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Anterior cingulate and lateral prefrontal cortex (ACC/PFC) are
believed to coordinate activity to flexibly prioritize the processing
of goal-relevant over irrelevant information. This between-area
coordination may be realized by common low-frequency excitabil-
ity changes synchronizing segregated high-frequency activations.
We tested this coordination hypothesis by recording in macaque
ACC/PFC during the covert utilization of attention cues. We found
robust increases of 5-10 Hz (theta) to 35-55 Hz (gamma) phase-
amplitude correlation between ACC and PFC during successful at-
tention shifts but not before errors. Cortical sites providing theta
phases (i) showed a prominent cue-induced phase reset, (i) were
more likely in ACC than PFC, and (iii) hosted neurons with burst
firing events that synchronized to distant gamma activity. These
findings suggest that interareal theta—-gamma correlations could
follow mechanistically from a cue-triggered reactivation of rule
memory that synchronizes theta across ACC/PFC.

attention | prefrontal cortex | anterior cingulate cortex | theta oscillation |
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he anterior cingulate and prefrontal cortex (ACC/PFC) of

primates are key structures that ensure the flexible de-
ployment of attention during goal-directed behavior (1, 2). To
achieve such flexible control, diverse streams of information
need to be taken into account, which are encoded by neuronal
populations in anatomically segregated subfields of the ACC/
PFC (3, 4). Information about the expected values of possible
attentional targets are prominently encoded in medial prefrontal
cortices and ACC, whereas the rules and task goals that structure
goal-directed behavior are prominently encoded in the lateral
PFC (5, 6). Flexible biasing of attention thus requires the in-
tegration of information across anatomically segregated corti-
cal circuits. One candidate means to achieve such interareal in-
tegration is by synchronizing local processes in distant brain
areas to a common process. A rich set of predominantly rodent
studies have documented such interareal neuronal interactions
in the form of a phase—amplitude (P-A) correlations between low-
frequency periodic excitability fluctuation and high-frequency
gamma-band activity (7-9). It is, however, unknown whether there
are reliable cross-frequency P-A interactions between those primate
ACC/PFC nodes that underlie flexible attention shifts and, if so,
whether P-A correlations are reliably linked to the actual suc-
cessful deployment of attention (10, 11). We thus set out to test
for and characterize P-A interactions during covert control pro-
cesses by recording local field potential (LFP) activity in macaque
ACC/PFEC subfields during attentional stimulus selection.

Results

We recorded LFP activity from 1,104 between-channel pairs of
electrodes (344 individual LFP channels) within different sub-
fields in ACC/PFC of two macaques engaged in an attention task
(Fig. 14). In the following, we report results pooled across
monkeys and show that individual monkey results were consistent
and qualitatively similar in SI Result SI1. These recordings were
from a dataset that was previously analyzed with respect to neuronal
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firing and burst-LFP synchronization (3, 12, 13) (SI Methods).
During each trial, covert spatial attention had to be shifted
toward one of two peripheral stimuli in response to the color of a
centrally presented cue stimulus (Fig. 14). Covert spatial attention
then had to be sustained on the target stimulus until it transiently
rotated clockwise or counterclockwise. The animals obtained fluid
reward when they correctly discriminated the rotation of the
attended stimulus. On one-half of the trials, the distracting non-
target stimulus rotated before the target stimulus. Both monkeys
successfully ignored this distractor change, indicating correct at-
tentional deployment on the target with an average accuracy of
82.6 + 0.7% SE and errors committed in response to the distractor
rotation in 4.5 + 0.2% SE) (SI Result S2).

Attention Cue Triggers Theta—-Gamma P-A Correlations. In the out-
lined task, attention shifts required the use of task knowledge
to successfully combine color and location information to pri-
oritize the correct stimulus. ACC/PFC subfields are core circuits
supporting the flexible integration of information to shift atten-
tion (2, 3). To test whether the attention shift is accompanied
by cross-frequency interactions, we selected LFP pairs recorded
from different sites in ACC and PFC (Fig. 1B and Figs. S1 and S2)
and quantified how high-frequency activity variations related to
the phases of slow frequency activity modulation around the time
of the attention cue. In multiple-example LFP pairs, we observed
that the attention cue onset triggered sequences of brief bursts of
gamma-band activity that synchronized to a narrow phase range of
periodic 5- to 10-Hz theta-band activity recorded at distant sites
(Fig. 1C and Fig. S2). To quantify whether these cross-frequency
correlations were reliably linked to attention shifts, we calculated

