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The function of dorsal Anterior Cingulate Cortex (dACC) remains poorly understood.
While many methods, spanning bottom-up and top-down approaches, have been
deployed, the view they offer is often conflicting. Integrating bottom-up and top-down
approaches requires an intermediary with sufficient explanatory power, theoretical
development, and empirical support. Oscillations in the local field potential (LFP) pro-
vide such a link. LFP oscillations arise from empirically well-characterized neuronal cir-
cuit motifs. Synchronizing the firing of individual units has appealing properties to bind
disparate brain regions and propagate information, including gating, routing, and
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coding. Moreover, the LFP, rather than single unit activity, more closely relates to macro-
scale recordings, such as the electroencephalogram and functional magnetic resonance
imaging. Thus, LFP oscillations are a critical link that allow for the inference of neuronal
micro-circuitry underlying macroscopic brain recordings.

1. Introduction

The dorsal anterior cingulate cortex (dACC) is an enigmatic struc-
ture located on the medial wall of the cerebral cortex. It is associated with
executive control, learning, adjustment, economic choice, and self-control
(Heilbronner & Hayden, 2016; Morecraft etal., 2012; Paus, 2001; Shenhav
etal., 2017). It has prominent anatomical connections to other structures in
the prefrontal cortex, including the orbitofrontal cortex and pre/motor
structures, as well as to the amygdala (Barbas & Pandya, 1989; Morecraft
et al., 2012; Vogt & Pandya, 1987). It even includes direct connections
to the spinal cord, as well as the hypothalamus, suggesting a role in auto-
nomic control (Passingham & Wise, 2012). Dysregulation of the dACC
is associated with several psychiatric diseases, including depression, obses-
sive compulsive disorder, and drug addiction, and it has been argued to play
a central role in integrating and communicating information across the
cortex (Goodkind et al., 2015).

Like other brain structures, dACC is amenable to study via multiple exper-
imental methods. Single unit electrophysiology and anatomy, which we have
called bottom-up methods, are two sources (Heilbronner & Hayden, 2016).
Another source of information comes from top-down methods, which
include functional neuroimaging (fMRI), electroencephalography (EEG),
magnetoencephalography, and lesion studies. Reconciling a portrait of the
dACC derived from the difterent methods has proven to be a challenge.
Indeed, there is perhaps no other brain region wherein the disagreement over
methods—epitomized by the debate over conflict detection - has proven to
be so central to discussions of its function (Cole, Yeung, Freiwald, &
Botvinick, 2009; Ebitz & Hayden, 2016; Holroyd, Nieuwenhuis, Mars, &
Coles, 2004; Schall & Emeric, 2010).

In theory, we should be able to leverage the large number of approaches
into the dACC, triangulate across methods, and obtain a better understand-
ing of its function. Our central argument is that the consideration of mul-
tiple methods can indeed provide a better and more accurate understanding
of the dJACC. But for that to happen, the methods need to be compared in
a sophisticated way that respects the strengths and weaknesses of each.
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In particular, while the bottom-up approaches continue to provide the gold
standard ground truth, they provide only a part of the story, one that is
impoverished by failures to be integrated with other methods.

An important lemma of our argument will be that the local field potential
(LFP) serves as a critical intellectual intermediary between top-down and
bottom-up methods. The LFP is recorded intracranially, and thus, typically
in animal models (although there is growing interest in human recordings
(Widge, Heilbronner, & Hayden, 2019)). The LFP represents the summed
transmembrane currents in a ~200 pm radius (Einevoll, Kayser, Logothetis, &
Panzeri, 2013). The relative prominence of different frequency components
fcomprising the signal can be determined with a spectrogram. An LFP spec-
trogram typically hasa 1/fstructure. Frequency-specific “bumps” above this
1/fstructure can shed insights on engaged neuronal circuits. Typically, these
bumps are centered around canonical frequencies, such as theta (4-10Hz),
alpha/beta (10 — 30), or gamma (30—100 Hz). The frequency of interest can
change with age (e.g., Tran, Rolle, Gazzaley, & Voytek, 2020), and does
exhibit some inter-species variability (Javitt et al., 2020), though it remains
convenient to discuss results in terms of these canonical bands (Javitt
et al., 2020).

The present work is organized as follows. First, we briefly review insights
derived from bottom-up approaches of dACC function (covered in detail in
Heilbronner & Hayden, 2016). Second, starting with the observation that
task-dependent changes in dACC single unit activity is modulated as a func-
tion of LFP oscillation phase, we describe circuit and network insights from
LFP oscillations. Third, we elucidate key computational properties of phase
modulated spiking. Finally, we describe efforts to reconcile micro- and
macro-scale insights that leverage LFP recordings.

2. Insights from single unit studies: dACC
as an economic structure

Neurons in the dACC clearly participate in economic computations
(Heilbronner & Hayden, 2016). Key findings include the fact that firing
rates of neurons in dACC encode the values of offered options and of cho-
sen options, as well as values of obtained options (Amiez, Joseph, & Procyk,
2006; Azab & Hayden, 2018; Cai & Padoa-Schioppa, 2012; Hayden,
Heilbronner, Pearson, & Platt, 2011; Rudebeck, Mitz, Chacko, & Murray,
2013; Seo & Lee, 2007). Those responses are modulated by the prior
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likelihood of the outcome and by the surprisingness of the outcome
(Hayden et al., 2011). It is well established that dACC has a strong motor
repertoire; consequently, it is not surprising that dACC neurons track
the positions of offers and of choices (Hayden & Platt, 2010; Strait
et al., 2016).

Recent work from our lab has further clarified the economic computa-
tions of the dACC (Azab & Hayden, 2017, 2020). That work puts dACC
precisely in the middle of two key value-related computations, namely, value
formation and value comparison. Specifically, we examined responses of
dACC neurons in an economic choice task in which subjects chose between
two staggered gambles defined by varying probabilities. Behavior depended
systematically on the values of both outcomes, as did firing rates of single neu-
rons (Azab & Hayden, 2020). This type of pattern has been observed before,
and has been used to argue that neurons represent an abstract value signal, that
is, one that is independent of the factors that influence value.

However, we used some novel statistical techniques to ask whether dJACC
neurons carry a pure value signal—that is, whether dACC neurons had fully
shed information about the components of value. Surprisingly, we found that
value-related encoding in dACC is only partial. That is, dACC responses par-
tially integrate the values of the two offers, much as if they reflect the middle of
a hierarchical process that transtorms discrete information channels into inte-
grated abstract value signals (Balasubramani, Moreno-Bote, & Hayden, 2018;
Yoo & Hayden, 2018).

A complementary study used the same analysis technique to ask about
value comparison signals. We had initially identified an anti-correlation
between regression weights for the values of two offers, and argued that these
weights were signatures of value comparison processes (Azab & Hayden,
2018; Strait, Blanchard, & Hayden, 2014; Strait, Sleezer, & Hayden, 2015).
These anti-correlations reflect frank encoding of the key decision variable
predicted from value comparison processes, namely, value difference.
We had previously argued that such signals reflect the completion of a value
comparison process. However, we showed that this comparison process is
only partially complete, even relatively late in the trial (Azab & Hayden,
2017). That is, the outputs of dACC reflect only partial comparison of
values, suggesting, as before, occupation of a middle stage in a hierarchical
value comparison process. These works, together with other studies show-
ing similar responses in other value-sensitive regions, suggests that dACC
does not have a specific and unique role in economic choice, but is better
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understood as part of a larger distributed hierarchy for economic decision-
making, and thus reflects the interaction of multiple distributed processes
(Chen & Stuphorn, 2015; Cisek & Kalaska, 2010; Hunt & Hayden,
2017; Kolling, Behrens, Wittmann, & Rushworth, 2016; Maisson,
Cash-padgett, & Hayden, 2020).

2.1 Linking economic function with other roles of dACC

The economic view of dACC function emphasizes its role in value formation
and comparison. Critically, the values of options may change, and must be
updated. This dovetails with a second viewpoint that sees dACC as critical
to learning option values. In support of this, neurons in dACC encode
feature-specific reward prediction errors, and do so earlier than the lateral pre-
frontal cortex (LPFC) or striatum (Oemisch et al., 2019; Voloh, Oemisch, &
Womelsdorf, 2020). Furthermore, dACC neurons show individual selectivity
for errors with different sources (Shen et al., 2015). These studies thus suggest
a neural substrate for attributing general outcomes to their specific attendant
sources.

