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Daily life requires transitions between performance of well-practiced,
automatized behaviors reliant upon internalized representations and
behaviors requiring external focus. Such transitions involve differen-
tial activation of the default mode network (DVIN), a group of brain
areas associated with inward focus. We asked how optogenetic mod-
ulation of the ventral pallidum (VP), a subcortical DMN node, impacts
task switching between internally to externally guided lever-pressing
behavior in the rat. Excitation of the VP dramatically compromised
acquisition of an auditory discrimination task, trapping animals in a
DMN state of automatized internally focused behavior and impair-
ing their ability to direct attention to external sensory stimuli. VP
inhibition, on the other hand, facilitated task acquisition, expediting
escape from the DMN brain state, thereby allowing rats to incorpo-
rate the contingency changes associated with the auditory stimuli.
We suggest that VP, instant by instant, regulates the DMN and plays
a deterministic role in transitions between internally and externally
guided behaviors.

default mode network | ventral pallidum | basal forebrain |
anterior cingulate cortex | operant behavior

considerable amount of our time is spent performing automatic
or habitual behaviors that are based on acquired knowledge
about our environment. For example, we cross the road upon a
green traffic light, we open the fridge to get a drink, or we shake
hands when meeting a friend. These acquired action patterns are
appropriate as long as the behavioral context remains stable, and
they are beneficial because they permit fast, effective responses
and free up cognitive resources for other purposes. However,
when contingencies change, learned behaviors need to be modified.
For example, the potential transmission of viruses makes physical
contact undesirable, such that hand shaking must be suppressed.
This necessitates adapting our routine response patterns, which in
turn requires cognitive flexibility. Successful control of behavior thus
involves both the maintenance of appropriate learned action pat-
terns under stable environmental conditions as well as their flexible
modification in response to changed environmental demands.
Recently, it has been suggested that the rapid performance of
learned responses in a stable behavioral context is associated with
activation of the default mode network (DMN) (1, 2). The DMN
was originally described in humans as an interconnected set of brain
regions that are active during the resting state in the absence of
behavioral tasks (3), and early work has emphasized that internally
directed processes, such as accessing autobiographical information
or memory retrieval (4, 5), are associated with DMN activation. The
work of Vatansever and colleagues adds a new perspective, as it
implicates the DMN in the generation of automatized behaviors
that, as the authors note, resembles an “autopilot” type of behav-
ioral control. DMN-associated behaviors thus encompass not only
internally orientated mental operations but also tasks involving
actions that are reliant on internalized representations for which
feedback from the environment is not a priority.
The DMN encompasses significant portions of the medial
frontal and medial parietal cortex, but recent tractography work in
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humans has revealed that some subcortical brain structures also
represent important DMN nodes (6). One of these noncortical
DMN nodes is the basal forebrain (BF), which contains a collection
of nuclei with substantial GABAergic and cholinergic corticopetal
projections to DMN structures (7, 8). Previously, in primates, it has
indeed been shown that BF inactivation leads to changes in global
functional MRI signals involving the DMN (9), and we have re-
cently provided evidence suggesting that the BF represents a sub-
cortical DMN node in the rat (10), an idea that has gained recent
support (6, 11, 12). In particular, we documented pronounced
gamma oscillations in the ventral pallidum (VP) region of the BF
during quiet wakefulness and self-grooming, behaviors compatible
with DMN activation. Additionally, we demonstrated a directional
influence of VP activity on the anterior cingulate cortex (ACC), an
important cortical DMN region in rodents (10, 12-14), as well as a
tight coupling between local field potential activity in the ACC and
retrosplenial cortex (15), another node of the DMN, suggesting that
the VP may be crucial for DMN-related transitions and state
maintenance. Based on these considerations, we hypothesize here
that VP activation, triggering a DMN-dominated brain state, should
promote the execution of routine, learned responses in a stable
behavioral context. We thus used an operant conditioning para-
digm, in which rats lever-press on a variable interval (VI) reward
schedule, as this is known to be particularly effective in producing
highly stereotyped behavior that is driven by an acquired internal
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model (16, 17). Our task can be considered analogous to an
“autopilot” mode of task performance in humans, as it has been
used to formalize a dissociation between actions directed at
achieving an outcome and behavioral responses elicited by a
triggering stimulus (S-R). Early in training, lever pressing is vari-
able, relatively inefficient, and sensitive to changes in reward value
or contingency. That is, the animals’ actions are flexible to en-
vironmental exigencies and directed at a particular outcome. As
training proceeds, the animals become experts at the task, and, as
is the case for humans, this is evidenced by a decreasing variability
and increasing efficiency in behavioral performance (18, 19). At
the same time, the behavior becomes internalized and inflexible in
that lever-press rates are now insensitive to environmental feed-
back such as changes to reward value or contingency (16, 17).
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Convergent literature has already implicated the VP as an
important regulator of behavioral participation in laboratory
tasks (20-25). For example, pharmacological silencing of the VP
leads to decreased lever pressing for preferred food in rats (25),
an effect that the authors ascribe to the animals’ decreased
willingness to expend effort to obtain a reward. More recently, it
has been shown that task engagement depends on GABAergic
VP neurons (26), with optogenetic silencing of this population
decreasing response rate in a classical conditioning paradigm.
However, these results are also compatible with an alternative
interpretation, in which decreases in responding result not from
motivational or appetitive effects but rather from a disengagement
with automatic task performance and a redirection of attention to
the external environment. A similar logic may also apply to studies
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Fig. 1. Histology and opsin expression in the VP. (A) An example coronal section (Left) taken 0.96 mm posterior to bregma showing the optrode penetration