Significance

During flexible goal-directed behavior, our frontal cortex co-
ordinates goal-relevant information from widely distributed
neuronal systems to prioritize the relevant over irrelevant in-
formation. This coordination may be realized by entraining
multiple distributed systems with slow activity oscillation to
phase-align their local fast oscillatory activity. We analyzed this
spatially distributed oscillatory coupling in macaques during
actual attentional stimulus selection. We identified that suc-
cessful—but not failed—selection of relevant information fol-
lowed the coupling of slow and fast frequencies at narrow
oscillation phases, with interareal anatomical specificity, and
based on a reset mechanism for the slow oscillation. These
findings suggest a specific functional and mechanistic solution
to the fundamental coordination problem in primate brains.
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Fig. 1. Task and illustration of example theta—gamma correlation. (A) The
selective attention task required monkeys to keep fixation on a central cue
throughout a trial, while presented with two peripheral grating stimuli.
First, both grating stimuli changed their color simultaneously to either green
or red, the location of which was random. Then, the fixation point changed
its color to match the stimulus to which the monkey has to covertly shift
attention. The attended stimulus rotated transiently at unpredictable times,
requiring the monkey to judge a clockwise/counterclockwise rotation to
receive fluid reward. Rotations of the nonattended stimulus had to be
ignored (filtered). (B) Lateral and medial prefrontal cortex of macaques ren-
dered in 3D (upper panels) and represented as 2D flat map (bottom panel)
with a standard labeling of cortical fields (for details, see Fig. S1). Adapted
from ref. 3. (C) Anatomical locations on the 2D flat map of an example LFP
pair in which the LFP theta phase of one recording site in the ACC (blue dot)
correlated with the low-gamma amplitude of a second LFP recording site in
LPFC area 8 (red dot). (D) Filtered phase and amplitude traces for the
example LFP-LFP pair that is shown in C for three trials (i-iii). For each trial,
the bandpass-filtered low-frequency activation and its phase evolution are
shown with blue lines, and the amplitude envelope and the squared gamma
amplitude of the amplitude-providing LFP recording are shown in red. Gray
(green) vertical lines highlight the phases at which the gamma-amplitude
variations show peaks within the 500 ms before (after) attention cue onset.
The polar plot on the Right shows these peak phases in the precue and
postcue epoch. For this ACC-LPFC example pair, the gamma-amplitude
peaks of the PFC channel correlate with similar theta phases of the ACC
channel in the postcue period. For more examples, see Fig. S2.

the change in Tort’s modulation index (MI) (14) in 0.5-s time
windows following the attention cue vs. before the cue. Across all
between-channel LFP pairs, we found a significant increase in
cross-frequency correlations between the phase of a ~7-Hz theta
frequency, and the amplitude of ~40-Hz gamma-frequency ac-
tivity [Wilcoxon sign-rank test, P = 1.6*107%, false discovery rate
(FDR) corrected; Fig. 2 4 and B and Fig. S3]. Across all LFP
pairs, the theta—gamma P-A correlations increased on average by
61.73 + 0.037% SE (average normalized change in MI: 0.0556 +
0.0109 SE; Fig. 2B). For the 7- to 40-Hz theta—gamma frequency
combination that showed maximal correlation, n = 85 LFP pairs
(85 of 1,104; 7.7%) showed a statistically significant increase in
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P-A correlation following the attention cue (Monte Carlo surro-
gate test, at least P < 0.05; Fig. 2B). In the following, we charac-
terize these 85 LFP pairs that showed an increased theta—gamma
correlation in the postcue period that was also evident in the average
across the population of LFP pairs [see SI Result S3 for a charac-
terization of n = 46 (4.2%) LFP pairs showing significant reductions
in theta—gamma correlation in the postcue epoch]. Theta-gamma
correlation of these 85 LFP pairs was based on 74 of 344 (21.5%)
LFP channels contributing theta phases, and 67 of 344 (19.5%)
LFPs contributing gamma-amplitude variations. Overall, 122 of
344 (35.5%) unique LFPs contributed to LFP pairs with theta—
gamma correlation that was significant and consistently evident in
both monkeys (S Result S1.1). Observing reliable theta—gamma
correlation was not dependent on the metric used to measure P-A
correlation, as we found essentially identical results when we ap-
plied the weighted phase-locking factor (15) (Fig. S4). Consistent
with this finding, we observed in 73% of those LFPs that provided
the theta phase for significantly P-A—correlated pairs an apparent
theta-band peak in the power spectra (Figs. S5 and S6). Power
modulations at theta did not, however, correlate with cue-triggered
increases of theta-gamma correlations (SI Result S4).