A second viewpoint links valuation to concepts from foraging theory,
where dACC is thought to reflect switching from a default option to a new
one (e.g., exploring a new patch, (Hayden et al., 2011; Kolling, Behrens,
Mars, & Rushworth, 2012)). Indeed, neurons in ACC have a higher degree
of task selectivity than LPFC when switching to a new task set (Johnston etal.,
2007). When multiple options are available (for example, multiple patches that
can be (re)visited), the dJACC must be able to maintain a memory trace for
different options, even if they do not affect choice on the current trial.
Indeed, neurons in dACC can track correct targets even when the trial was
ultimately unsuccessful (Westendorft, Kaping, Everling, & Womelsdorf,
2016). This 1s in line with evidence that the dACC tracks counter-factual
outcomes (what could have been), as has been demonstrated in macaques in
both single unit (Hayden, Pearson, & Platt, 2009), and macroscopic BOLD
(Fouragnan et al., 2019) studies. Presumably, the dACC evaluates if a dif-
ferent option could have had a better outcome, and generates a signal to
switch to it.

Taken together, single unit studies have identified economic compu-
tations that are likely expressions of a broader fronto-striatal circuitry
designed for the selection and instantiation of action that maximize future
rewards.
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3. Oscillations as a window into circuit interactions

To optimize behavior, the computations performed by dACC neurons
must be coordinated and disseminated with other brain regions (Heilbronner &
Hayden, 2016; Kolling, Wittmann, et al., 2016; Shenhav, Cohen, &
Botvinick, 2016; Womelsdorf & Everling, 2015). A key feature of coordi-
nation between ACC and distal structures is that spikes in ACC are concen-
trated to certain phases of distal oscillations. Many studies of primates have
shown such task-specific spike-phase synchrony, including between the ACC
and frontal eye fields (Babapoor-Farrokhran, Vinck, Womelsdorf, & Everling,
2017), ACC and LPFC (Smith et al., 2019; Voloh, Valiante, Everling, &
Womelsdorf, 2015; Voloh & Womelsdorf, 2017; Womelsdorf, Ardid,
Everling, & Valiante, 2014), ACC and ventro-medial PFC (Womelsdorf,
Ardid, et al., 2014), ACC and striatum (Voloh et al., 2020), and ACC
and amygdala (Taub, Perets, Kahana, & Paz, 2018). Further evidence from
rodents suggests that the ACC also synchronizes to hippocampus
(Benchenane et al., 2010; Fujisawa & Buzsidki, 2011; Hyman, Ma,
Balaguer-Ballester, Durstewitz, & Seamans, 2012; Sirota et al., 2008), ven-
tral tegmental area (Fujisawa & Buzsiki, 2011), and infra-limbic cortex
(Totah, Jackson, & Moghaddam, 2013), although care must be taken in trans-
lating results from rodents to primates (Heilbronner & Hayden, 2016). Such
synchrony selectively emerges when attentional (Voloh & Womelsdorf,
2017; Womelsdorf, Ardid, et al., 2014), or control (Smith et al., 2019)
demands are high. This suggests that communication between ACC and distal
structures may be modulated and controlled by band-limited, population-
level oscillatory activity, arising from distinct neuronal circuits.

3.1 Oscillatory timescales arise from specific dynamic
circuit motifs

Local circuits of cells can generate oscillatory activity. The period of this activ-
ity is determined by the specific configuration of inhibitory and excitatory
cells, the kinetics of transmembrane channels, axonal delays, and the nature
of arriving inputs (Womelsdorf, Valiante, Sahin, Miller, & Tiesinga, 2014).
For example, a well-characterized circuit motif that generates activity in
the gamma (30-100 Hz) band is the pyramidal-interneuron gamma (PING)
motif. Depolarizing pyramidal cells excite inhibitory parvalbumin-positive
(PV +) interneurons, which subsequently inhibit those same pyramidal cells.
The frequency of the generated oscillation is thus determined by the timescale
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of GABA-ergeric inhibition, and how quickly pyramidal cells can recover
from inhibition. It is important to note that this sort of circuit can thus gen-
erate oscillatory activity even when the input is non-oscillatory. Different cir-
cuit motifs can generate oscillations with different periods (reviewed in
(Womelsdorf, Valiante, et al., 2014) as well as (Wang, 2010)).

Oscillatory circuit motifs are likely computational units that are con-
served across brain areas (Fries, 2015; Womelsdorf, Valiante, et al., 2014),
yet still support processing of region-dependent information. For example,
in dACC and LPFC, electrophysiological classification of neuronal subtypes
revealed a similar interneuron type in both dACC and LPFC, likely
corresponding to PV + interneurons (Boroujeni, Tiesinga, & Womelsdorf,
2020). This neuron type encoded different information in the two areas, with
choice probabilities being encoded in LPFC, and reward prediction errors in
dACC. These same cells also showed gamma band synchrony that mirrored
the cells’ encoding preferences. Thus, the same neuronal circuits, con-
served across dACC and LPFC, may nevertheless be leveraged to process
area-specific information.

Importantly, activity at multiple frequency bands can be generated by the
same circuit, with the faster oscillation being nested within the slower one.
This can be evident as “phase-amplitude coupling,” where the amplitude of
a fast oscillation is modulated by the phase of a slow one (see Hyafil, Giraud,
Fontolan, & Gutkin, 2015 for a review of this and other forms of cross fre-
quency interactions). At the circuit level, different instantiations are possible.
One option, most extensively studied in the hippocampus, suggests that a
separate population of cells, whose activity is dominated by a slow Ca*"
I;, hyper-polarizing current, provides theta-pulsed inhibition (Malerba &
Kopell, 2013; Neymotin et al., 2013; Stark et al., 2013; Tort, Rotstein,
Dugladze, Gloveli, & Kopell, 2007). Alternatively, phasic and/or tonic exci-
tation of inhibitory and excitatory populations in the PING motif (described
above) can generate different phase-amplitude coupling profiles (Onslow,
Jones, & Bogacz, 2014). This implies that information contained in high-
frequency oscillations can be organized according to a low-frequency scaf-
fold (Lisman & Jensen, 2013; Panzeri, Brunel, Logothetis, & Kayser, 2010;
Voloh & Womelsdorf, 2016).

The maintenance and generation of oscillatory activity does not only
depend on neuronal cell types. Even within the same neurons, different
spike profiles have a differential impact on local oscillations. This is evident
when comparing the relation of regular spiking vs burst spiking (spike occur-
ring <5ms apart) to local LFP activity in dACC and LPFC (Voloh &
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Womelsdorf, 2017). Bursts of putative interneuron cells are associated
with increased local theta power that peaks after the burst has occurred,
as well as increased beta phase synchronization, compared to non-bursts.
On the other hand, bursts, rather than non-bursts, of putative pyramidal
cells were associated with a stronger phase-dependent variation in beta
power. These results are suggestive of the neuronal circuits at play, such
as a role for Martinotti cells in theta maintenance, and/or the coactivation
of proximal and dendritic inputs of a network of excitatory and inhibitory
cells for beta generation (see Voloh & Womelsdorf, 2017 for detailed
discussion).

In summary, the frequency of a particular rhythm being engaged in a
task-dependent manner is suggestive of the neuronal circuitry at play.

3.2 Oscillations index inter- and intra-laminar coordination

Intriguingly, frequency specific activity can often be localized to specific
cortical layers (Voloh & Womelsdorf, 2016; Wang, 2010; Womelsdorf,
Valiante, et al., 2014). Slower oscillations are prevalent in infra-granular
layers, whereas faster ones are reported in granular and supragranular layers
(Bastos, Loonis, Kornblith, Lundqvist, & Miller, 2018; Bollimunta, Chen,
Schroeder, & Ding, 2008; Buffalo, Fries, Landman, Buschman, & Desimone,
2011; Ninomiya, Dougherty, Godlove, Schall, & Maier, 2015; Van Kerkoerle
etal.,, 2014; Wang, 2010). Varying task demands changes the strength of acti-
vation but not the pattern of functional connectivity, suggesting such activity
propagation proceeds along conserved anatomical paths (Van Kerkoerle et al.,
2014). Intriguingly, this segregation of frequency by layer also indexes
feedforward and feedback connectivity between (Van Kerkoerle et al.,
2014; Voloh & Womelsdorf, 2016; Bastos et al., 2018), and within (Van
Kerkoerle et al., 2014; Voloh & Womelsdorf, 2016) columns. Indeed, it
is possible to recapitulate a large swath of the visual hierarchy based on
oscillatory coordination alone, both in macaques (Bastos et al., 2014)
and humans (Michalareas et al., 2016).

