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Interareal Spike-Train Correlations of Anterior Cingulate
and Dorsal Prefrontal Cortex during Attention Shifts

Mariann Oemisch,' Stephanie Westendorff,' Stefan Everling,” and “Thilo Womelsdorf
'Department of Biology, Centre for Vision Research, York University, Toronto, Ontario M6] 1P3, Canada and 2Department of Physiology and
Pharmacology, Centre for Functional and Metabolic Mapping, Western University, Ontario N6A 5B7, Canada

The anterior cingulate cortex (ACC) and prefrontal cortex (PFC) are believed to coactivate during goal-directed behavior to identify,
select, and monitor relevant sensory information. Here, we tested whether coactivation of neurons across macaque ACC and PFC would
be evident at the level of pairwise neuronal correlations during stimulus selection in a spatial attention task. We found that firing
correlations emerged shortly after an attention cue, were evident for 50 -200 ms time windows, were strongest for neuron pairs in area 24
(ACC) and areas 8 and 9 (dorsal PFC), and were independent of overall firing rate modulations. For a subset of cell pairs from ACC and
dorsal PFC, the observed functional spike-train connectivity carried information about the direction of the attention shift. Reliable firing
correlations were evident across area boundaries for neurons with broad spike waveforms (putative excitatory neurons) as well as for
pairs of putative excitatory neurons and neurons with narrow spike waveforms (putative interneurons). These findings reveal that
stimulus selection is accompanied by slow time scale firing correlations across those ACC/PFC subfields implicated to control and
monitor attention. This functional coupling was informative about which stimulus was selected and thus indexed possibly the exchange
of task-relevant information. We speculate that interareal, transient firing correlations reflect the transient coordination of larger,
reciprocally interacting brain networks at a characteristic 50 -200 ms time scale.
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Our manuscript identifies interareal spike-train correlations between primate anterior cingulate and dorsal prefrontal cortex
during a period where attentional stimulus selection is likely controlled by these very same circuits. Interareal correlations
emerged during the covert attention shift to one of two peripheral stimuli, proceeded on a slow 50 ~200 ms time scale, and occurred
between putative pyramidal and putative interneurons. Spike-train correlations emerged particularly for cell pairs tuned to
similar contralateral target locations, thus indexing the interareal coordination of attention-relevant information. These findings
characterize a possible way by which prefrontal and anterior cingulate cortex circuits implement their control functions through
coordinated firing when macaque monkeys select and monitor relevant stimuli for goal-directed behaviors. /

ignificance Statement

Among those areas are the anterior cingulate cortex (ACC)
and the prefrontal cortex (PFC; Buckley et al., 2009; Miller and
Buschman, 2012; Passingham and Wise, 2012; Genovesio et
al., 2014). The ACC is suggested to monitor and guide atten-
tional selection, whereas lateral and dorsal prefrontal areas are

Introduction
Multiple anatomically segregated brain areas play a role in the
flexible allocation of attention during goal-directed behavior.
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involved in the actual implementation of attentional control,
and ventromedial prefrontal areas contribute relevant value
estimates of possible attentional targets (Alexander and
Brown, 2011; Kaping et al., 2011; Kennerley et al., 2011; Shen-
hav et al., 2013). To this point, it is unclear how attention
information is integrated across these distributed brain areas,
and studies investigating direct, interareal correlations be-
tween these areas have been sparse. One possible mechanism is
that neurons across these brain areas synchronize their firing
to delegate information. The communication between the
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PFC subareas and the ACC has been tested by a few studies that
used electroencephalography (Cavanagh et al., 2009) or local
field potential (LFP) measures (Tsujimoto et al., 2006; Rothé
etal., 2011; Womelsdorf et al., 2014a). For instance, increased
theta band phase coherence between ACC and lateral PFC
(IPFC) electrodes was found previously in humans and ma-
caques performing different tasks that probed cognitive con-
trol and task-switching abilities (Cavanagh et al., 2009;
Phillips et al., 2014). Previous findings in the macaque suggest
that the interaction between lateral PFC areas and ACC can be
traced back to the burst firing events of cells in ACC, with
bursts in the ACC synchronizing to the LFP in PFC during
attentional states (Womelsdorf et al., 2014a). These findings
provide compelling evidence for the existence of direct com-
munication between the ACC and PFC during attentional
control. This interaction may also be evident in functional
firing correlations between single cells in both brain areas
given their largely dendrite mediated interconnectivity (Med-
alla and Barbas, 2009).