in the VP. The area of interest is expanded in the fluorescence image to the right showing expression of ChR2 (mCherry) and with the optrode track visible in
the VP. Schematic (Right) showing recording and stimulation sites (red stars) localized to the VP region from 17 rats; section taken 0.84 mm posterior to
bregma. (B-E) Example colocalization of GAD- and ChAT-positive cells with Arch EYFP and ChR2 mCherry expression, respectively, and DAPI nuclear stain in
blue. Note that there is no colocalization of ChAT+ neurons or ChR2 mCherry expression in E. (Scale bars: 25 mm.) (F and G) The number of counted cells
positive for Arch EYFP or ChR2 mCherry (black) and GAD67 or ChAT (blue), as well as colocalization (Merge, red), are shown, respectively, on the left for two
Arch F and two ChR2 G rats. The percentage of GAD- or ChAT-positive cells that were transfected by viral expression are shown at right. B, nucleus basalis; GP,
globus pallidus; EAC, central extended amygdala; SIB, substantia innominata; HDB, horizontal limb diagonal band; MCPO, magnocellular preoptic nucleus.
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showing that activation of GABAergic VP neurons leads to an
increase in behavioral response rate such that the relative activity
in these neurons may continuously modulate task participation.
Consistent with the above findings, animals nose poke and exhibit
place preference for optogenetic activation of GABAergic VP
neurons (27). This latter study emphasizes a link between task
participation and reward anticipation, supported also by synaptic
coupling between the VP and the nucleus accumbens (NAcc) (28),
where dopamine (DA) circuits play a major role in reward pro-
cessing. The robust reciprocal connections between the NAcc and
VP involving GABAergic and glutamatergic projections under-
scores the importance of the VP nucleus in reward processing
through modulation of mesolimbic DA activity in the ventral
tegmental area (29). In addition to this role in reward processing,
the VP also projects to the cerebral cortex. A prominent indirect
projection involves GABAergic and cholinergic projections to the
medial dorsal nucleus of the thalamus (28), which in turn target
the medial prefrontal cortical areas including the cingulate and
prelimbic cortex in both rodents and primates (30, 31) that today
are considered to be part of the DMN (32). The VP also harbors a
direct cholinergic corticopetal projection that targets medial pre-
frontal cortical areas (28), although cholinergic neurons in the VP
are far less numerous than in other BF nuclei such as the nearby
nucleus basalis (33). In terms of connectivity, the VP could thus
exert an influence on reward-related processing by acting on the
mesolimbic DA system as well as contributing to global brain state
regulation by acting on cortical DMN nodes. Convergent evidence
suggests that the VP, particularly its GABAergic neuronal circuit,
is a regulator of task participation or willingness to work for reward,
and appropriate VP activity levels are important for successful
adaptive behavior. These findings are compatible with a potential
involvement of the VP in DMN regulation and indeed provide a
neural pathway by which the VP could influence cortical state
across the multiple interconnected regions making up the DMN.

While maintenance of action patterns is adaptive in a stable
environment, learned actions must be modifiable when contin-
gencies change, during which the DMN is thought to deactivate,
allowing the dorsal attention network to assume control (34, 35).
This leads to a transition from internally guided to externally guided
behavior crucial to adapting behavioral strategies to sensory input.
In other words, the brain must leave “autopilot” mode in order to
integrate information from sensory and reward systems. Recent
evidence suggests that the DMN may also be involved in these sorts
of state transitions (36, 37). In our study, we decided to address this
aspect of cognitive flexibility by employing task switching, transfer-
ring the rat from the VI operant schedule to an auditory discrimi-
nation paradigm. Here, lever presses during the presentation of
specific auditory stimuli are rewarded, postive stimulus conditions
or (S+), whereas rewards become unavailable for lever presses
during the presentation of different auditory stimuli, negative stim-
ulus conditions or (S—). Normally, rats stop lever pressing during the
S— stimuli, adapting to the modified environmental contingency. We
formulate two hypotheses concerning the influence of VP activity on
success of auditory discrimination learning following task switching:
‘We hypothesize that up-regulation of VP activity upon task switching
should promote a DMN-dominated brain state, keeping the ani-
mals in a state of executing learned lever presses according to the
VI schedule and failing to incorporate relevant auditory infor-
mation from the environment. On the other hand, we anticipate
that VP down-regulation upon task switching will tend to reduce
the influence of DMN circuits on behavior, reducing the execution
of learned responses while promoting acquisition of the auditory
discrimination task. In the present study, we address both of
these hypotheses using optogenetic activation and silencing of
VP vcircuits.
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Results