Evidence suggests that even within a column, oscillations between layers
can interact (Bollimunta et al., 2008; Florez et al., 2013; Lee, Whittington, &
Kopell, 2013; McGinn & Valiante, 2014; Ninomiya et al., 2015; Spaak,
Bonnefond, Maier, Leopold, & Jensen, 2012). For example, in human neo-
cortical slices, theta activity is prevalent in supra and infra-granular layers
(Florez et al., 2013). The phase of the former lags behind that of the latter,
suggesting a directional influence. Importantly, gamma amplitude in
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supragranular layers is modulated by the phase of theta. Taken together,
both inter- and intra- columnar coordination may be realized via oscilla-
tory interactions.

Visual areas are a major source of evidence for a role of oscillations in
widespread coordination, but have a unique architectonic fingerprint, rais-
ing the question of whether these results can be extended to agranular cortex
such as the dACC (Voloh & Womelsdorf, 2016). An important piece of
evidence is offered by a study of macaque SEF (Ninomiya et al., 2015),
an agranular structure much like dACC (Barbas, 2015). In SEF, unlike
in V1, deep layer slow oscillations did not modulate superficial layer fast
oscillations (Ninomiya et al., 2015). Instead, the interaction was localized to
layer 3. As the authors note, this may be due to the propensity of inputs and
output to be localized to the (same) layer 3 (Ninomiya et al., 2015). Thus, a
more general principle of oscillatory organization may be that oscillations index
the input and output of local circuits, rather than simply the depth of the layer.

The inter-laminar patterns of oscillatory coordination may support a
role for the dACC in the modulation of local computations in downstream
regions (Helfrich & Knight, 2016; Womelsdorf & Everling, 2015). This
possibility was probed in a study of selective attention in macaques (Voloh
et al., 2015). Monkeys were cued to attend to a target, and had to report the
direction of rotation, while ignoring a distractor. After the attention cue came
on, but not before, high-frequency gamma amplitudes was modulated as a
function of low-frequency theta phase (Fig. 1A and B). Critically, such
theta-gamma phase-amplitude coupling selectively emerged when monkeys
made a subsequent correct choice, but not an erroneous one (Fig. 1B). This
directly suggests that coordination of oscillatory activity across timescales can
support the successful deployment of attention. Importantly, theta and gamma
activity was anatomically distinct; theta phases were more likely to arise in
dACC, whereas gamma amplitudes were more likely to be found in LPFC
(Fig. 1C). This is in line with the putative functional distinction between
dACC as a controlling region that modulates task-relevant representations
in LPFC (Kolling, Wittmann, et al., 2016; Shenhav et al., 2016). Further
evidence directly implicates theta phases in the modulation of gamma
amplitudes. First, a theta-phase reset was evident on correct, but not incor-
rect, trials (Fig. 1D). Second, gamma amplitudes were more tightly coupled
to theta phases than the attention cue itself. Taken together, this suggests
that JACC modulation of downstream LPFC is instantiated via theta phasic
influence of gamma amplitudes, a suggestion borne out by computational
modeling (Verguts, 2017).
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4. Computational principles of oscillatory coordination

The excitatory-inhibitory push-pull of local circuits creates periods
where spiking activity is more or less likely to occur (Fries, 2015;
Voloh & Womelsdorf, 2016; Wang, 2010; Womelsdorf, Valiante, et al.,
2014). This has a number of important implications.

4.1 Gating input

Information transmission can be gated to the excitable periods of the oscilla-
tion cycle. In this scenario, incoming spikes only have an effect on the down-
stream neurons if these neurons are not prohibitively inhibited. Optogenetic
experiments provide some of the strongest, causal evidence for this suggestion.
Gamma oscillations can be optogenetically induced by specifically targeting
fast-spiking interneurons (Cardin et al., 2009). Importantly, pyramidal cell
activity, induced by a single whisker deflection, strongly depended on the
gamma phase at which it was delivered. Thus, local oscillations gate input
in such a way that may facilitate (or inhibit) incoming information.
Perhaps more surprisingly, it seems that neurons have inherent mecha-
nisms that can sensitize them to synchronized inputs. Evidence for this comes
from in vivo recordings in cat striate cortex (Azouz & Gray, 2003). Slow
depolarization is associated with increasing spike threshold, indicating that
the probability of firing decreases when cells are depolarized slowly. On
the other hand, the same mechanism decreased the spike threshold in response
to fast depolarizations, as occur during synchronized spike input. This adap-
tive spike threshold mechanism can help tune task-relevant representations,

Fig. 1 Theta-gamma coupling predicts successful attentional deployment. (A) Example
theta-gamma phase-amplitude coupling on one trial. Blue and red traces correspond to
LFPs from two different sites. After attention cue onset, gamma amplitudes (red) were
modulated as a function of theta phases (blue) (gamma peaks highlighted with vertical
gray/green lines). (B) Phase-amplitude coupling, dissociated by frequency, task epoch,
and outcome. Theta-gamma coupling increased in the post-cue epoch relative to the
pre-cue epoch, but only for correct trials (black box). (C) Likelihood of a phase-providing
channel (values left from zero) and an amplitude-providing channel (right from zero) in
the vmPFC, dACC, and LPFC during cross-area theta-gamma coupling. (D) Progression of
the average phase (y-axis) for all phase- providing LFP channels engaging in significant
theta-gamma coupling around the time of the attention cue onset (x-axis). Each gray
line represents the average phase across trials of one such LFP. Top and bottom panels
show the progression of mean phases on correct trials and on error trials, respectively.
More channels exhibited a cue-induced reset on correct, rather than error, trials.
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and is tightly correlated with gamma band activity (Azouz & Gray, 2003).
Although such a correspondence has not, to our knowledge, been shown
in the frontal cortex, a similar mechanism may be in play. An interesting
future direction would be to determine if synchronous firing in dACC lever-
ages such intrinsic cellular adaptation to tune downstream, task-relevant
representations.

4.2 Gating output

If neuronal output is synchronized, the impact on downstream targets can be
maximized. This follows from the well-known phenomenon of temporal
summation; if spikes from different neurons arrive around the same time,
the probability of depolarization of their target is increased. For example,
periods of higher coordination in earlier visual areas increases the probability
of spiking in later visual areas (Zandvakili & Kohn, 2015). This effect is spe-
cific to retino-topically aligned, rather than non-aligned, cells in V1 and V2
(Zandvakili & Kohn, 2015).

Likewise, rodent studies of the medial prefrontal cortex (likely an analogue
to primate dACC) also suggest synchronizing output can have a powerful gat-
ing effect. A clear example of this is from an optogenetic study of conditioned
fear responses in rodents (Courtin et al., 2013). Here, optogenetic inhibition
(or activation) of inhibitory interneurons resulted in the synchronization of
local pyramidal cells, also evident as an increase in phase-locking to local theta
activity. The synchronization of pyramidal output could be traced to a theta-
phase reset, similarly induced either via optogenetic manipulation, or by the
onset of the conditioning cue. Furthermore, antidromic stimulation revealed
that the synchronized output of pyramidal cells had preferential downstream
targets involved in fear expression. The results of (Courtin et al., 2013) are
shadowed by those of (Voloh et al., 2015) (described earlier), who also found
that cue-related theta-phase resetting is predictive of behavioral outcome.
Taken together, these results suggest that synchronizing dACC output medi-
ates a powerful effect on downstream effector regions.

4.3 Routing

By aligning the phase of distal oscillations, information can be selectively
routed. Intuitively, this follows from the points above; spikes from a send-
ing region that arrive at an excitable phase can be processed, while those
arriving at an inhibited phase cannot. Thus, manipulating the relative phase
between sending and receiving regions may mediate the flow of information
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(Fries, 2015; Hahn, Ponce-Alvarez, Deco, Aertsen, & Kumar, 2019;
Palmigiano, Geisel, Wolf, & Battaglia, 2017). Testing this proposition
requires simultaneous recording from two separate upstream regions that
project to the same target. This has been done in macaque visual cortex dur-
ing a selective attention task (Bosman et al., 2012). The investigators found
that while gamma activity in V1 was prevalent at sites with difterent recep-
tive fields, downstream sites in V4 whose receptive field encompassed both
upstream sites were only coherent with the attended receptive field sites
(Bosman et al., 2012). Thus, relative phase differences between sites can
be leveraged to selectively route information. This is true even if oscillations
are short-lived and occur stochastically (Palmigiano et al., 2017), as seems to
be the case in in vivo recordings in frontal cortex (Bastos et al., 2018;
Lundqvist et al., 2016). One question that arises is how phase differences
may be controlled in order to route information. Modeling suggests that
increasing tonic firing rate activity of the target site is sufficient to modify
relative phases and route information transmission (Palmigiano etal., 2017).
While this has not yet been demonstrated in the dACC, we hypothesize that
such routing may underlie the ability of the dACC to selectively modulate
downstream, task-relevant targets such as in the LPFC. This would require
careful dissection of network level variables that determine information
propagation via synchronous (or asynchronous) firing (Hahn et al., 2019;
Kumar, Rotter, & Aertsen, 2010).

