to the DMN. Indeed, the BF contains multiple nuclei
composed of cholinergic, GABAergic, and glutamatergic corti-
copetal projection neurons, which are organized in segregated
pools with specific projection pathways and cortical targets (32).
Anatomical studies have shown that medial frontal cortical
structures, including the cingulate cortex, are major targets of
both cholinergic and noncholinergic BF neurons (32–34), such
that in anatomical terms the BF possesses considerable con-
nections to DMN frontal cortical structures. It has been shown
that the GABAergic corticopetal BF projection, in particular,
can produce robust gamma oscillations in cortical targets (35),
providing a potential functional pathway by which the BF could
influence DMN activation (36).
Here we provide evidence linking BF gamma oscillations to the

DMN by characterizing related behaviors, demonstrating de-
activation during task performance, and linking them to gamma
oscillations in the cingulate cortex, a key DMN structure in the rat.

Results
We made recordings from 16 rats implanted with electrodes in the
BF as well as in the visual cortex (VC) (n = 14) and in the ACC (n =
8) during awake states. Recording sites were verified in Nissl-stained
sections in a subgroup of eight animals, as illustrated in Fig. 1.

Behavioral Analyses.Here we compare neural recordings from the
BF, ACC, and VC obtained in three conditions: (i) exploration
of an open-field arena, (ii) exploration of objects inside this
arena, and (iii) home cage. Rats displayed three main behaviors
in these conditions: exploration, grooming, and quiet wakeful-
ness, as we quantified using video tracking and motion-sensor
signals for a group of seven animals (SI Materials and Methods).

In the arena, tracking analyses showed that rats spent a large
majority of their time (87.8 ± 3.6%, mean ± SEM) exploring the
arena itself and objects when these were present. Only 7.6 ±
1.7% of the total time was spent grooming in this exploratory
context, and animals were rarely in a state of quiet wakefulness
(1.80 ± 0.9%). By contrast, rats exhibited significantly less ex-
ploratory locomotor behavior in the home cage than in the arena
with or without objects (paired t tests: P < 0.001). Instead, they
divided their time about equally (paired t test: P > 0.1) between
states of quiet wakefulness and grooming (Fig. 2). These findings
were confirmed by video monitoring based on estimating movement
speed using the geometric center of the animal (mean speed: arena
exploration, 8.9 ± 0.5 cm/s; object exploration, 6.9 ± 0.7 cm/s; home
cage, 1.4 ± 0.4 cm/s). Locomotor behavior was greater in both ex-
ploration conditions than in the home cage (ANOVA with post hoc
tests: P < 0.01). In addition, locomotion during arena exploration
was increased compared with object exploration (P < 0.05), since
rats tended to be stationary during object exploration.

BF Gamma Deactivation During Exploration.We observed robust BF
gamma oscillations in the home-cage recordings, consistent with
a previous report (31). The main finding of the present study is a
striking (35 ± 3%) and highly significant (paired t test, P < 10−5)
reduction of this BF gamma activity when rats were transferred
from their home cage to a novel, empty arena which they ex-
plored during a 10-min interval (Fig. 3A). BF gamma reductions
were significant in all brain hemispheres (n = 22) when analyzed
individually (unpaired t test P < 0.01). Thus, BF gamma was
largely deactivated when rats were performing an attentionally
demanding explorative task directed toward the external envi-
ronment, an unexpected and surprising finding in light of the
generally accepted notion that the BF is part of an arousal net-
work contributing to attention and reward processing. Gamma
oscillations are generally considered to be locally generated, but
to be certain that the observed gamma activity was localized to
the BF, we implanted four additional animals with bipolar
electrodes (SI Materials and Methods) allowing recordings with
minimal interference from surrounding areas due to volume
conduction (37). Strong BF gamma activity in the home cage was
also observed in these bipolar recordings, and this oscillatory
activity was again strongly suppressed during arena explora-
tion, (24 ± 3% reduction; paired t tests: P < 10−4).
Next we examined whether BF gamma deactivation was related