We next tested whether the LFP gamma-amplitude variations
were statistically more precisely locked to the theta phases of
LFPs or to the cue onset. If the latter were the case, then theta—
gamma correlations could be secondary to cue-triggered gamma-
amplitude changes (10). However, we found on average across
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Fig. 2. Theta—gamma correlation is significantly enhanced after attention
cue onset on correct trials. (A) Comodulograms of the normalized difference
in the phase (x axis)-to-amplitude (y axis) correlation (measured as Ml) in the
postcue relative to the precue task epoch on correct trials (n = 1,104). Pos-
itive values indicate increases of P-A correlation after attention cue onset.
The black rectangle denotes significant (P < 0.05) comodulation difference.
(B) Histogram of the difference in theta—-gamma P-A correlation Ml in the
postcue relative to precue task epoch across all LFP-LFP pairs on correct trials
(n =1,104). Black bars in both panels highlight those LFP pairs that exhibited
an individually significant P-A correlation increase with attention on correct
trials (n = 85). Red and blue vertical bars denote mean and median of the
distribution, and the dotted line highlights the difference in Ml of zero.
(C and D) Same format as A and B but for error trials. Note that, in D, the
black bars in the histogram show the theta—gamma Ml values for the same
LFP pairs highlighted in B. (E) Comodulograms showing the average P-A MI
on correct trials (left column) and error trials (right column), and in the
precue task epoch (upper row) and the postcue epoch (bottom row) (n = 85).
Shown are the average Mlis of those LFP-LFP pairs with significantly in-
creased theta-to-gamma P-A correlation (the black-colored bars in B).
(F) Temporal evolution of theta—gamma P-A correlation for those LFP pairs
with a significant P-A correlation effect on correct trials (n = 85) during
correct (green) and error (red) trials at different 500-ms time windows rel-
ative to the attention cue onset (x axis).
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the n = 85 LFP pairs with significant theta—gamma correlations
that the maximum gamma amplitudes showed less variance in
the phase of their theta-band modulation than in their time to
attention cue onset (SI Result S5; Fig. S3C).

Theta-Gamma Correlations Fail to Emerge on Error Trials. Theta—
gamma P-A correlations could accompany attention cues irre-
spective of whether attention shifted correctly, which would render
the phenomenon functionally unimportant. We thus compared
correctly performed trials to error trials, where subjects either
responded to the distractor (indicating either wrong attention
shifts or low attentional control levels) or made wrong choices to
the target (indicating, e.g., failed perceptual discrimination of the
attended stimulus likely also related to low attentional control lev-
els) (2, 16). In contrast to correct trials, the attention cue did not
trigger a significant increase in P-A correlation on error trials
(Wilcoxon sign-rank test, P = 1, FDR corrected; Fig. 2C). The lack
of P-A correlation was evident across the whole population of LFP
pairs as well as for the subset of LFP pairs that showed individually
significant P-A correlation on correct trials (Fig. 2D). This func-
tional effect is readily visible in the average MI comodulograms
(Fig. 2E) and remained robust when equalizing the number of
correct trials to the lower number of error trials (SI Result S6).
Testing the temporal specificity of this error-predicting effect across
all LFP pairs showed that theta—gamma correlations were maximal
on correct trials immediately following cue onset, but remained
higher than chance levels, and higher than on error trials, over the
entire postcue analysis period (up to 0.75 + 0.25 s) (Fig. 2F).