4.4 Coding

One consequence of phase-specific sensitivity to input is that information
can be encoded as a function of phase. Put another way, a downstream reader
can deduce the informational content of spikes based on which phase they
arrive at. Phase-of-firing coding has been shown to increase the informational
content of spikes (Kayser, Montemurro, Logothetis, & Panzeri, 2009;
Montemurro, Rasch, Murayama, Logothetis, & Panzeri, 2008), and to carry
information about stimulus orientation (Vinck etal., 2010; Womelsdorfetal.,
2012), object in memory (Siegel, Warden, & Miller, 2009), spatial navigation
parameters (Huxter, Senior, Allen, & Csicsvari, 2008; Turesson, Logothetis, &
Hoftman, 2012), and learning variables (Hawellek, Wong, & Pesaran, 2016;
Voloh et al., 2020) (see below for further details). This may be achieved
through a rate-to-phase conversion (Buzsaki & Draguhn, 2004; Fries,
Nikoli¢, & Singer, 2007; Mehta, Lee, & Wilson, 2002); neurons that are acti-
vated most strongly will be able to escape oscillatory inhibition earliest, thus
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firing on earlier phases. Importantly, this also provides a mechanism to mul-
tiplex different streams of information (Akam & Kullmann, 2014). A down-
stream reader can decode a packet of information by determining the phase
(relative to a reference oscillation) at which it arrived (Lisman & Jensen, 2013;
Akam & Kullmann, 2014; see Akam & Kullmann, 2014 for other oscillation-
based multiplexing schemes). Such a reference oscillation may be instantiated
by a phase reset of ongoing oscillations (Voloh & Womelsdorf, 2016), thus
bringing sending and receiving regions into phase alignment.

Recent evidence suggests that, like primary and associative areas reviewed
above, spike-phase interactions in dACC (as well as LPFC and striatum) also
boost information content (Voloh et al., 2020). Monkeys performed a
reversal learning task, whereby they had to learn the color associated with
reward in a block of trials. All considered brain areas encoded key learning
variables, including outcome, reward prediction error (RPE), and the his-
tory of outcomes. The critical question was whether the phase at which
spikes occurred conveyed information about these three critical learning
variables; if they did, differences in firing rate would be modulated as a func-
tion of phase, whereas if a pure firing rate code was in effect, differences
would be flat across phases (Fig. 2A). Indeed, we found evidence of the for-
mer for all three learning variables (Fig. 2B and C). This effect was specific to
a 1025 Hz beta band (Fig. 2D), and only for sites that synchronized to distal
LEPs. Importantly, the encoding phase gain was greatest in the dACC as
compared to the LPFC or the striatum (Fig. 2E). Similar phase-of-firing
coding has been observed in humans when control demands are high
(Smith et al., 2019). Thus, phase-of-firing encoding of key learning vari-
ables is prevalent across the dACC, LPFC, and striatum, and is strongest
in the dACC.

One might expect that spikes concentrated on a cell’s preferred firing
phase are the richest carriers of information. However, this was not the case
in the aforementioned study. Specifically, for neurons encoding a reward
prediction error, maximal information gain occurred on approximately the
anti-preferred firing phase (Fig. 2F). It is unclear how this may be mechanis-
tically instantiated. One possibility, suggested by previous rodent work
(Benchenane etal., 2010), is that a dopaminergic influence may shift encoding
phases during learning. Alternatively, keeping in mind that a prediction error
is a comparison of two signals (expected and observed outcomes), such a phase
offset may be the result of a latency diftference between these incoming signals
(see Voloh et al., 2020 for further discussion). These and other studies suggest
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that spiking activity in dACC synchronized to LFP phases have an important
role in disseminating task-relevant information.

Do these results indicate a bona-fide phase-code, or rather a phase gain of
rate encoding? Indeed, both may be true. Outcome cells showed a signifi-
cant difference in phase synchronization between conditions, suggesting
phasic modulation of rate encoding. On the other hand, RPE and
Outcome History cells tended to synchronize on difterent phases between
conditions, consistent with a bona-fide phase code (Voloh et al., 2020). This
suggests that different phase coding schemes may co-exist. This is in line
with evidence that, in monkey visual cortex (in the same dataset), phase
may both modulate rate encoding (Womelsdorf et al., 2012), as well as
act as a scaffold for bona-fide phase-coding (Vinck et al., 2010). Future stud-
ies should critically assess the mechanisms and conditions under which dif-
ferent phase-coding schemes are dominant.

Fig. 2 Spike-phase encoding in dACC. (A) Phase-dependent encoding analysis. Spikes
were segregated according to the phase of the LFP. In a pure firing rate code (right,
middle), firing rates on different conditions (solid vs dotted lines) would be consistent
across phase bins. This would emerge as a flat firing rate difference (i.e., encoding
strength, derived from a Generalized Linear Model (GLM) analysis) across phase bins
(right, bottom). Alternatively, a phase-of-fire code would show phasic encoding
strength (left, middle, bottom). (B) Example cell showing phase-dependent outcome
encoding, comparing correct (dashed lines) and error (solid) trials. Color represents
firing on the preferred (orange) or anti-preferred (blue) encoding phase. The gray
box between [—0.1 0.2] was not analyzed. Firing rate differences emerged after reward
onset, but only on preferred firing phases. (C) Example of phase-of-firing encoding for
Outcome, Reward Prediction Error, and Outcome History cells. Colored dots reflect the
encoding metric for a corresponding phase bin (derived from GLM model coefficients).
Zero radians correspond to the preferred (mean) firing phase. Numbers on concentric cir-
cles are the value of the encoding metric. The gray dotted line represents the encoding
metric estimated using all spikes, whereas the black dotted line represents the average
across many permutations of spike phases. The red line is the average direction. Colored
borders represent phase bin size. These cells show stronger encoding near the Orad
phase, and weaker encoding on opposite phases. (D) Median encoding phase gain per
frequency for encoding and locking cells. Phase gain was above chance at [1020] Hz.
(E)Violin plots of the encoding phase gain, split by the spike area. Black circle and vertical
bars depict the median and standard error. All areas showed some evidence of significant
phase gain, with stronger encoding in ACC rather than LPFC or striatum. (F)Distribution of
the relative phase of maximal encoding of cells (0 corresponds to the preferred phase),
split by functional cell types. Outcome and Outcome History cells did not show an
encoding phase preference, whereas RPE cells did.
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5. Oscillations in dACC as a link between the micro
and macro

Up to this point, we have reviewed evidence that band-limited oscil-
lations emerge from specific neuronal circuit motifs, index anatomical and
functional connectivity, provide a key substrate for neural coding, and are
functionally relevant. These properties allow building links between insights
using micro- and macro-scale recordings.

Two major macro-scale recording techniques, particularly prevalent in
human studies due to their non-invasive nature, are the EEG and fMRI.
Both have a strong relationship with the LFP that can be leveraged to build
links between the micro- and macro-scale.

5.1 Linking EEG theta to neuronal circuits

A rich source of evidence implicating the dACC in cognitive control is
based on EEG in humans, where frontal midline theta power increases when
cognitive control demands are high (Cohen, 2014; Cavanaugh and Cohen,
2014). Theta as an index of control is stable throughout life (Cooper et al.,
2019). Overall theta power is associated with negative prediction errors (thus
disambiguating the valence of errors), but can also signal the degree of sur-
prise (Cavanagh, Figueroa, Cohen, & Frank, 2012). Such a surprise signal
may serve to instantiate top-down control, or focus attentional resources
(Cavanagh & Frank, 2014; Womelsdort & Everling, 2015). In so doing,
if theta is indeed a medium by which dACC exerts control over downstream
circuits, we would expect to see dACC synchrony with such regions. This has
indeed been shown to be true, both in humans (see Cavanagh & Frank, 2014)
and non-human primates (Phillips, Vinck, Everling, & Womelsdort, 2014).