In order to activate or inhibit the VP, we expressed Channelrhodopsin
(ChR2), AAV5-hSyn-ChR2(H134R)-mCherry, or Archaerhodopsin
(Arch) (AAV5-hSyn-eArch3.0-EYFP) in the VP of wild-type Long—
Evans rats (see Materials and Methods). We verified our viral in-
jections and the location of our optic fiber using fluorescence and
Nissl-stained sections, showing them to be within close proximity
(<500 pm) to the VP (see Fig. 14). Both viral constructs were well
expressed in the VP, yet while the human synapsin promoter used
in this study is not cell-type specific, differential transfection of
distinct cell types cannot be a priori ruled out. We examined the
coexpression of Arch and ChR2 with GABAergic and cholinergic
neurons, the two main cell types of interest in the present study.
Example immunohistochemical analyses for ChAT and GAD67
enzyme coexpression with Arch and ChR2 are shown in Fig. 1
B-E. For Arch, we found robust coexpression with both GAD67
and ChAT, as illustrated in Fig. 1 B and C, and cell counting in
two animals yielded colocalization values in the range of 20 to 30%
for these two enzymes (see Fig. 1F). This indicates viral transfection
of Arch in both GABAergic and cholinergic cell populations within
the VP. For ChR2, we found significant coexpression only for
GADG67 (see Fig. 1D) and very little coexpression with ChAT
despite good labeling of ChAT neurons (see Fig. 1E). This pattern
was also confirmed by cell counting yielding ChR2-GAD67
coexpression in the range of 30 to 45% but under 5% for
ChR2-ChAT (see Fig. 1G). Possible transfection of glutamatergic
cells was not assessed in our study, but based on previous literature,
glutamatergic cells make up only a minority of VP cells (28, 38).
Taken together, our findings suggest that ChR2-mediated opto-
genetic activation of VP circuits will recruit largely inhibitory
GABAergic cells, whereas Arch-mediated deactivation will inhibit
GABAergic and cholinergic neurons.

We first trained animals to reliably perform a habitual operant
behavior in an established and highly stable behavioral context.
Briefly, we trained Long—Evans rats to press a lever in order to
receive a food reward and gradually advanced training through
successive fixed ratio (FR) and VI schedules until rats exhibited stable
responses on a VI-30 schedule. On a VI-30 schedule, rats tend to
produce lever presses continuously, and a reward becomes available
for a single lever press each time a random duration, in our case,
30 + 5 s, has elapsed. Rats were kept in VI training until all rats
participated in at least 13 sessions, making a minimum of 6,000
responses and receiving at least 600 rewards, ensuring that, at this
point, their lever pressing had acquired a strong degree of auto-
maticity according to established criteria (17). We then inhibited
the VP using Arch stimulation in one group of animals and excited
it using ChR2 in a separate group as the animals pressed a lever
on a VI30 schedule of reinforcement. The top panel in Fig. 24
shows a cumulative record of lever pressing for an example animal.
In this control condition, the animal emits highly stable lever presses
throughout the duration of the session. Then, the same animal
is transferred to the experimental condition (Fig. 24, Bottom), in
which random trials are paired with Arch stimulation. During
Arch stimulation (yellow-shaded trials), the rate of lever pressing
is strongly decreased and recovers on transition to control trials
(gray shading). This was true across animals (Fig. 2B), in which
Arch activation resulted in a significant decrease in lever-press
rate (paired ¢ test, n = 9, P < 0.01). Interestingly, animals that
pressed at a higher rate during control conditions were affected
more strongly by the Arch stimulation (Fig. 2C; n =9, r = —0.86,
P < 0.01). One might suspect that if inhibiting the VP causes a
reduction in lever-press rate, then activating the VP would result
in a rate increase. This, however, was not the case when ChR2
stimulation did essentially nothing to the animals’ lever-pressing
behavior; Fig. 2D shows an example animal, and group results
(Fig. 2F) revealed no significant change. Accordingly, no corre-
lation was observed between the initial response rate under control
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Fig. 2. Effects of VP inhibition and excitation on operant behavior. (A) A cumulative record displays responses over time on a VI-30 schedule (Top). Each
uptick on the chart indicates a lever press, with steeper slopes indicating higher lever-pressing rates and vice versa. The inset above shows the slope for a 0.25-
and 0.5-Hz response rate, and blue diamonds indicate lever presses that resulted in a reward. The record resets to zero at 35 responses. Note that the animal is
responding at a steady slow rate as is typical for this reward schedule. Below is a cumulative record from the same animal but including trials with 594-nm
laser stimulation of Archaerhodopsin in the VP (yellow shading). During trials with Arch-mediated VP inhibition, the rate of lever pressing slows and recovers
almost immediately in the control trials (gray shading). (B) The bar chart shows mean response rates across nine animals in control versus Arch conditions,
showing that, on average, lever-press rates during Arch-mediated VP inhibition were suppressed in comparisons to control trials. (C) The change in lever-press
rate is plotted versus the baseline rate taken from control sessions as in A, Top. The higher the baseline lever-press rate was for individual animals, the greater
the reduction in rate resulting from Arch-mediated inhibition. (D) As in A but for an example animal receiving ChR2-mediated VP excitation. Again, at the
top, the animal is responding in a slow, stable fashion. Below, we can see that during trials with 473-nm laser stimulation of ChR2 (blue shading), there is no
apparent change in the response rate versus the control trials (gray). This is summarized in E, in which there is indeed no significant difference in lever-press
rates between ChR2 on and off conditions. F is as C, except with the absence of a significant correlation between baseline lever-press rate and changes in

response rate during ChR2 activation. Error bars reflect SEM; **P < 0.01.

conditions and the subsequent rate change during excitation of
VP circuits (Fig. 2F). Taken together, inhibiting the VP strongly
decreases lever pressing, whereas activation of the VP has no
apparent effect on lever pressing during the VI component of
the task.