The lack of P-A correlations on error trials may follow from
a larger variability of theta phases at which gamma activity
synchronizes, from a systematic shift in theta-frequency locked
phases, or a combination of both (17). To elucidate these pos-
sibilities, we characterized the theta phase at which gamma-
activity modulations aligned on correct and on error trials (Fig. 3).
Across LFP pairs with significant theta—gamma correlation,
gamma bursts on correct trials phase locked on average close to
the peak of the theta cycle after the attention cue (mean phase
of —14.69°, 95% CI [-41.01°, 11.63°]), with a significantly non-
uniform circular phase distribution (Hodjes—Ajne test, P =
3.6*107% Fig. 34). In contrast, the distribution of phases on
error trials only revealed a statistical trend to deviate from uni-
formity (Hodjes—Ajne test, P = 0.064), with a mean phase that
was about 90° offset from the mean phase on correct trials
(—94.28°, 95% CI [-131.40°, —57.16°]; Fig. 3B). Importantly,
correct and error trial phase distributions were significantly dif-
ferent (Kuiper test, P < 0.005), suggesting that, on error trials,
theta phases shifted and showed a larger variability compared
with correct trials (Fig. 3C; see SI Result S1.2 for consistent effect
across monkeys). Control analyses revealed the same functional
effects when we accounted for the lower overall modulation
strength on error trials compared with correct trials (SI Result S7
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.~ Correct Trials
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Fig. 3. Preferred theta phase of theta—gamma correlation on correct and
error trials. (A) Polar histogram of the amplitude-weighted mean preferred
phases in the postcue period at which gamma activity phase locked in those
LFP pairs with significant theta—gamma coupling in the postcue period (n =
85). Colors denote the distributions expected by chance (green) and from the
post-attention cue epoch (blue) on correct trials. The outer dotted ring
corresponds to a proportion of 20%. The red dot and line denote circular
mean and 95% confidence range. (B) Same as in A, but for error trials.
(C) llustration of the mean and 95% confidence range of the preferred theta
phases on correct (green) and error trials (red) at which gamma amplitudes
couple for the LFP pairs that showed a significant increase in theta-gamma
P-A correlation after attention cue onset.
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Fig. 4. Anatomical origins of cortical sites with phase and amplitude modu-
lation during theta—gamma P-A correlation. (A) Combination matrix showing
the total number of LFP-LFP pairs (n = 1,104) recorded from the ventromedial
PFC (vmPFQ) (areas 32 and 10), the anterior cingulate cortex (ACC) (area 24),
and the LPFCs (areas 46, 8, and 9). The brain area of the phase-providing
channels is on the x axis, and the origin of the amplitude-providing LFP
channels is on the y axis. (B) Anatomical recording location of phase (blue)- and
amplitude (red)-providing LFPs (n = 85 LFP pairs; connected with black lines)
and plotted on the 2D flat-map representation of the ACC and PFC. Gray
contours denote area boundaries (see Inset for area labels; Fig. 1B). (C) Same as
in A, but for the proportion of theta-gamma P-A—correlated LFP pairs (n = 85)
relative to all LFP pairs recorded for an area combination. Color indexes the
proportion. (D) Likelihood to find a phase-providing channel (values Left from
zero) and an amplitude-providing channel (Right from zero) in the vmPFC,
ACC, and LPFC during cross-area theta—gamma correlation (n = 32; y axis).

and Table S1), as well as for the differences in trial numbers (S
Result S6). Moreover, we found that the average field potential
of the LFP around the attention cue onset did not distinguish
correct from error trials, suggesting that possible nonstationary
transients do not account for the functionally significant P-A
correlations (10) (SI Result S8).

Interareal Cross-Frequency Correlation Is Anatomically Specific. We
next asked whether the anatomical location of the theta-phase—
and gamma- amplitude—-providing LFPs in ACC/PFC mattered
for P-A correlations. One assumption of this analysis is that
theta-phase—providing sites may more likely serve as modulating
sources for attention, whereas gamma-amplitude—providing sites
relate to implementing attention. To test this, we reconstructed
the LFP recording locations (Fig. S1) and grouped them into the
ventromedial PFC (vmPFC) (areas 32 and 10), ACC (area 24),
and LPFC (areas 46, 8, and 9) (Fig. 44). We found that, among
the significantly theta—gamma correlated pairs, phase- and
amplitude-providing LFPs were found in each of the subareas, but
with an apparent asymmetry between areas (Fig. 4 B and C; SI
Result $9 and SI Result S1.3). Testing each area for whether they
contained more phase or amplitude LFPs, we found that LPFC
theta phases were significantly less likely to correlate with ACC
gamma amplitudes (Z test, P = 0.0089; Fig. 4C). More specific
testing of the interareal P-A correlations showed that the LPFC
had overall less interareal theta-phase—providing LFPs than expected
by chance (Z test, P = 0.029; Fig. 4D), whereas the ACC had less
interareal amplitude-providing LFPs (Z test, P = 0.028; Fig. 4D).
Consistent with this finding, the ACC provided overall significantly
more theta-phase LFPs than gamma-amplitude LFPs during inter-
areal theta—gamma correlations (McNemar y° test, P = 0.034; Fig.
4D), whereas the LPFC showed a trend for more amplitude-
than phase-providing LFPs (McNemar y* test, P = 0.066; Fig.
4D). These results were similar in both monkeys (SI Result S1.3).