to differences in locomotor behavior between arena-exploration
and home-cage conditions. Specifically, we sorted 2-s LFP epochs
into quartiles based on movement sensor activity. This analysis,
shown in Fig. 3B, demonstrates that BF gamma activity in the
arena was largely unrelated to locomotor behavior (one-way
ANOVA: P > 0.1) and that gamma suppression during explora-
tion remained highly significant when LFP epochs matched for
movement were analyzed (e.g., the fourth and third movement
quartiles for home cage and arena, respectively; one-way ANOVA:
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P < 0.001). BF gamma activity increased with locomotor behavior
in the home cage (one-way ANOVA: P < 0.05), was consistent
over the 3 d of testing (one-way ANOVA: P > 0.1) (Fig. 3C), and
was larger in the home cage than during either of the two arena-
exploration sessions (two-way ANOVA with factors day and ses-
sion and post hoc tests: P < 10−4). In addition, gamma activity was
slightly increased during the second arena-exploration session
compared with the first session (5.62 ± 1.2%; post hoc test: P <
0.01), and there was no significant interaction between day and
session number. While gamma activity was continuously sup-
pressed in the arena, it was positively correlated with time spent in
the arena (r = 0.72, n = 22, P < 10−4) during individual exploration
sessions, as shown in Fig. 3D. This reduction in gamma suppres-
sion may reflect the animal’s increasing familiarity with the arena
during the course of the exploration session. Nevertheless, gamma
increased rapidly when the rat was transferred back to its home
cage. The spectral analysis for a single-session example confirms
the stationary nature of gamma in the two environments (Fig. 3E).
In the arena, rats spent a large fraction of their time exploring

and only occasionally paused for some grooming (4.6 ± 0.3% of
the total time), which was associated with periods of elevated
gamma in the LFP, as illustrated in Fig. 3E. These excursions of
gamma power into an elevated range are described and quanti-
fied in Figs. S4 and S5. In the home cage, rats spent similar
amounts of time grooming and in quiet wakefulness, so we ex-
amined the extent to which these two behavioral states were
associated with gamma activity. The results, shown in Fig. 3F,
indicate that gamma activity was higher during grooming than
during quiet wakefulness (one-way ANOVA with post hoc tests:
P < 0.001), but gamma activity was elevated during both quiet
wakefulness and grooming compared with arena exploration
(P < 0.01 and P < 0.001, respectively).
Having observed robust gamma suppression during several con-

secutive days of arena exploration, we next examined BF gamma
oscillations during the exploration of two identical objects that were
introduced into the arena following the last arena-exploration ses-
sion (Fig. 4A). We found that gamma suppression was maintained
during the object-exploration task, with gamma being similarly at-
tenuated for object and empty arena exploration compared with
home-cage values (one-way ANOVA: P < 0.01 and P < 0.001,
respectively), and was not significantly different from the arena-
exploration value (P > 0.1). We used manual video scoring to
identify periods of object exploration during the course of the
object-exploration task; results for a sample dataset are shown in
Fig. 4B. This analysis illustrates that no elevation in gamma oscil-
lations was noticeable during object exploration, suggesting that
BF gamma deactivation is common to an exploratory behavioral
context. This assertion is supported by a group analysis comparing
BF gamma power during both empty arena and object exploration
with reference values in the home cage (Fig. 4C), which illustrates
highly consistent deactivation of gamma oscillations during explo-
ration tasks (paired t tests: P < 10−6 and P < 10−5 for object and
arena exploration, respectively).
A local contribution to the generation of a brain oscillation can

be confirmed by examining the relationship of spiking activity to
the oscillatory phase. We recorded 49 well-isolated BF neurons
in six animals. Of these neurons, 25 exhibited significant phase
locking to broadband (30–80 Hz) gamma oscillations (Hodge–