We then transferred animals from the VI-30 schedule to an
auditory discrimination paradigm, allowing us to assess how VP
inhibition and excitation impacted the animals’ ability to transition
to the acquisition and performance of an auditory discrimination
task. We utilized four auditory stimuli delivered continuously
during the ~60-s-duration trials. Animals were rewarded on the
same VI-30 schedule for lever presses during presentation of two
stimuli (S+4 and S+g), while no reward was delivered during
presentation of the other two stimuli (S— and S—g). S+ and S—
trials were randomized and equalized in terms of repetitions and
duration such that animals spent an equal amount of time in the
S+ and S— conditions. Auditory stimuli consisted of instrumental
music segments, as these are spectrally rich and dynamic and likely
to activate a broad range of auditory neurons. Music segments
were up-sampled 3x for better correspondence to the auditory
sensitivity of the rat and were spectrally normalized, which should
minimize bias by limiting the rat’s ability to rely on differences in
frequency power to solve the discrimination task (see Fig. 34 and
Materials and Methods).

An example behavioral record early in training (i.e., soon after
the task switching to the auditory discrimination paradigm) illus-
trates that rats initially lever-press at similar rates during the pre-
sentation of S+ and S— stimuli (Fig. 3 B, Top). They thus continue
to behave according to the established behavioral context of the VI-30
task despite changes to reward contingencies. After achieving
criterion performance (70% correct responding), rats tended to
press during S+ but not S— stimuli, demonstrated by a flattening
of response rates during S— trials (Fig. 3 B, Bottom). An example
learning curve (Fig. 3C) illustrates that animals are initially near
chance performance (50% correct) and reach levels around 70%
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correct after 13 d of training. Since different stimulus pairings may
be more or less discriminable, these pairings were counterbalanced
across animals, and no significant differences were observed in the
animals’ performance using the different auditory stimuli. Rats
readily learned this task, achieving criterion performance in about
13 training days (n = 22; mean 13.3 + 1.4 d); note that these
analyses include also pilot animals used to validate our behavioral
paradigm. To further characterize what animals learned, 19 animals
were also tested on generalization to other segments of the same
classical music pieces that they had never heard before. As evident
in Fig. 3C, performance dropped slightly during the generalization
test but remained well above chance for each of the two general-
izations tested. This was confirmed across animals, with an average
performance on the generalization test of 60.1 + 1.5% (paired
t test against 50%; n = 19, P < 0.001). The capacity for general-
ization suggests that rats extracted characteristic features from
the music segments and formed a robust representation of the
dynamic auditory structure. We consider it remarkable that rats
are able to transfer learned knowledge to completely unfamiliar
segments of four distinct classical-music styles.

Having demonstrated that rats are able to task-switch from the
VI-30 to our auditory task, we proceeded to examine the influ-
ence of VP circuit activity on this cognitively demanding process.
Using two S+/S— stimulus pairs, we can examine how inter-
ventions in the VP circuit impact the transition from the inter-
nally guided VI task to an auditory discrimination task requiring
attention to environmental exigencies. We coupled one pair of
S+/S— stimuli with optogenetic intervention, leaving the second
S+/S— stimulus set as a control. Thus, each animal serves as its
own control, allowing for assessment of individual differences in
task-related behaviors. To facilitate comparison across animals,
we identified the first session in which behavioral performance
exceeded 50%, in either the control or optogenetic stimulation
condition, and designated the immediately preceding session
as day 1 independently for each animal. Fig. 44 shows the average
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Fig. 3. Auditory discrimination task. (A) Shows the four 8-s music pieces used in the auditory discrimination task at left. For each piece, we plot the waveform
along with the associated spectrogram below it. Musical pieces were matched for their spectral power, as shown in the corresponding power spectral density
plots to the right of the musical pieces. Two musical pieces were associated with reward (S + A, B), while the animal never received reward for lever presses
during the other two (S — A, B). The separate music pieces for (S + A, B and S — A, B) were counterbalanced between animals to control for potential dif-
ferences in discriminability. (B) The cumulative record of responses is shown for an animal on the second day of training (Top). Note that the animal is
responding at roughly equal rates during the S+ (light shading) and S— (darker shading) trials. Below it is a cumulative record of the same animal following
23 d of training on the task. Here, the animal is largely restricting its lever presses to trials during the auditory stimuli associated with reward (S + A, B), while
responses during presentation of the unrewarded (S — A, B) stimuli are largely extinguished; blue diamonds indicate lever presses resulting in a reward. (C)
Learning curve with discrimination performance over sessions for the same rat shown in B. Circled numbers represent sessions from which the cumulative
records in B were taken. Following task acquisition, the animal participated in two separate generalization tests for 2 d using novel 8-s segments of the same

classical music pieces (arrows). Note performance does not fall to chance following transfer.