Cue Induced Theta-Phase Reset in LFPs Showing Theta-Gamma

Correlation. Theoretical studies suggest that the modulation of
low-frequency phase is instrumental in triggering high-frequency
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bursts during theta—gamma correlations (17, 18). Such prece-
dence of low-frequency activity for P-A correlation would em-
pirically become evident as a realignment, or reset, of phases
(19). We tested for the presence of an attention cue-triggered
theta-phase reset and its putative relation to theta—gamma cor-
relation, and found that immediately following the attention cue
the average theta-band phases became highly similar across in-
dividual LFPs that showed significant theta—gamma correlations.
This phase alignment was visually apparent on correct trials but
not on error trials (Fig. 54). To quantify this phase reset, we
calculated the significance of the instantaneous theta-phase
consistency across trials for each LFP around attention cue onset
and found that the greatest number of LFP channels exhibited
significant theta-phase consistency 268 ms after attention cue
onset (Fig. 5B, Left). The rise in theta-phase—consistent LFPs was
evident on correct trials and failed to emerge on error trials. To
validate this finding, we extracted the time at which the Rayleigh
Z time course peaked in the 1,000 ms around the time of the at-
tention cue onset for each LFP. Corroborating the previous re-
sult, we found that 41.89% of the theta-phase—providing LFP sites
(31 of 74) showed peak phase consistency 150-250 ms (+50 ms)
after attention cue onset on correct trials (Fig. 5B, Right). This
distribution of peak phase consistency was significantly non-
uniform on correct trials, but not on error trials (Pearson’s x*
test, P = 0.0012 and P = 0.465, respectively). In the 150- to 250-
ms (£50-ms) time window, 35 of 74 LFP sites showed a signif-
icant theta-band phase consistency, and clustered at the nexus of
the ACC, vimPFC, and LPFC (Fig. 5C).

The presence of a theta-phase reset could synchronize LFP
theta phases across multiple ACC/PFC subfields. Thus, the
correlation of gamma amplitudes to theta phases could be un-
derstood as a direct consequence of such large-scale theta-band
coherence. However, we found that LFP-LFP theta-phase syn-
chronization did not change from pre- to post-attention cue, was
not different between correct and error trials, and did not cor-
relate with the increase of interareal theta—gamma correlation
during attention shifts (SI Result S10).