Ange circular O-test: P < 0.01). Preferred phase angles for all our
phase-locked neurons are shown in Fig. 5A, with roughly equiva-
lent numbers preferring the rising and falling edge of the oscilla-
tory cycle; note that 0° corresponds to the peak of the oscillatory
cycle and that four neurons were recorded under both home-cage
and arena conditions. We next filtered the LFP data between
1 and 100 Hz in 10 frequency bands (1–10 Hz, 10–20 Hz, . . . 90–
100) and calculated the probability of a spike occurring over
25 phase angles (14.4° bins) at each band pass. Fig. 5B shows an
example for two representative neurons. For both these neurons it
is clear that phase locking is strongest at the higher-frequency
bands (Fig. 5C), and indeed this held true for the population.
We calculated a phase-locked index (PLI) as the coefficient of
variation over the 25 bins at each band pass, and with this metric
phase locking was found to be maximal at gamma frequencies in
both the home cage and arena (one-way ANOVA, P < 0.005)
(Fig. 5 C and D). In addition, we calculated the waveform dura-
tions for our phase-locked and non–phase-locked neurons (the
first negative trough to the first positive peak). Spike durations of
the phase-locked neurons were significantly shorter (mean =
214 ± 5 μs) than for the non–phase-locked neurons (mean = 247 ±
12 μs; P < 0.05), consistent with the idea that our phase-locked
units may be GABAergic fast-spiking neurons (38). Additionally,
robust gamma was evident in the spike-triggered average LFP as well
as in the autocorrelations of the spiking activity of individual neurons
(Fig. 5E), further indicating that circuits local to the BF contribute to
the gamma-band LFP oscillations observed in the present study.

Gamma Oscillations in BF Cortical Projection Targets. The robust
presence of BF gamma oscillations during quiet wakefulness and
grooming, coupled with their profound suppression during ex-
ploratory behaviors raises the possibility that the BF might be
involved in the DMN. We explored this possibility by simulta-
neous recordings of the BF and ACC, an important node of the
DMN. We observed that, as in the BF, gamma LFP activity was
elevated in the ACC when rats were in their home cage, com-
pared with arena exploration (paired t test: P < 0.0) (Fig. 6A,
Left). As in the BF, gamma activity switched rapidly to an ele-
vated state when rats were transferred to their home cage after
arena exploration. This gamma enhancement did not occur in all
cortical regions, as we demonstrate using paired recordings in
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the BF and VC. Thus, VC gamma activity (40–60 Hz) was un-
changed between arena-exploration and home-cage environ-
ments [paired t test: P > 0.1 (Fig. 6A, Right)]. However, we did
observe enhanced high gamma activity between 60 and 100 Hz
during arena exploration (paired t test: P < 10−8), which we at-
tribute to previously described VC activation during locomotion
(39, 40). To explore the functional coupling of the two cortical
areas with the BF, we computed coherence spectra (Fig. 6B). We
found that coherence at gamma frequencies was greater between
the BF and ACC than between the BF and VC across behavioral
conditions (two-way ANOVA: P < 0.01). Additionally, for both
cortical areas, coherence with the BF was elevated in the home
cage compared with the arena (two-way ANOVA: P < 0.01).
These results are consistent with the idea that the BF might

harbor a population of neurons that generate large gamma os-
cillations and form part of a subcortical aspect of the DMN. To
further explore the nature of BF-to-ACC communication, we
performed Granger causality analyses, which can provide evi-
dence regarding the direction of information flow between the
two structures. Since BF gamma activity tended to occur in
bursts, we conducted this analysis specifically during BF gamma
bursts with a duration greater than 100 ms (Fig. 6C) and ex-
amined BF–ACC and BF–VC directional coupling in separate
bivariate analyses (SI Materials and Methods). Consistent with
our previous findings in the VC (31), directional interactions
were stronger in the corticopetal than in the corticofugal di-
rection for both the ACC and VC (two-way ANOVAs, main
effects of direction: P < 0.01), as is consistent with the BF being a
source of cortical gamma modulation (Fig. 6C, Left). However,
directional interactions to the ACC were significantly larger than
to the VC (two-way ANOVA, main effect of pathway: P < 0.05)
as well as being more pronounced in the home cage than in the
arena (two-way ANOVAs, main effect of location: P < 0.016)
(Fig. 6C). Taken together, these findings suggest pronounced
BF-to-ACC directional communication particularly when rats
are in their home cage and thus are associated with behavioral
states of quiet wakefulness and grooming. We further corrobo-
rated these findings by analyzing Granger causality in a subgroup
of animals with electrodes implanted in the BF, VC, and ACC,
permitting trivariate analyses (Fig. 6D). These findings illustrate
BF→cortex directionality of interactions and the specificities in
terms of cortical region, i.e., ACC over VC, as well as behavioral
state, i.e., home cage over arena.
Taken together, our analyses support the hypothesis that the