learning curves over the first 7 d of auditory discrimination for
stimulus pairs coupled with Arch-mediated inhibition of the VP
as well as for the control stimulus pairs. While rats learned the
task under both conditions, Arch stimulation conferred a small
but significant benefit in performance across animals. Two-way
ANOVA for Arch and training day, [F(1.98) = 12.8; P < 0.001];
[F(6.98) = 15.8; P < 0.00001], with no interaction between
training day and optogenetic stimulation (P > 0.5). Thus, Arch-
mediated inhibition of the VP facilitated task-switching behavior,
allowing rats to more effectively acquire the auditory discrimi-
nation task. In order to further characterize the beneficial impact
of VP inhibition on behavioral performance, we compared lever-
press rates for S+ and S— trials independently for control and
Arch conditions. As seen in Fig. 4 B, Left, optogenetic inhibition
of the VP consistently reduced the lever-press rate over the course
of training during S— trials, consistent with the overall rate reduc-
tion during Arch stimulation under the VI-30 schedule prior to task
switching. In addition, rates during S— systematically decreased
over training days in both control and Arch conditions, as animals
learned to discontinue lever presses in the nonrewarded context.
A two-way ANOVA showed that both Arch and training day
contributed rate reductions during the S— [F(1.98) = 19; P <
0.00001]; [F(6.98) = 3.2; P < 0.01], with no interaction between
training day and optogenetic stimulation (P > 0.5). For the S+
trials (Fig. 4 B, Right), Arch stimulation also reduced rates, but in
neither the control nor Arch conditions did these rates change
over training days. Two-way ANOVA for Arch and training day,
[F(1.98) = 13.3; P < 0.001]; [F(6.98) = 0.21; P > 0.5], with no
interaction between training day and optogenetic stimulation (P >
0.5). In summary, increases in performance in both Arch and
control conditions were driven by a decrease in lever-press rate
during the S— as the animal abandons the VI-30 behavioral con-
text and learns to attend to the auditory stimuli. The degree to
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which inhibition of the VP affected the lever-press rate on the VI-30
task was variable between animals, with individual animals showing
rate reductions ranging from 0.05 to 0.4 Hz (see Fig. 1C). We
therefore assessed how the magnitude of rate reductions correlated
with performance on the auditory discrimination task (Fig. 4C).
Indeed, the greater the rate reduction generated by inhibition of VP
circuits, the greater the benefit to performance (r = —0.72; P <
0.05). In summary, Arch-mediated inhibition of the VP improved
performance on the auditory discrimination task, and the degree to
which it did so was related to the degree that it allowed for escape
from the inwardly focused, automatized lever-press behavior as
measured by lever-press rate reduction.

While ChR2-mediated excitation of VP circuits had no effect
on the lever-press rate under the VI-30 schedule, it had a dramatic
and detrimental impact on behavior during auditory discrimina-
tion following task switching. Fig. 4D shows the average learning
curves across training days for stimuli pairs in VP activation and
control conditions. As expected, animals display good acquisition
and performance in discriminating the control stimuli. They are,
however, grossly impaired when it comes to discriminating the
stimuli paired with VP activation and, even at the end of training,
are still hovering around chance performance. These differences
were highly significant; two-way ANOVA for ChR2 and training day
[F(1.70) = 81.16; P < 0.0001]; [F(6.70) = 7.58; P < 0.0001], with a
significant interaction between ChR2 VP activation and training day
(P < 0.05). It is conceivable that rats were actually learning the
auditory discrimination during ChR2 stimulation but were unable
to behaviorally express this, for example due to an inability to
suppress lever pressing. We addressed this issue in additional ex-
periments on a subset of the animals, in which we stopped ChR2
stimulation for an S+/S— pair that had previously been associated
with laser stimulation and found that this was not the case
(Performance ChrR2 On: 53.5 + 4.3%; ChR2 Off: 52.7 + 5.0%;
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Fig. 4. Up- and down-regulation of the VP has opposite effects on the performance of an auditory discrimination task. (A) Learning curves showing percent
correct performance over days for control trials (gray) and trials with Arch-mediated inhibition of the VP (yellow). Note that Arch stimulation conferred a
slight, but significant, increase in performance over control conditions over the seven training days. (B, Left) Average lever-press rates for the eight animals
during unrewarded (S-) trials for control (gray) and Arch (yellow) conditions. Rates in the S— trials for both Arch and control conditions decrease over days
consistent with acquisition of the task, while rates for Arch trials are consistently below control values. (Right) Average lever-press rates over training days for
rewarded (S+) trials. No change in rate is observed over days in either the control or Arch conditions; however, lever-press rates in the Arch condition remain
suppressed in relation to the control condition. (C) The change in the response rate is plotted against the change in performance for the individual animals.
The greater the reduction in response rate, the greater the performance benefit. (D) As A but for animals receiving ChR2 activation of the VP. Here, ChR2
activation of the VP has a strong deleterious effect on acquisition and performance of the task. (E, Left) As B, except for ChR2-mediated excitation of the VP.
While lever-press rates in the control S— trials decrease steadily over days, consistent with learning, lever-press rates in the ChR2 trials do not change over
days. (E, Right) Lever-press rates in the S+) trials. Neither the control S+ rate nor the ChR2 S+ rate changes over days, nor are they different from one another.
F is as C. No correlation between the decreased performance seen in ChR2 trials and the change in lever-press rate in the individual animals. Error bars

represent + SEM.

t test: n = 3; P > 0.1). Using the same methodology as for the
Arch animals, Fig. 4B, we find that the lever-press rate remained
stable during the S— trials paired with ChR2 activation (Fig. 4 E,
Left). During S— control trials, the lever-press rate did reduce
systematically over training days; two-way ANOVA [F(1.70) =
17.7; P < 0.001]; [F(6.70) = 3.6; P < 0.005], with a significant in-
teraction between ChR2 activation and training day (P < 0.05),
consistent with successful learning of the auditory task under
control conditions. As was the case for the Arch animals, response
rates during the S+ trials did not change over the course of
training, nor was there a difference in the lever-press rates during
S+ trials paired with VP activation and the rates in the control S+
trials. Two-way ANOVA [F(1.70) = 0.7; P > 0.1]; [F(6.70) = 0.3;
P > 0.5], and no significant interaction was observed (P > 0.5).
ChR2 stimulation did not systematically affect lever pressing in the
VI-30 task (Fig. 2E), and there was accordingly no significant
correlation between ChR2 stimulation-induced changes in VI-30
lever pressing and performance on the auditory task (r = 0.07, P >
0.1; see Fig. 4F). Taken together, the rats largely failed to learn the
auditory discrimination task during ChR2-mediated activation of
VP circuits, apparently disregarding the auditory information
present in the environment and instead persisting in the VI-30
behavior they had acquired prior to task switching.