Selective Theta—Gamma Correlation for Target Locations and Its
Relation to Firing-Rate Information. Theta—gamma correlation
may not only emerge selectively on correct vs. erroneous atten-
tion shifts but may carry specific task-relevant information about
direction of the attention shift. Across the entire population of
LFP pairs, we found a statistical trend for larger theta—gamma
correlation when attention shifted to the contralateral vs. ipsi-
lateral stimulus (Wilcoxon sign-rank test, P = 0.066; Fig. S74 and
SI Result S11.1). Testing for significant differences in theta—
gamma correlation between spatial conditions at the single LFP
pair level revealed that a small subset of LFP pairs (4.4%; 49 of
1,104) showed significant effects (Monte Carlo surrogate test,
two-sided, P < 0.05), with n = 32 (n = 17) LFP pairs showing
larger theta—gamma correlations for contralateral (ipsilateral)
attention shifts (SI Result S11.1). This spatially selective theta—
gamma correlation may relate to previously reported spatially
selective firing-rate modulations of neurons in ACC/PFC (3, 20).
However, we found that spatial selectivity in theta—gamma cor-
relations were not consistently related to spatially selective firing
of neurons recorded from the LFP recording sites that provided
theta-phase or gamma-amplitude variations underlying theta—
gamma correlations (all » < 0.1, P > 0.05; SI Result $12). In ad-
dition to spatial attention, we tested in a subset of sessions
whether theta—gamma correlations emerged differentially when
the cue directed attention to a target stimulus with higher vs.
lower reward association, but did not find consistent differences
of theta—gamma correlations for higher or lower rewarded at-
tention targets (SI Result S11.2). Theta-gamma correlations for
location or reward were largely unrelated to LFP pairs with
theta—gamma correlations predictive of correct choices (Fig. S7B
and ST Result S11.1 and SI Result S11.2).
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Fig. 5. Phase-providing LFPs engaging in significant theta—gamma phase-
amplitude correlation show a theta-phase reset after attention cue onset on
correct trials. (A) Progression of the average phase (y axis) for all phase-
providing LFP channels (n = 74) engaging in significant theta-gamma cor-
relation 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. (B) The left panel shows the percentage of phase-pro-
viding channels with significant phase concentration (y axis, measured as
Rayleigh’s Z) around the time of the attention cue onset (x axis). Green and
red lines show the average Rayleigh’s Z across LFP channels for correct and
for error trials, respectively. The panel on the Right shows the percentage of
LFPs whose peak phase concentration fell within 1 of 10 nonoverlapping
time bins (around attention cue onset). (C) The anatomical distribution of
recorded LFPs that showed a significant phase concentration (blue) or that
did not show significant phase concentration (red) in the 0.1-0.3 s following
attention cue onset. See Fig. 1B for the labeling of PFC/ACC brain areas on
the 2D flat-map representation (and Figs. 1 and 2).

Theta-Gamma Correlation and Its Relation to Synchronization of
Burst Firing Events. Although overall firing-rate modulations of
neurons were not statistically associated with theta—gamma
correlations (SI Result $12), it is possible that finer-grained burst
firing events relate to long-range theta—gamma correlations,
similar to burst firing events synchronizing long-range to mid-
gamma-band (55-75 Hz) LFP activity (12). We thus correlated
burst-LFP synchronization of neurons recorded at LFP recording
sites that provided theta-phase or gamma-amplitude variations for
theta—gamma correlations (SI Result S13). We found that burst
synchronization to remote LFP gamma activity varied proportion-
ally with the degree of theta-phase correlation with low-gamma
amplitudes (35-50 Hz), an effect that was limited to those LFP sites
that showed significant theta—gamma correlations (Spearman rank
correlation » = 0.2, P = 0.044; Table S2 and SI Result S13). To our
knowledge, these findings provide the first quantitative evidence
that recording sites with LFP theta phases that engage in long-
range gamma correlations also host neurons whose burst
firing events synchronize long-range to gamma activity.

Discussion

We found that a centrally presented attention cue induces a
correlation of 5-10 Hz theta-band phase fluctuations and 35-55
Hz gamma-band activations between cortical subfields in ACC/
PFC. This theta—gamma P-A correlation failed to increase on
erroneous trials and thus signified successful shifts of attention,
i.e., cue utilization. On error trials, preferred theta phases were
earlier and more variable in the theta cycle compared with cor-
rect trials. This suggests that failures of shifting attention are
associated with the decoherence of theta to gamma interactions
in a network comprising the ACC/PFC. In this network, the
theta—gamma P-A correlations were supported disproportionally
often by theta phases from within the ACC compared with the
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LPFC. This finding indicates that it is particularly the ACC (the
rostral part of area 24) that provides a critical, slow theta-peri-
odic influence on gamma-mediated processes within the LPFC
during the implementation of attention shifts. A further major
characteristic of theta—gamma correlation is its close associa-
tion with a cue-induced theta-phase reset. More than one-third
of phase-providing LFPs for significant theta—gamma P-A cor-
relation showed the largest theta-phase consistency within the
first 0.3 s following cue onset, suggesting that a theta-phase reset
could mechanistically be a source of anatomically widespread
theta—gamma correlation. Taken together, these findings pro-
vide a unique perspective on how the control of attention is im-
plemented by circuits in primate ACC/PFC and corroborate a
long-held hypothesis that theta—gamma cross-frequency
interactions are an essential means of interareal integration of
distributed activities in multinode cortical networks (9, 21).