The control-indexing theta evident in human EEG has also been
observed in macaques (Womelsdorf, Johnston, Vinck, & Everling, 2010).
A promising line of research uses inverse modeling techniques (critically
reviewed in (Cohen, 2017)) to determine how theta rhythmogenesis may
arise from a columnar circuit of layer 5 pyramidal cells and inhibitory
Martinotti cells (Herrera, Sajad, Woodman, Schall, & Riera, 2020). In this
work, conflict detection is conceptualized as coincidence detection between
an efferent motor copy and a task rule. Activated L5 pyramidal cells then
activate Martinotti cells, which then (indirectly) inhibit the apical dendrites
of the L5 cells. The dynamics of this circuit instantiate deep layer theta,
which may be detected at the level of scalp recordings. This is in line with
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optogenetic work that has shown that optogenetic activation of even a single
Martinotti cell can generate synchronized activity in nearby pyramidal cells
(Hilscher, Ledo, Edwards, Ledo, & Kullander, 2017). Leveraging such work,
in conjunction with detailed laminar encoding preferences (Sajad,
Godlove, & Schall, 2019) and translational studies of EEG in macaques
(e.g., Godlove et al., 2011), 1s critical for understanding the micro-circuitry
of dACC (Cohen, 2014; Sajad et al., 2019).

5.2 BOLD and LFP

A second major source of evidence of dACC function comes from human
fMRI experiments, which measure the blood-oxygenation level dependent
(BOLD) response. The bi-directional translation of knowledge from inva-
sive experiments in animals on the one hand, and non-invasive BOLD mea-
surements on the other, is of great importance when studying complex
cognitive processing in associative cortex such as the dACC. BOLD
responses are widely employed not only to map brain activation, but also
as a means for studying the dynamics of neural networks across spatial and
temporal scales (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; Fox &
Raichle, 2007; He, Snyder, Zempel, Smyth, & Raichle, 2008; Logothetis,
Pauls, Augath, Trinath, & Oeltermann, 2001). The BOLD response seems
to correlate most closely with low-frequency activity (Shi et al., 2019;
Wang, Saalmann, Pinsk, Arcaro, & Kastner, 2012), although other inves-
tigators find a closer correspondence to high-frequency activity (Logothetis
etal., 2001). This may depend on whether recordings are task-dependent or
obtained from resting state (Wilson, Yang, Gore, & Chen, 2016). Critically,
the BOLD response is more closely correlated with LFP activity than with
single- or multi-unit activity (Logothetis et al., 2001). These findings have
led the field to assume that the BOLD contrast mechanism reflects the input
and intracortical processing of a given area rather than its spiking output.
Linking BOLD activity to band-limited LFP activity further allows us to
infer the neuronal circuits at play.

6. Conclusion

The breadth of research into the function of the dACC is impressive
and accelerating. It spans multiple recording hierarchies, and is supported by
multiple computational theories. Such richness of evidence has a cost;
namely, that paradoxes and conflict between competing theories/method-
ologies naturally arise. This is fertile ground to build a more nuanced
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understanding of dACC function. LFP oscillations are a critical link between
micro- and macroscopic recording techniques; they are both grounded in
specific inter-neuronal interactions, and correlate more closely with EEG
and BOLD measurements than do individual neurons. Importantly, oscilla-
tory coordination between regions has key and attractive properties for gat-
ing, propagation, and encoding of information. Thus, they offer a unique
perspective on understanding the function of the dACC within the broader
fronto-striatal circuits.

References

Akam, T., & Kullmann, D. M. (2014). Oscillatory multiplexing of population codes for
selective communication in the mammalian brain. Nature Reviews. Neuroscience, 15,
111-122.

Amiez, C., Joseph, J. P., & Procyk, E. (2006). Reward encoding in the monkey anterior cin-
gulate cortex. Cerebral Cortex, 16, 1040-1055.

Azab, H., & Hayden, B. Y. (2017). Correlates of decisional dynamics in the dorsal anterior
cingulate cortex. PLoS Biology, 15, 1-25.

Azab, H., & Hayden, B. Y. (2018). Correlates of economic decisions in the dorsal and sub-
genual anterior cingulate cortices. The European _Journal of Neuroscience, 47, 979-993.

Azab, H., & Hayden, B. (2020). Dorsal anterior cingulate cortex neurons only partially inte-
grate determinants of value. bioRxiv. 2020.01.01.892380.

Azouz, R., & Gray, C. M. (2003). Adaptive coincidence detection and dynamic gain control
in visual cortical neurons in vivo. Neuron, 37, 513-523.

Babapoor-Farrokhran, S., Vinck, M., Womelsdorf, T., & Everling, S. (2017). Theta and beta
synchrony coordinate frontal eye fields and anterior cingulate cortex during sensorimotor
mapping. Nature Communications, 8, 13967.

Balasubramani, P. P., Moreno-Bote, R., & Hayden, B. Y. (2018). Using a simple neural net-
work to delineate some principles of distributed economic choice. Frontiers in
Computational Neuroscience, 12, 1-13.

Barbas, H. (2015). General cortical and special prefrontal connections: Principles from struc-
ture to function. Annual Review of Neuroscience, 38, 269—-289.

Barbas, H., & Pandya, D. N. (1989). Architecture and intrinsic connections of the prefrontal
cortex in the rhesus monkey. The Journal of Comparative Neurology, 286, 353-375.
Bastos, A. M., Loonis, R., Kornblith, S., Lundqvist, M., & Miller, E. K. (2018). Laminar
recordings in frontal cortex suggest distinct layers for maintenance and control of work-

ing memory. Proceedings of the National Academy of Sciences, 115, 201710323.

Bastos, A. M., Vezoli, J., Bosman, C. A., Schoftelen, J.-M. J.-M., Oostenveld, R.,
Dowdall, J. R., et al. (2014). Visual areas exert feedforward and feedback influences
through distinct frequency channels. Neuron, 85, 390—401.

Benchenane, K., Peyrache, A., Khamassi, M., Tierney, P. L., Gioanni, Y., Battaglia, F. P.,
et al. (2010). Coherent Theta oscillations and reorganization of spike timing in the
hippocampal-prefrontal network upon learning. Neuron, 66, 921-936.

Biswal, B., Zerrin Yetkin, F., Haughton, V. M., & Hyde, J. S. (1995). Functional connec-
tivity in the motor cortex of resting human brain using echo-planar MRI. Magnetic
Resonance in Medicine, 34, 537-541.

Bollimunta, A., Chen, Y., Schroeder, C. E., & Ding, M. (2008). Neuronal mechanisms of
cortical alpha oscillations in awake-behaving macaques. The Journal of Neuroscience, 28,
9976-9988.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0010
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0010
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0010
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0015
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0015
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0020
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0020
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0025
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0025
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0030
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0030
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0035
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0035
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0040
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0040
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0040
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0045
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0045
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0045
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0050
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0050
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0055
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0055
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0060
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0060
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0060
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0065
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0065
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0065
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0070
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0070
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0070
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0075
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0075
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0075
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0080
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0080
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0080

20 Benjamin Voloh et al.

Boroujeni, K. B., Tiesinga, P., & Womelsdorf, T. (2020). Interneuron specific gamma syn-
chronization encodes uncertain cues and prediction errors in lateral prefrontal and ante-
rior cingulate cortex. bioRxiv. doi:2020.07.24.220319.

Bosman, C. A., Schoffelen, J.-M., Brunet, N., Oostenveld, R., Bastos, A. M.,
Womelsdorf, T., et al. (2012). Attentional stimulus selection through selective synchro-
nization between monkey visual areas. Neuron, 75, 875—888.

Buffalo, E. A., Fries, P., Landman, R, Buschman, T. J., & Desimone, R. (2011). Laminar
difterences in gamma and alpha coherence in the ventral stream. Proceedings of the National
Academy of Sciences, 108, 11262—-11267.

Buzsaki, G., & Draguhn, A. (2004). Neuronal oscillations in cortical networks. Science, 304,
1926-1929.

Cai, X., & Padoa-Schioppa, C. (2012). Neuronal encoding of subjective value in dorsal and
ventral anterior cingulate cortex. The Journal of Neuroscience, 32, 3791-3808.

Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., et al. (2009).
Driving fast-spiking cells induces gamma rhythm and controls sensory responses. Nature,
459, 663—667.

Cavanagh, J. F., Figueroa, C. M., Cohen, M. X., & Frank, M. J. (2012). Frontal theta reflects
uncertainty and unexpectedness during exploration and exploitation. Cerebral Cortex, 22,
2575-2586.

Cavanagh, J. F., & Frank, M. J. (2014). Frontal theta as a mechanism for cognitive control.
Trends in Cognitive Sciences, 18, 414—421.