We made electrophysiological recordings from the VP and ACC
in order to examine the effect of the optogenetic manipulations on
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neural circuit activity. Note that some of these recordings were
made prior to the behavioral experiments and thus include subjects
that did not move on to complete all of the behavioral stages. Eight
animals in the ChR2 group had recordings of sufficient quality and
free of line noise in both the VP and ACC, while in the Arch group,
six animals had high-quality recordings in the VP and four animals
in both the VP and ACC. We first focus on recordings in the home
cage taken outside of task performance because, under these con-
ditions, the VP displays pronounced gamma-band activation cou-
pled to activity in the ACC, an important node of the DMN. As
anticipated, we observed robust endogenous broad-band gamma
oscillations in the VP, consistent with previous findings in the VP/
nucleus basalis region (10, 39). Continuous Arch stimulation slightly
reduced gamma-band activity in the VP and ACC as evidenced by
the data shown for an example animal (Fig. 5 4 and B).

Gamma power reductions were significant in both brain re-
gions (VP: paired ¢ test, n = 6, P < 0.01; ACC: paired ¢ test,n = 4,
P < 0.05), amounting to a decrease of about 2% on average
(Fig. 5C). For ChR2 stimulation, we delivered 40 Hz laser pulse
stimulation for 1-s epochs, as this has been shown to trigger ac-
tivation of cortical BF target structures such as the ACC (10, 40).
Optogenetic ChR2 activation resulted in strong entrainment of
the local field potential (LFP) within the VP and ACC as shown in
Fig. 5C for an example animal. The narrow-band entrainment
at 40 Hz was significant within both regions across animals
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(Fig. 5F; VP and ACC: paired ¢ tests against 1, P < 0.001). Our
findings indicate that both Arch and ChR2 stimulation reliably
modulate activity in local VP circuits as well in the ACC, which is a
major node of the DMN and a cortical projection target of the VP.

Following task switching, we detected transient short-duration
gamma bursts in the VP (see Materials and Methods) and analyzed
how frequently they occurred during the acquisition of the audi-
tory discrimination task. For ChR2 stimulation, we found that the
pronounced impairment in discrimination performance relative to
control trials was accompanied by a concurrent enhancement in
gamma burst occurrence. Results for an example animal are sum-
marized inFig. 5F, and the enhancement of gamma burst frequency
was significant in three out of four animals tested comparing the last

7 d of task performance (paired ¢ test: n = 7, P < 0.05). Arch
stimulation had the opposite effect on gamma burst frequency,
resulting in a suppression of gamma bursts that accompanied the
slight advantage in discrimination performance associated with
Arch stimulation. Results for an example animal are summarized
in Fig. 5G, and gamma burst suppression was significant in four
out of six animals tested (paired ¢ test: n = 7, P < 0.05). In Fig. 5H,
we summarize data from all available animals in the ChR2 and
Arch stimulation conditions, plotting how behavioral performance
and gamma burst frequency changed from the corresponding
control trials as a result of optogenetic stimulation. Comparing
ChR2 and Arch, we document a significant difference between
these two optogenetic stimulation conditions on both gamma
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Fig. 5. DMN activity and its relationship to operant behavior and auditory discrimination learning. (A, Left) Example spectrogram of VP LFP recordings taken
in the animals’ home cage with Arch stimulation (yellow line, Top) showing reduced gamma band activity during the Arch stimulation. Right panels show
spectral power in the VP and the ACC with and without Arch stimulation (yellow and gray, respectively) for the same example rat. (B) Summary data over rats
reveals a weak but significant suppression of gamma band activity at 40 to 60 Hz, both in the VP and the ACC. (C, Left) Spectrogram showing an example of
40-Hz entrainment by ChR2 40-Hz stimulation in the animals’ home cage (blue line, Top). (Right) Examples of spectral power in the VP and the ACC with and
without ChR2 40-Hz stimulation. (D) Summary data over rats shows significant increases at 40 Hz power in both the VP and the ACC. (E) Example LFP trace
from the VP showing gamma burst activity, gray raw data; black, 40- to 60-Hz band pass filtered. Red boxes mark detected gamma bursts. (F) Changes in burst
frequency (Bottom) and discrimination performance (Top) over learning days; gray, control; blue, ChR2 activation. Note that ChR2 leads to an increased
number of gamma bursts and a concomitant decrease in discrimination performance. (G) Same as F but for an Arch animal. A decrease in gamma burst
frequency is associated with a slight increase in performance. (H) The correlation between changes in gamma burst frequency and changes in performance for
both ChR2 (blue) and Arch (yellow) animals. Decreasing bursts in Arch animals are associated with better performance, and the opposite is true for the ChR2
animals. Blue and yellow circles denote the animals used for the examples in F and G, respectively. (/) Group mean of directional interactions computed during
VP gamma bursts between the VP and the ACC for Arch, ChR2, and control. No differences between control trials and those paired with optogenetic ac-
tivations were observed. (J) An example spectrogram of an LFP recording in the VP during a transition from grooming to lever pressing. Red bar above the
spectrogram represents the time course of grooming, and vertical ticks mark lever presses. Note that pronounced gamma activity is present during both
grooming and lever pressing. (K) Average VP gamma power for grooming, lever pressing, and exploratory/locomotion behavior; shaded areas represent SEM.
(L) Statistical comparison of VP gamma (40 to 60 Hz) power for the three behaviors, exploration/locomotion (gray), lever press (black), and grooming (red).