BF contains a population of neurons that (i) project to the ACC,
(ii) are activated during DMN-associated behavioral states,
(iii) give rise to pronounced gamma oscillations within the BF,
and (iv) up-regulate cortical gamma oscillations in ACC.

Discussion
The task-related deactivation of BF gamma oscillations we de-
scribe here is counterintuitive, given that the BF is generally
conceptualized as an ascending arousal system that modulates

processing in sensory cortices and contributes to mental func-
tions more akin to the human DAN (41–44). For example, the
BF modulates the response gain of single neurons in the VC as
well as enhancing the sensitivity of these neurons to low-contrast
visual stimuli (45–49), highlighting that the BF augments the
cortical representation of sensory stimuli, consistent with some
aspects of attentional modulation (50). Along related lines, BF
stimulation also accelerates visual learning and up-regulates
cortical visually-evoked potentials (51, 52) as well as boosting the
reliability of neural signals about sensory information (53–55).
Demonstrations linking BF activity to reward expectation and re-
ward processing further implicate this brain area in goal-directed,
externally focused behaviors (56, 57). Many of these BF functions
are linked to cholinergic projections, which represent one of the
major output pathways by which the BF can modulate cortex and
other brain structures (32, 58, 59).
The present study suggests that, in addition to the functions

described above that promote sensory processing and goal-
directed behavior, the BF also possesses a pathway that serves a
very different purpose, in that it promotes disengagement from
the external environment by activating the DMN. This pathway is
characterized by pronounced gamma-band activity within the BF
and is functionally coupled to cortical gamma oscillations in the
ACC, a major node of the DMN. We consider it likely that either
the glutamatergic or the GABAergic BF projection system me-
diates these effects. In vitro studies have shown that both these BF
populations exhibit maximum firing rates above 50 Hz and thus
could participate in rhythmic firing at the gamma frequencies
reported in the present study. Interestingly, the glutamatergic
projection has been shown to be inhibited by cholinergic activation
(60, 61), which would provide a mechanism by which the DMN is
suppressed during externally directed attentional processing.
However, the glutamatergic BF population does not support a
pronounced projection to the DMN or even to cortex more gen-
erally. It does, however, exhibit strong projections to the ventral
striatum (VS), a brain region that also exhibits pronounced gamma
oscillations (62, 63), which have been shown to occur frequently in
task-negative contexts as noted above (62–64). Mediated through
the VS, the BF could exert control over DMN cortical areas by
modulating gamma activity in the limbic cortico-striatal loop.
Another possibility for mediating BF effects on DMN regulation
are the GABAergic BF projections, a scenario that is supported by
the fact that both parvalbumin and somatostatin GABAergic cells
project strongly only to two cortical regions, namely, the ACC and
retrosplenial cortex (59), both of which are major DMN nodes.
Furthermore, rhythmic activation of BF parvalbumin GABAergic
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(C) Spike times (red hash mark) on the LFP (black solid lines). (D) Polar histo-
grams of the phase responses at each neuron’s best frequency and at the
minimum and maximum band pass used. (E) Spike-triggered averages and
autocorrelations (Insets) show 1,000 waveforms for each unit. The spiking and
LFP recordings analyzed here were obtained from the same electrode.
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cells has been shown to produce gamma oscillations in the frontal
cortex (35). Thus both anatomical and functional substrates by
which BF gamma oscillations could influence DMN cortical areas
have been documented. However, parvalbumin GABAergic cells
are depolarized by cholinergic activation (65), so that independent
regulation of cholinergic and GABAergic projection networks re-
quires additional mechanisms. It is thus possible that GABAergic
and glutamatergic BF neurons cooperate to mediate the influence
of the BF on the DMN. The details of the BF–DMN modulatory
circuit will have to be elucidated in future studies involving cell
type-specific activation.
The task-related gamma oscillations in the BF we have de-