Chen, X., & Stuphorn, V. (2015). Sequential selection of economic good and action in
medial frontal cortex of macaques during value-based decisions. eLife, 4, 1-24.

Cisek, P., & Kalaska, J. F. (2010). Neural mechanisms for interacting with a world full of
action choices. Annual Review of Neuroscience, 33, 269-298.

Cohen, M. X. (2014). A neural microcircuit for cognitive conflict detection and signaling.
Trends in Neurosciences, 37, 480—490.

Cohen, M. X. (2017). Where does EEG come from and what does it mean? Trends in
Neurosciences, 40, 208—218.

Cole, M. W., Yeung, N., Freiwald, W. A., & Botvinick, M. (2009). Cingulate cortex:
Diverging data from humans and monkeys. Trends in Neurosciences, 32, 566—-574.

Cooper, P. S., Karayanidis, F., McKewen, M., McLellan-Hall, S., Wong, A. S. W.,
Skippen, P., et al. (2019). Frontal theta predicts specific cognitive control-induced
behavioural changes beyond general reaction time slowing. NeuroImage, 189, 130—140.

Courtin, J., Chaudun, F., Rozeske, R. R., Karalis, N., Gonzalez-Campo, C., Wurtz, H.,
et al. (2013). Prefrontal parvalbumin interneurons shape neuronal activity to drive fear
expression. Nature, 505, 92-96.

Ebitz, R. B., & Hayden, B. Y. (2016). Dorsal anterior cingulate: A Rorschach test for cog-
nitive neuroscience. Nature Neuroscience, 19, 1278—1279.

Einevoll, G. T., Kayser, C., Logothetis, N. K., & Panzeri, S. (2013). Modelling and analysis of
local field potentials for studying the function of cortical circuits. Nature Reviews.
Neuroscience, 14, 770—785.

Florez, C. M., McGinn, R. J., Lukankin, V., Marwa, L., Sugumar, S., Dian, J., et al. (2013).
In vitro recordings of human neocortical oscillations. Cerebral Cortex, 578-597.

Fouragnan, E. F., Chau, B. K. H., Folloni, D., Kolling, N., Verhagen, L., Klein-Flugge, M.,
et al. (2019). The macaque anterior cingulate cortex translates counterfactual choice
value into actual behavioral change. Nature Neuroscience, 22, 797-808.

Fox, M. D., & Raichle, M. E. (2007). Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nature Reviews. Neuroscience, 8, 700-711.

Fries, P. (2015). Rhythms for cognition: Communication through coherence. Neuron, 88,
220-235.

Fries, P., Nikoli¢, D., & Singer, W. (2007). The gamma cycle. Trends in Neurosciences, 30,
309-316.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0085
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0085
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0085
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0090
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0090
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0090
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0095
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0095
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0095
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0100
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0100
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0105
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0105
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0110
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0110
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0110
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0110
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0115
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0115
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0115
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0120
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0120
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0125
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0125
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0130
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0130
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0135
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0135
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0140
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0140
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0145
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0145
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0150
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0150
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0150
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0155
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0155
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0155
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0160
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0160
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0165
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0165
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0165
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0170
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0170
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0175
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0175
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0175
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0175
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0180
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0180
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0185
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0185
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0190
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0190
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0190

Oscillations as a window into anterior cingulate cortex function 21

Fujisawa, S., & Buzsaki, G. (2011). A 4 Hz oscillation adaptively synchronizes prefrontal,
VTA, and hippocampal activities. Neuron, 72, 153-165.

Godlove, D. C., Emeric, E. E., Segovis, C. M., Young, M. S.; Schall, J. D., &
Woodman, G. F. (2011). Event-related potentials elicited by errors during the stop-
signal task. I. macaque monkeys. The Journal of Neuroscience, 31, 15640—15649.

Goodkind, M., etal. (2015). Identification of a common neurobiological substrate for mental
illness. JAMA Psychiatry, 72, 305-315.

Hahn, G., Ponce-Alvarez, A., Deco, G., Aertsen, A., & Kumar, A. (2019). Portraits of com-
munication in neuronal networks. Nature Reviews. Neuroscience, 20, 117—-127.

Hawellek, D. J., Wong, Y. T., & Pesaran, B. (2016). Temporal coding of reward-guided
choice in the posterior parietal cortex. Proceedings of the National Academy of Sciences,
113, 13492-13497.

Hayden, B. Y., Heilbronner, S. R., Pearson, J. M., & Platt, M. L. (2011). Surprise signals in
anterior cingulate cortex: Neuronal encoding of unsigned reward prediction errors driv-
ing adjustment in behavior. The Journal of Neuroscience, 31, 4178—4187.

Hayden, B. Y., Pearson, J. M., & Platt, M. L. (2009). Fictive reward signals in the anterior
cingulate cortex. Science, 324, 948-950.

Hayden, B. Y., & Platt, M. L. (2010). Neurons in anterior cingulate cortex multiplex infor-
mation about reward and action. The Journal of Neuroscience, 30, 3339-3346.

He, B. J., Snyder, A. Z., Zempel, J. M., Smyth, M. D., & Raichle, M. E. (2008).
Electrophysiological correlates of the brain’s intrinsic large-scale functional architecture.
Proceedings of the National Academy of Sciences, 105, 16039-16044.

Heilbronner, S. R., & Hayden, B. Y. (2016). Dorsal anterior cingulate cortex: A bottom-up
view. Annual Review of Neuroscience, 39, 149—-170.

Helfrich, R. F., & Knight, R. T. (2016). Oscillatory dynamics of prefrontal cognitive con-
trol. Trends in Cognitive Sciences, 20(12), 916—-930. https://doi.org/10.1016/j.tics.2016.
09.007.

Herrera, B., Sajad, A., Woodman, G. F., Schall, J. D., & Riera, J. J. (2020). A minimal bio-
physical model of neocortical pyramidal cells: Implications for frontal cortex microcir-
cuitry and field potential generation. bioRxiv. 019882:2020.01.29.925180.

Hilscher, M. M., Ledo, R. N., Edwards, S. J., Ledo, K. E., & Kullander, K. (2017). Chrna2-
Martinotti cells synchronize layer 5 type a pyramidal cells via rebound excitation. Bacci
A, ed PLoS Biology, 15, €2001392.

Holroyd, C. B., Nieuwenhuis, S., Mars, R. B., & Coles, M. G. H. (2004). Anterior cingulate
cortex, selection for action, and error processing. In M. 1. Posner (Ed.), Cognitive neuro-
science of attention (Ist ed., pp. 219-231). New York, NY: The Guilford Press.

Hunt, L. T., & Hayden, B. Y. (2017). A distributed, hierarchical and recurrent framework for
reward-based choice. Nature Reviews. Neuroscience, 18, 172—182.

Huxter, J. R., Senior, T. J., Allen, K., & Csicsvari, J. (2008). Theta phase-specific codes for
two-dimensional position, trajectory and heading in the hippocampus. Nature
Neuroscience, 11, 587-594.

Hyafil, A., Giraud, A., Fontolan, L., & Gutkin, B. (2015). Neural cross-frequency coupling:
Connecting architectures, mechanisms, and functions. Trends in Neurosciences, 38,
725-741.

Hyman, J. M., Ma, L., Balaguer-Ballester, E., Durstewitz, D., & Seamans, J. K. (2012).
Contextual encoding by ensembles of medial prefrontal cortex neurons. Proceedings of
the National Academy of Sciences, 109, 5086-5091.

Javitt, D. C., Siegel, S. J., Spencer, K. M., Mathalon, D. H., Hong, L. E., Martinez, A., et al.
(2020). A roadmap for development of neuro-oscillations as translational biomarkers for
treatment development in neuropsychopharmacology. Neuropsychopharmacology, 45,
1411-1422.

Johnston, K., et al. (2007). Top-down control-signal dynamics in anterior cingulate and pre-
frontal cortex neurons following task switching. Neuron, 53, 453—462.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0195
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0195
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0200
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0200
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0200
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0205
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0205
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0210
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0210
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0215
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0215
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0215
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0220
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0220
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0220
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0225
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0225
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0230
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0230
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0235
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0235
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0235
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0240
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0240
https://doi.org/10.1016/j.tics.2016.09.007
https://doi.org/10.1016/j.tics.2016.09.007
https://doi.org/10.1016/j.tics.2016.09.007
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0250
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0250
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0250
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0255
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0255
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0255
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0260
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0260
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0260
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0265
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0265
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0270
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0270
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0270
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0275
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0275
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0275
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0280
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0280
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0280
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0285
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0285
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0285
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0285
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0290
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0290

22 Benjamin Voloh et al.

Kayser, C., Montemurro, M. A., Logothetis, N. K., & Panzeri, S. (2009). Spike-phase coding
boosts and stabilizes the information carried by spatial and temporal spike patterns. 1.
supplemental material and methods Neuron, 61, 597—608.