Note highest VP gamma power during grooming and intermediate up-regulation during lever-press behavior in contrast to exploratory/locomotion behavior.
Error bars represent + SEM.
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burst frequency (unpaired ¢ test n = 10, P < 0.05) and behavioral
performance (unpaired ¢ test, n = 10, P < 0.001). Taken together,
these findings suggest that ChR2 stimulation, by enhancing DMN
activity, tends to keep animals in the default mode behavioral state
with an inward focus. Under these conditions, they do not ade-
quately process auditory information in the environment, hinder-
ing their auditory learning progress. Arch stimulation has the
opposite effect, pushing animals away from the default mode
behavioral state and toward an externally focused attentional state
that confers a slight performance benefit relative to control trials.
We have evidence compatible with the idea that the gamma burst
effects described, Fig. 5 E-I, are not unique to the VP but are also
broadcast to other DMN nodes. Analyses of directed coherence
(i.e., Granger causality performed on the band pass filtered [45 to
60 Hz] gamma bursts) suggest that VP gamma band oscillations
tend to drive activity in the ACC but not vice versa (see Fig. 51).
There was no difference between control and ChR2/Arch condi-
tions, such that the nature of the coupling between the VP and the
ACC was unaltered by optogenetic stimulation. However, as gamma
bursts can be considered as coupling events, our data suggests that
the change in occurrence of these coupling events in the VP has an
impact on the ACC, a cortical node of the DMN.

In a previous study, we suggested that default mode behaviors
in the rat, quiet wakefulness and self-grooming, were associated
with particularly pronounced BF activation in the VP, whereas ac-
tivity was suppressed during explorative behavior (10). Our present
data suggests that lever pressing during the highly repetitive and
stereotyped VI-30 task might also be considered a default mode
behavior. To address this question, we examined LFP data from
the VI-30 task during epochs of self-grooming, lever pressing, and
locomotion/exploration of the operant chamber. An example
spectrogram is shown in Fig. 5J, illustrating consecutive segments
of grooming followed by lever pressing and showing reduced
gamma power during the latter behavior. Spectral analysis of all
available behavior-scored segments, shown in Fig. 5K, confirms
that the highest values of broad-band VP gamma occurred during
grooming, intermediate values during VI-30 lever pressing, and
the lowest values during exploration. This effect was significant
across the population of available animals (see Fig. SL;n =24, P <
0.001), suggesting that stereotyped lever pressing of the kind that
occurs in highly trained animals on operant schedules is associated
with pronounced VP gamma oscillations and thus could indeed be
considered as a default mode behavior.

Discussion

Our previous results have implicated the VP as a key regulator of
DMN activity such that the VP shows elevated activity during
default mode behavioral states including quiet wakefulness and
self-grooming (10, 39). Here, we tested the idea that up- and
down-modulation of VP circuits might drive animals in and out of
default mode behavioral states, thereby promoting execution of
automatized behaviors according to learned schemata or alloca-
tion of attention to external stimuli, respectively. We first inves-
tigated the impact of VP modulation on lever-press rates under a
VI-30 schedule of reinforcement. Based on previous literature (16,
17), lever pressing under these conditions becomes a highly ste-
reotyped, automatized behavior, limiting attention to the external
world and thus meeting the criteria for a default mode behavior
(1, 2). Activation of the VP during automatized lever pressing had
no effect on the animals’ behavior, as animals were already in a
DMN-dominated brain state, and further up-regulation of the VP
serves only to maintain that state. Conversely, inhibition of VP
circuits strongly reduced lever pressing, a reduction that we suggest
reflects a deactivation of the DMN and puts animals in an atten-
tional state, disrupting the efficiency conferred by automatized task
performance. Our observations are compatible with the idea that
the VP regulates task participation, shown in operant and classical
conditioning paradigms (21, 25-27). However, VP activation does
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not increase lever pressing despite the fact that lever-press rates on
VI-30 are far below ceiling rates observed on other schedules (e.g.,
FR) (41). Our findings are therefore more consistent with a state
switch in and out of a DMN brain state rather than graded reg-
ulation of task participation. Furthermore, they suggest that VP
circuits are able to trigger a DMN brain state with little temporal
lag in on- and offset, allowing instant-by-instant DMN regulation,
which is conducive for adaptive behavior.