Frequency Specificity of P-A Correlation in ACC/PFC. Our main
finding characterized the statistical relation of two band-limited
activity fluctuations comprising a narrow ~5- to 10-Hz (peak at
7 Hz) theta band and a ~35- to 55-Hz (peak at 40 Hz) gamma
band. Previous studies have documented that a 5- to 10-Hz theta
band is a widespread LFP signature in ACC/PFC that increases
with specific demands to control goal-directed behavior (22-25).
Our study corroborates these reports (Fig. S5) revealing that
theta-band activity synchronizes distributed bursts of gamma ac-
tivity in ACC/PFC to preferred phases of the theta oscillation.
This further supports the notion that theta—gamma P-A corre-
lation is a ubiquitous phenomenon evident across multiple circuits
including hippocampal-cortical circuits (26), hippocampal-striatal
networks (27), cortico-striatal networks (28), and cortico-cortical
networks (29, 30). Our results extend the role of theta-gamma
P-A correlation to PFC circuits, with ~35% of LFP sites contrib-
uting to significant theta—gamma interactions. However, these sites
show anatomically specific clustering, with a moderate maximal
~8-10% of interareal ACC-theta to LPFC—gamma pairs show-
ing individually significant effects (Fig. 4).

In previous studies, 5- to 10-Hz activity fluctuations were
shown to organize distinct band-limited gamma-frequency bands
categorized as low (~35-55 Hz), medium (~50-90 Hz), and high
(epsilon; ~90-140 Hz) bands, each likely originating in separable
underlying circuit motifs (8, 11, 26). The observation that ACC/
PFC circuits theta-synchronized the activation at a low-gamma—
frequency band (35-55 Hz) is, to our knowledge, unprecedented
in LFP recordings in the primate brain. However, a similar theta
to low-gamma P-A correlation has been found in rodents to
emerge in medial frontal, entorhinal, and hippocampal circuits
(8, 26, 27, 31). In the cortex of nonhuman primates, synchroni-
zation of a low (35-55 Hz) gamma-frequency band has recently
been described to characterize local LFP and spike-LFP co-
herence within the macaque frontal eye field (FEF) during sus-
tained selective attention (32) (for a lower 30- to 40-Hz beta/
gamma in LPFC, see ref. 33). The cortical ACC/PFC fields en-
gaging in theta-locked low-gamma activation in our study ana-
tomically connect to the FEF. This makes it likely that the theta-
phase reset we observed in ACC/PFC also synchronizes FEF
gamma-activity bursts and spiking activity of visually selective
FEF neurons that most strongly synchronize to the local, low-
gamma activity in FEF during sustained selective attentional
processing (34). We can thus speculate that the band-limited
neuronal activation of the specific theta and gamma bands that
interact during attention shifts in our study may serve as general
band-limited signatures of neuronal coordination of attention
information during goal-directed behaviors.

Functional Significance of Theta-Phase Resets in the ACC/PFC. The
attention cue-triggered P-A correlations we observed were as-
sociated with a prominent theta-phase reset. Similar to the ab-
sence of theta—gamma P-A correlation on error trials, the theta
phase failed to reset following the attention cue on error trials
(Fig. 5B), illustrating that the LFP theta-phase resets of the
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theta-gamma-—correlated network also indexed whether attention
shifts are successful. A plausible mechanism for such a far-
reaching consequence of phase-aligned theta activation can be
found in recent studies that identified how a cue-induced phase
reset effectively gates the outflow of a cortical circuit (35-37).
These studies suggest that the phase reset-gated output of a local
circuit can serve as the causal trigger of distant gamma activity
phase locked to theta activity. For example, one optogenetic
study documented that a locally generated theta-phase reset in
rodent frontal cortices develops in conjunction with learning
the meaning of a (classically conditioned) cue (37). Following
learning, the cue-triggered theta-phase reset predicted when
projection neurons phase lock their spike output to the peak
of theta oscillation cycles (37). Moreover, the theta-phase reset
effectively synchronized the spiking activity of those projection
neurons in rodent mPFC that activated fear-related target
structures that modified behavior. The attention cue-induced
phase reset we report may be analogous to such a sequence of
events. In our task, the cue signified a color-matching rule (“find
the peripheral stimulus matching the color of the cue and en-
hance its representation against other stimuli”). Correctly inter-
preting the cue required reactivating neural assemblies coding
for the rule representation and applying the rule to the visually
available information to eventually prioritize processing of the
attended stimulus and filter out uncued stimuli (3, 38) (Fig.
S84). Such an attentional remapping of functional connectivity
occurred in the first 0.5 s following attention cue onset (3), and it is
during this process that theta phases were most consistent
across trials and began to synchronize remote gamma activities
across ACC/PFC. We therefore speculate that the cue-triggered
theta reset is instrumental to synchronize ACC/PFC neural
circuits to theta rhythmic, ~140-ms-long activation periods that
provide a reference for phase-locked gamma-activity bursts.