Kolling, N., Behrens, T. E. J., Mars, R. B., & Rushworth, M. F. S. (2012). Neural mech-
anisms of foraging. Science, 336, 95-98.

Kolling, N., Behrens, T. E. J., Wittmann, M. K., & Rushworth, M. F. S. (2016). Multiple
signals in anterior cingulate cortex. Current Opinion in Neurobiology, 37, 36—43.

Kolling, N., Wittmann, M. K., Behrens, T. E. J., Boorman, E. D., Mars, R. B., &
Rushworth, M. F. S. (2016). Value, search, persistence and model updating in anterior
cingulate cortex. Nature Neuroscience, 19, 1280-1285.

Kumar, A., Rotter, S., & Aertsen, A. (2010). Spiking activity propagation in neuronal net-
works: Reconciling different perspectives on neural coding. Nature Reviews. Neuroscience,
11, 615-627.

Lee, J. H., Whittington, M. A., & Kopell, N. J. (2013). Top-down beta rhythms support
selective attention via interlaminar interaction: A model. Coombes S, ed PLoS
Computational Biology, 9, e1003164.

Lisman, J., & Jensen, O. (2013). The theta-gamma neural code. Neuron, 77, 1002—1016.

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001). Neurophys-
iological investigation of the basis of the fMRI signal. Nature, 412, 150—-157.

Lundqvist, M., Rose, J., Herman, P., Brincat, S. L., Buschman, T. J., & Miller, E. K. (2016).
Gamma and beta bursts underlie working memory. Neuron, 90, 152—164.

Maisson, D. J., Cash-padgett, T. V., & Hayden, B. Y. (2020). A functional hierarchy for
choice in medial prefrontal cortex. boiRxiv. 2020.07.28.226043.

Malerba, P., & Kopell, N. (2013). Phase resetting reduces theta-gamma rhythmic interaction
to a one-dimensional map. Journal of Mathematical Biology, 66, 1361-1386.

McGinn, R. J., & Valiante, T. A. (2014). Phase-amplitude coupling and interlaminar syn-
chrony are correlated in human neocortex. The Journal of Neuroscience, 34, 15923-15930.

Mehta, M. R, Lee, A. K., & Wilson, M. A. (2002). Role of experience and oscillations in
transforming a rate code into a temporal code. Nature, 417, 741-746.

Michalareas, G., Vezoli, J., van Pelt, S., Schoftelen, J. M., Kennedy, H., & Fries, P. (2016).
Alpha-Beta and Gamma rhythms subserve feedback and feedforward influences among
human visual cortical areas. Neuron, 89, 384-397.

Montemurro, M. A., Rasch, M. J., Murayama, Y., Logothetis, N. K., & Panzeri, S. (2008).
Phase-of-firing coding of natural visual stimuli in primary visual cortex. Current Biology,
18, 375-380.

Morecraft, R. J., Stilwell-Morecraft, K. S., Cipolloni, P. B., Ge, J., McNeal, D. W., &
Pandya, D. N. (2012). Cytoarchitecture and cortical connections of the anterior cingu-
late and adjacent somatomotor fields in the rhesus monkey. Brain Research Bulletin, 87,
457-497.

Neymotin, S. A., Hilscher, M. M., Moulin, T. C., Skolnick, Y., Lazarewicz, M. T., &
Lytton, W. W. (2013). Ih tunes theta/gamma oscillations and cross-frequency coupling
in an in silico CA3 model. Cymbalyuk G, ed PLoS One, 8, ¢76285.

Ninomiya, T., Dougherty, K., Godlove, D. C., Schall, J. D., & Maier, A. (2015).
Microcircuitry of agranular frontal cortex: Contrasting laminar connectivity between
occipital and frontal areas. Journal of Neurophysiology, 113, 3242-3255.

Oemisch, M., Westendorff, S., Azimi, M., Hassani, S. A., Ardid, S., Tiesinga, P., et al.
(2019). Feature-specific prediction errors and surprise across macaque fronto-striatal
circuits. Nature Communications, 10, 1-15.

Omnslow, A. C. E., Jones, M. W., & Bogacz, R. (2014). A canonical circuit for generating
phase-amplitude coupling. PLoS One, 9, ¢102591.

Palmigiano, A., Geisel, T., Wolf, F., & Battaglia, D. (2017). Flexible information routing by
transient synchrony. Nature Neuroscience, 20, 1014-1022.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0295
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0295
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0295
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0300
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0300
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0305
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0305
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0310
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0310
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0310
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0315
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0315
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0315
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0320
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0320
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0320
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0325
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0330
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0330
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0335
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0335
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0340
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0340
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0345
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0345
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0350
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0350
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0355
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0355
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0360
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0360
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0360
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0365
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0365
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0365
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0370
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0370
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0370
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0370
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0375
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0375
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0375
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0380
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0380
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0380
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0385
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0385
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0385
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0390
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0390
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0395
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0395

Oscillations as a window into anterior cingulate cortex function 23

Panzeri, S., Brunel, N., Logothetis, N. K., & Kayser, C. (2010). Sensory neural codes using
multiplexed temporal scales. Trends in Neurosciences, 33, 111-120.

Passingham, R.. E., & Wise, S. P. (2012). The neurobiology of the prefrontal cortex: Anatomy, evo-
lution, and the origin of insight. Oxford University Press.

Paus, T. (2001). Primate anterior cingulate cortex: Where motor control, drive and cognition
interface. Nature Reviews. Neuroscience, 2, 417—424.

Phillips, J. M., Vinck, M., Everling, S., & Womelsdorf, T. (2014). A long-range Fronto-
parietal 5- to 10-Hz network predicts “top-down” controlled guidance in a task-switch
paradigm. Cerebral Cortex, 24, 1996-2008.

Rudebeck, P. H., Mitz, A. R., Chacko, R. V., & Murray, E. A. (2013). Effects of amygdala
lesions on reward-value coding in orbital and medial prefrontal cortex. Neuron, 80,
1519-1531.

Sajad, A., Godlove, D. C., & Schall, J. D. (2019). Cortical microcircuitry of performance
monitoring. Nature Neuroscience, 22, 265-274.

Schall,]. D., & Emeric, E. E. (2010). Conflict in cingulate cortex function between humans and
macaque monkeys: More apparent than real. Brain, Behavior and Evolution, 75, 237-238.

Seo, H., & Lee, D. (2007). Temporal filtering of reward signals in the dorsal anterior cingulate
cortex during a mixed-strategy game. The _Journal of Neuroscience, 27, 8366—8377.

Shen, C., Ardid, S., Kaping, D., Westendorff, S., Everling, S., & Womelsdorf, T. (2015).
Anterior cingulate cortex cells identify process-specific errors of attentional control prior
to transient prefrontal-cingulate inhibition. Cerebral Cortex, 25, 2213-2228.

Shenhav, A., Cohen, J. D., & Botvinick, M. M. (2016). Dorsal anterior cingulate cortex and
the value of control. Nature Neuroscience, 19, 4—6.

Shenhav, A., Musslick, S., Lieder, F., Kool, W., Griffiths, T. L., Cohen, J. D., et al. (2017).
Toward a rational and mechanistic account of mental eftort. Annual Review of
Neuroscience, 40, 99-124.

Shi, Z., Wilkes, D. M., Yang, P. F., Wang, F., Wu, R., Wu, T. L., et al. (2019). On the
relationship between MRI and local field potential measurements of spatial and temporal
variations in functional connectivity. Scientific Reports, 9, 1-11.

Siegel, M., Warden, M. R., & Miller, E. K. (2009). Phase-dependent neuronal coding of
objects in short-term memory. Proceedings of the National Academy of Sciences, 106,
21341-21346.

Sirota, A., Montgomery, S., Fujisawa, S., Isomura, Y., Zugaro, M., & Buzsiki, G. (2008).
Entrainment of neocortical neurons and gamma oscillations by the hippocampal
Theta rthythm. Neuron, 60, 683—697.

Smith, E. H., Horga, G., Yates, M. J., Mikell, C. B., Banks, G. P., Pathak, Y. J., etal. (2019).
Widespread temporal coding of cognitive control in the human prefrontal cortex. Nature
Neuroscience, 22, 1883—1891.