The key manipulation in our study is switching animals from
an internally guided, DMN-dominated, VI-30 task to a discrimi-
nation task requiring attention to auditory stimuli. During one set
of auditory stimuli, S+, rewards remain available on the same VI-
30 schedule, whereas during another set of stimuli, S—, no rewards
are available. Control animals learn this new contingency over a
few training sessions, mainly by decreasing responses during S—
and progressively mastering the auditory discrimination task. Task
switching has been extensively used to examine the neural basis of
cognitive control and flexibility (42, 43). Note that we examine a
specific kind of task switching, namely, the switching from an in-
ternally to an externally guided task, which differs from more
common forms such as reversal learning and set shifting (44, 45),
in which externally directed attention is required throughout task
performance. Frontal areas, including the lateral prefrontal and
cingulate cortex, are known to play an important role in task
switching (46-49), providing a potential common substrate for
cognitive control and regulation of the DMN that also includes
significant portions of the frontal cortex (3, 50). Compatible with
this notion, separable populations of ACC neurons have been
shown to participate in repetitive, memory-based (i.e., DMN-
linked) and search-related (i.e., attention-linked) control of be-
havior (51). The effects of optogenetic up- and down-regulation of
VP circuits on rats’ ability to acquire the auditory discrimination
task following task switching were also highly compatible with a
crucial role of the DMN. Upon switching to a task that necessi-
tates attention to external stimuli, DMN activity is unhelpful, and
task switching should therefore be facilitated by VP suppression.
At the same time, augmentation of VP activity should keep the
animals in a DMN-dominated brain state, jeopardizing direction
of attention to auditory stimuli and hampering acquisition of the
auditory discrimination task. We observed both of these effects.
VP ChR2 stimulation caused a very pronounced deficit in auditory
discrimination learning, as animals kept responding during S—
trials, apparently oblivious to the auditory information instructing
them that no reward was available. Failure to suppress responses
on S— trials parallels previous results in macaques, showing el-
evated numbers of incomplete trials (52), as well as a disengage-
ment from sensory-guided behavioral control and a concomitant
increase in behavioral responses following pharmacological VP
activation (52).

Our findings are also consistent with previous demonstrations
linking operant responding to VP activation, particularly of the
GABAergic cell population (26, 27), a population that we also target
in our present study, as our optogenetic ChR2 stimulation spe-
cifically activates GABAergic VP neurons. Note that the learning
deficits on the S— trials could also be explained by a failure of the
animal to utilize the negative reward prediction error that occurs
on these trials to update the behavioral response strategy. For
example, GABAergic VP overactivation might interfere with the
neural encoding of negative reward prediction errors that are
necessary for adapting task contingencies following task switching.
Consistent with this notion, reward prediction error signals have
been demonstrated in VP neural responses in rats (53). We thus
consider that this potential disengagement from reward-related
feedback from the environment might, in addition to disengage-
ment from sensory information, also play a role in our behavioral
findings. Both effects are indeed compatible with a disengagement
from the external environment and an internal focus that char-
acterize DMN-dominated brain states. Potential modulations of
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reward-related processing might involve VP projections to the ventral
tegmental area (VTA), which are indeed mostly GABAergic (28) and
thus modulated in our task. Along these lines, pharmacological
inhibition of the VP has been shown to result in an increase in
VTA firing and a concomitant increase in tonic DA release in the
NAcc (54). Dopaminergic activity in the VTA is also thought to
play a central role in both the acquisition of goal-directed or action/
outcome (A/O) behaviors through projections to the NAcc (55) as
well as the development of automatic/S-R responding through a
separate nigrostriatal pathway (56) but also potentially involving
VTA (54). By contrast, Arch-mediated VP suppression, which, in
our study, targeted both cholinergic and GABAergic VP neurons
and slightly but significantly improved acquisition of the auditory
task following task switching. This is compatible with previous
work showing that pharmacological deactivation of the VP speeds
up reaction times to low-value sensory cues, which can be con-
sidered as an enhancement in performance, potentially involving
heightened engagement with sensory or reward-related aspects of
the external environment (57), but see ref. 58. We attribute the
improved learning rate to transient deactivation of the DMN,
which reduces stereotyped responding, improves rats’ ability to
attend to the auditory stimuli, and promotes more rapid task ac-
quisition. This hypothesis is supported by the observation that
pharmacological inactivation of the VP triggers exploratory for-
aging in the rat while at the same time suppressing stereotyped
lever pressing (25). Our findings suggest that, in the Arch condi-
tion, animals are unimpaired in their utilization of negative pre-
diction errors as they reliably learn to suppress responses on S—
trials. The conjunction of reduced lever pressing and enhanced
learning following task switching seems difficult to conceptualize
based only on reward processing. We therefore consider that,
while our results certainly do not rule out a VP role in task par-
ticipation and reward processing, they are best explained by con-
sidering the VP as a promotor of DMN activation. Interestingly,
noncholinergic and, putatively, GABAergic neurons in other BF
structures (i.e., the nucleus basalis and horizontal diagonal band)
show activity that is inversely correlated with reaction time
(i.e., high firing rates are associated with shorter reaction times). It
has been suggested that GABAergic activity in these nuclei is
associated with allocation of attention or cues that predict rein-
forcement (59, 60), while neighboring cholinergic neurons seem to
be more involved in signaling the reinforcement itself (60). These
results are apparently at odds with our findings that activation of
VP GABAergic neurons activates the DMN and withdraws re-
sources from sensory processing. Taken together, however, these
results may suggest that, while the VP and horizontal limb diag-
onal band/nucleus basalis harbor similar cell types and overall
connectivity patterns, they might serve distinct functions related to
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the DMN and sensory processing—related cortical networks with
which they are reciprocally connected.

While the DMN has traditionally been associated with inwardly
focused and self-directed mental activity (3), some recent studies
have suggested that it may also be active during task switching (36,
37, 61). This idea is compatible with an extensive literature in
animal work, which has implicated the medial frontal cortex, in-
cluding the ACC, in the control of transitions to and maintenance
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nuclei, including the magnocellular preoptic nucleus and the VP,
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task employing auditory stimuli following electrical stimulation of
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state transitions between periods of outward attentional focus and
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