scribed here are remarkable in the direction of the effect, i.e.,
reduced activity during the explorative, attentionally demanding,
“task-on” condition. Indeed, BF gamma suppression in the arena
appeared to be unrelated to locomotor activity, in contrast to
gamma activity in the hippocampus that has been shown to cor-
relate positively with running speed (66). The relation between
locomotion and BF gamma activity in the home cage is likely
unrelated to the reported findings in the hippocampus and is
probably a consequence of reduced gamma oscillations at very low
movement-sensor levels that were not observed in the arena. Ro-
bust gamma oscillations have indeed been reported previously in
the BF (31) as well as in nearby brain structures, notably including
the VS, where other authors have observed gamma oscillations
with a peak frequency around 50 Hz, similar to our study (62, 64,
67–70). However, VS 50-Hz gamma oscillation was observed
during radial arm maze navigation (67, 68) or rewarded decision
making (63, 64) and not during a “task-off,” home-cage condition

as in our study. Despite its presence during the task-on conditions,
it has been noted that VS gamma oscillation tends to be poorly
coupled to attentionally demanding task phases and indeed often
occurs after trials have been completed as well as during rest pe-
riods (64). This suggests that VS and BF gamma oscillations may
co-occur during certain behavioral states, including task-off phases
and quiet wakefulness. A pertinent characteristic of VS gamma
oscillations is their spatial heterogeneity (63), such that only dis-
tinct VS subregions may actually exhibit gamma oscillations and
participate in gamma-structured communication with BF nuclei.
This may explain why only about 5% of VS neurons are activated
in a manner that is phase-locked to the VS gamma cycle (63). By
contrast, gamma activity was exceedingly homogenous in the BF,
with around 50% of BF neurons being phase-locked to the BF
gamma cycle, which may also explain the large gamma amplitudes
we observed. Rhythmic gamma activity, particularly during task-off
periods, thus likely reflects coordinated activation across multiple
regions of the BF and adjacent structures.
Gamma oscillations are a population phenomenon that is

thought to involve synchronous, recurrent interaction of excitatory
and inhibitory circuits (71). Much attention has been focused on
gamma LFP activity in cortical areas and their possible function,
for example in coordinating activation between distant cortical
areas (72–74). At the same time, it has been noted that gamma
oscillations in sensory cortices tend to be poorly coupled to aspects
of visual stimuli or decision-related task variables, calling into
question whether they are sufficiently reliable indicators of cortical
processing (75). The gamma oscillations we demonstrate in the BF
certainly do not lack robustness, and their activity levels, particu-
larly during hitherto largely unstudied neutral behavioral states,
may be some of strongest gamma observable anywhere in the
central nervous system. We note that BF gamma was enhanced
during both quiet restfulness and self-grooming. Rats spend a
substantial amount of time grooming when in their home cage,
and we suggest that grooming as a self-directed activity may also
fall in the spectrum of behaviors associated with DMN activation
in the rat. Indeed, disrupted grooming behavior has been docu-
mented following BF lesions (76). We are only beginning to un-
derstand the neural circuits controlling self-grooming behaviors
(77), but the present study suggests that grooming and DMN ac-
tivation may share certain regulatory mechanisms. Further studies
of the role of the BF in regulating DMN activity and associated
behaviors are necessary and may uncover novel approaches to
brain dysfunctions that have been associated with the DMN.

Materials and Methods
See SI Text for additional details.

All animal procedures were performed in compliance with European and
applicable Swiss regulations. Adult male Long Evans rats were implantedwith
tungsten microelectrodes in the BF, ACC, and VC. LFPs were acquired by a
miniature data logger (Neurologger 2A; A.L.V.). For tethered recordings RZ5
BioAmp Processor (Tucker-Davis Technology) were used to acquire LFPs and
single units.
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