Three additional sources of evidence support this prediction
and are in line with our results. First, studies in rodents suggest
that theta-phase resets and theta coupling to gamma emerges
in a prefrontal-hippocampal network to widely varying types
of instructional cues, ranging from (Pavlovian) cues in classical
conditioning contexts (31, 37), to instrumental cues in spatial
choice tasks and item-context association tasks (27, 39). Sec-
ond, computational studies have identified canonical circuit
motifs of theta—gamma correlation in which the theta phase
can be instrumental in triggering and even generating gamma-
band activities in postsynaptic target circuits (17, 40). Key as-
sumptions of such “theta-reset models” are the existence of a
robust gamma-generating feedback circuit in the target struc-
ture, and a low-frequency (theta periodic)-modulated input to
inhibitory cells in the circuit (17, 41, 42). This low-frequency
(theta)-modulated input may likewise be generated de novo
from within the circuit from theta-generating or theta-reso-
nating interneuron populations (figure 14 in ref. 11; see Fig.
S8 for other dynamic circuit motifs). Third, a large set of
studies have documented how attentional expectancies realign
phases of low frequencies in sensory cortices to the time when
attentionally relevant stimuli are expected to occur to support
goal-directed behavior (19). Such anticipatory phase entrain-
ment resembles “resets” and can synchronize high-frequency
activities at beta and gamma bands that correlate with sensory
detection speed and the efficiency of subjects to filter out
distractors in attention tasks (19, 43). Consistent with these
findings, we found that, in a situation without externally im-
posed entrainment of events, attention cues induce a rapid
phase reset and thereby possibly implement a covert selection
of relevant sensory stimuli according to the cue-dependent
instructional rule.

Theta-Gamma Correlation as Means to Coordinate Attention Information.
It is important to acknowledge that we found the theta-phase
reset and theta—gamma P-A correlation in precisely those cor-
tical circuits of the ACC/PFC that are functionally essential for
the flexible control and biasing of attention- and goal-directed
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behavior (1, 6). To realize such a control/bias function, ACC/
PFC likely continuously interact with fronto-parietal attention
networks during goal-directed behavior to ensure continued at-
tention to relevant information that relate to the task goals and
other working memory contents (1, 2). We believe that such bi-
asing during attentive processes is realized through theta-gamma
cross-frequency interactions involving circuits in ACC/PFC.

An important piece of information supporting the proposed
“P—A correlation hypothesis of attentional control” is that burst
spiking events related to theta—(low) gamma correlation. We found
that burst firing of neurons synchronized to remote (mid) gamma-
band activity at those LFP recording channels that provided
the theta phases for LFP pairs with significant theta—gamma
correlation. This result links findings on interareal burst synchro-
nization (12) with the current report of functionally relevant
theta—gamma correlations and suggests that interareal theta—
gamma interactions of different LFPs may directly or indirectly
relate to burst firing of neurons within the theta-frequency—
modulated circuits. Intriguingly, firing of bursts or firing of se-
quences during brief periods of theta-nested gamma-band ac-
tivity is strongly implicated in rodent hippocampus and striatum
to carry unique information about internally maintained goals
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(e.g., the location of the most rewarded outcome) (44, 45). Our
results suggest that theta-nested gamma modulations may serve
as a means to organize and integrate such covertly (internally)
generated information to ensure the flexible control of attention
during goal-directed behaviors.

Methods

Two macaque monkeys were trained on a selective attention task that re-
quired using a centrally presented color cue to covertly select (i.e., in the
absence of overt eye movements) a color matching peripheral stimulus and
ignore the nonmatching stimulus (Fig. 1A). During attention performance, we
recorded LFPs from microelectrodes in anatomically reconstructed locations in
the medial and lateral PFC (Fig. 1B). The full task is detailed in Fig. 1 A and B
and Supporting Information. The experiment followed the guidelines of the
Canadian Council of Animal Care policy on the use of laboratory animals and
was approved by University of Western Ontario Council on Animal Care.
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