Spaak, E., Bonnefond, M., Maier, A., Leopold, D. A., & Jensen, O. (2012). Layer-specific
entrainment of gamma-band neural activity by the alpha rhythm in monkey visual cor-
tex. Current Biology, 22, 2313-2318.

Stark, E., Eichler, R., Roux, L., Fujisawa, S., Rotstein, H. G., & Buzsiki, G. (2013).
Inhibition-induced theta resonance in cortical circuits. Neuron, 80, 1263—1276.

Strait, C. E., Blanchard, T. C., & Hayden, B. Y. (2014). Reward value comparison via
mutual inhibition in ventromedial prefrontal cortex. Neuron, 82, 1357-1366.

Strait, C. E., Sleezer, B. J., Blanchard, T. C., Azab, H., Castagno, M. D., & Hayden, B. Y.
(2016). Neuronal selectivity for spatial positions of ofters and choices in five reward
regions. Journal of Neurophysiology, 115, 1098—1111.

Strait, C. E., Sleezer, B. J., & Hayden, B. Y. (2015). Signatures of value comparison in ventral
striatum neurons. PLoS Biology, 13, 1-22.

Taub, A. H., Perets, R.., Kahana, E., & Paz, R.. (2018). Oscillations synchronize amygdala-to-
prefrontal primate circuits during aversive learning. Neuron, 97, 291-298. e3.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0400
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0400
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0405
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0405
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0410
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0410
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0415
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0415
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0415
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0420
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0420
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0420
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0425
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0425
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0430
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0430
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0435
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0435
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0440
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0440
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0440
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0445
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0445
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0450
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0450
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0450
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0455
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0455
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0455
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0460
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0460
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0460
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0465
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0465
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0465
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0470
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0470
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0470
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0475
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0475
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0475
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0480
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0480
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0485
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0485
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0490
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0490
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0490
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0495
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0495
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0500
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0500

24 Benjamin Voloh et al.

Tort, A. B. L., Rotstein, H. G., Dugladze, T., Gloveli, T., & Kopell, N. J. (2007). On the
formation of gamma-coherent cell assemblies by oriens lacunosum-moleculare interneu-
rons in the hippocampus. Proceedings of the National Academy of Sciences, 104,
13490-13495.

Totah, N. K. B., Jackson, M. E., & Moghaddam, B. (2013). Preparatory attention relies on
dynamic interactions between prelimbic cortex and anterior cingulate cortex. Cerebral
Cortex, 23, 729-738.

Tran, T. T., Rolle, C. E., Gazzaley, A., & Voytek, B. (2020). Linked sources of neural noise
contribute to age-related cognitive decline. Journal of Cognitive Neuroscience, 32, 1-110.

Turesson, H. K., Logothetis, N. K., & Hoffinan, K. L. (2012). Category-selective phase cod-
ing in the superior temporal sulcus. Proceedings of the National Academy of Sciences, 109,
19438-19443.

Van Kerkoerle, T., Self, M. W., & Dagnino, B. (2014). Alpha and gamma oscillations char-
acterize feedback and feed- forward processing in monkey visual cortex. Proceedings of the
National Academy of Sciences, 111, 14332—-14341.

Verguts, T. (2017). Binding by random bursts: A computational model of cognitive control.
Journal of Cognitive Neuroscience, 29, 1103—1118.

Vinck, M., Lima, B., Womelsdorf, T., Oostenveld, R., Singer, W., Neuenschwander, S.,
et al. (2010). Gamma-phase shifting in awake monkey visual cortex. The Journal of
Neuroscience, 30, 1250—1257.

Vogt, B. A., & Pandya, D. N. (1987). Cingulate cortex of the rhesus monkey: II. Cortical
afterents. The Journal of Comparative Neurology, 262, 271-289.

Voloh, B., Oemisch, M., & Womelsdorf, T. (2020). Phase of firing coding of learning vari-
ables across the fronto-striatal network during feature-based learning. Nature
Communications, 11, 4669.

Voloh, B., Valiante, T. A., Everling, S., & Womelsdorf, T. (2015). Theta-gamma coordina-
tion between anterior cingulate and prefrontal cortex indexes correct attention shifts.
Proceedings of the National Academy of Sciences, 112, 8457—8462.

Voloh, B., & Womelsdorf, T. (2016). A role of phase-resetting in coordinating large scale
neural networks during attention and goal-directed behavior. Frontiers in Systems
Neuroscience, 10, 18.

Voloh, B., & Womelsdorf, T. (2017). Cell-type specific burst firing interacts with Theta and
Beta activity in prefrontal cortex during attention states. Cerebral Cortex, 28, 4348—4364.

Wang, X. (2010). Neuophysiological and computational principles of cortical rhythms in
cognition. Physiological Reviews, 90, 1195-1268.

Wang, L., Saalmann, Y. B., Pinsk, M. A., Arcaro, M. J., & Kastner, S. (2012).
Electrophysiological low-frequency coherence and cross-frequency coupling contribute
to BOLD connectivity. Neuron, 76, 1010-1020.

Westendorft, S., Kaping, D., Everling, S., & Womelsdorf, T. (2016). Prefrontal and anterior
cingulate cortex neurons encode attentional targets even when they do not apparently
bias behavior. Journal of Neurophysiology, 116, 796-811.

Widge, A. S., Heilbronner, S. R., & Hayden, B. Y. (2019). Prefrontal cortex and cognitive
control: New insights from human electrophysiology [version 1; peer review: 3
approved]. F1000Research, 8, 1-10.

Wilson, G. H., Yang, P. F., Gore, J. C., & Chen, L. M. (2016). Correlated inter-regional
variations in low frequency local field potentials and resting state BOLD signals within
S1 cortex of monkeys. Human Brain Mapping, 37, 2755-2766.

Womelsdorf, T., Ardid, S., Everling, S., & Valiante, T. A. (2014). Burst firing synchronizes
prefrontal and anterior cingulate cortex during attentional control. Current Biology, 24,
2613-2621.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0505
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0505
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0505
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0505
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0510
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0510
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0510
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0515
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0515
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0520
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0520
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0520
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0525
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0525
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0525
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0530
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0530
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0535
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0535
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0535
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0540
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0540
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0545
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0545
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0545
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0550
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0550
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0550
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0555
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0555
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0555
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0560
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0560
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0565
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0565
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0570
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0570
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0570
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0575
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0575
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0575
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0580
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0580
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0580
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0585
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0585
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0585
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0590
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0590
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0590

Oscillations as a window into anterior cingulate cortex function 25

Womelsdorf, T., & Everling, S. (2015). Long-range attention networks: Circuit motifs
underlying endogenously controlled stimulus selection. Trends in Neurosciences, 38,
682-700.

Womelsdort, T., Johnston, K., Vinck, M., & Everling, S. (2010). Theta-activity in anterior
cingulate cortex predicts task rules and their adjustments following errors. Proceedings of
the National Academy of Sciences, 107, 5248-5253.

Womelsdorf, T., Lima, B., Vinck, M., Oostenveld, R., Singer, W., Neuenschwander, S.,
et al. (2012). Orientation selectivity and noise correlation in awake monkey area V1
are modulated by the gamma cycle. Proceedings of the National Academy of Sciences, 109,
4302-4307.

Womelsdorf, T., Valiante, T., Sahin, N. T., Miller, K. J., & Tiesinga, P. (2014). Dynamic
circuit motifs underlying rhythmic gain control, gating and integration. Nature
Neuroscience, 17, 1031-1039.

Yoo, S. B. M., & Hayden, B. Y. (2018). Economic choice as an untangling of options into
actions. Neuron, 99, 434—447.

Zandvakili, A., & Kohn, A. (2015). Coordinated neuronal activity enhances corticocortical
communication. Neuron, 87, 827—839.


http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0595
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0595
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0595
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0600
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0600
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0600
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0605
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0605
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0605
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0605
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0610
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0610
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0610
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0615
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0615
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0620
http://refhub.elsevier.com/S0074-7742(20)30148-3/rf0620

	Oscillations as a window into neuronal mechanisms underlying dorsal anterior cingulate cortex function
	Introduction
	Insights from single unit studies: dACC as an economic structure
	Linking economic function with other roles of dACC

	Oscillations as a window into circuit interactions
	Oscillatory timescales arise from specific dynamic circuit motifs
	Oscillations index inter- and intra-laminar coordination

	Computational principles of oscillatory coordination
	Gating input
	Gating output
	Routing
	Coding

	Oscillations in dACC as a link between the micro and macro
	Linking EEG theta to neuronal circuits
	BOLD and LFP

	Conclusion
	References