Multiple methods exist for analyzing spike-train correla-
tions between single cells, one being the joint peristimulus
time histogram (JPSTH) analysis (Aertsen et al., 1989; Vaadia
et al., 1995b; Paz et al., 2007; Joshua et al., 2009; Schultz et al.,
2009; Cohen et al., 2010, Zhuang et al., 2014), which we used
in this work. The JPSTH allows a time-resolved analysis of the
dynamic correlation of the spikes of one neuron with those of
a second neuron while controlling for an influence of overall
firing rate modulations. Here, we used JPSTH analysis to test
whether neuron pairs across areas of the ACC/PFC transiently
coordinated by correlating their firing when attention shifted
to one of two possible target stimuli. We found that cells, on
average, increased their spike-train correlations ~280 ms after
an attention cue that triggered the covert selection of one
peripheral stimulus. Spike-train correlations occurred on a
slow 50-200 ms time scale and between distant neurons, and
are therefore unlikely to be caused by direct monosynaptic
connections. These correlations observed are therefore
qualitatively different from short (<5 ms) time lag cross-
correlations of neurons recorded within close (<~0.4 mm)
proximity (Kohn and Smith, 2005; Zhou et al., 2014). The
emergence of attention-specific spike-train correlations was
not dependent on overall firing rate modulations, emerged
with anatomical specificity, and was found between neurons
in ACC and dorsal PFC (dPFC), where spike-train correla-
tions carried attention information about the location of the
relevant target stimulus. Furthermore, spike-train correla-
tions could be identified in pairs of isolated single neurons
with broad as well as narrow waveforms (putative pyramidal
neurons and interneurons, respectively), providing a direct
window into how individual neurons contribute to larger re-
current network activations at slow, 50—-200 ms time scales.

Materials and Methods

Procedures. Data were collected from two male rhesus macaques
(Macaca mulatta). All animal care and experimental protocols were
approved by the University of Western Ontario Council on Animal
Care and were in accordance with the Canadian Council on Animal
Care guidelines. Details regarding the experimental setup, recording
procedures, and reconstruction of recording sites have been described
previously (Kaping et al., 2011). Briefly, extracellular recordings were
made with one to six tungsten electrodes (impedance, 1.2-2.2 M{);
FHC) through standard recording chambers (19 mm inner diameter)
implanted over the left hemispheres in both monkeys. Electrodes

J. Neurosci., September 23,2015 - 35(38):13076—13089 « 13077

were lowered daily through guide tubes and a recording grid with 1
mm interhole spacing using software-controlled precision micro-
drives (NAN Instruments). Data amplification, filtering, and acqui-
sition were done with a multichannel acquisition processor (Map
System; Plexon). Spiking activity was obtained following a 100—8000
Hz passband filter and further amplification and digitization at a 40
kHz sampling rate. Eye positions were monitored using a video-based
eye-tracking system (ISCAN; sampling rate, 120 Hz) calibrated before
each experiment to a five-point fixation pattern (one central fixation
point and the remaining four points offset by 8.8° vertical and 6°
horizontal toward the four corners of the monitor). Eye fixation was
controlled within a 1.4-2.0° radius window. Sorting and isolation of
single-unit activity (SUA) was performed off-line with Offline Sorter
(Plexon), based on principal component analysis (PCA) of the spike
waveforms.

During the experiments, stimulus presentation, monitored eye posi-
tions, and reward delivery were controlled via MonkeyLogic (open-
source software, http://www.brown.edu/Research/monkeylogic/).

Behavioral paradigm. Monkeys performed a selective attention task
requiring a two-alternative forced-choice discrimination (Fig. 1A). The
behavioral task was described previously in detail (Kaping et al., 2011).
Briefly, each trial started with the appearance of a gray central fixation
point, which monkeys had to fixate. After 0.3 s, two black/white drifting
gratings appeared to the left and right of the central fixation point. Fol-
lowing another 0.4 s, the two stimulus gratings changed color to black/
green and black/red. After 0.05-0.75 s, the central fixation point turned
either green or red, instructing the monkey to covertly shift attention to
the matching stimulus grating. Another 0.05-4 s later, both stimulus
gratings rotated with a temporal gap either clockwise or counterclock-
wise. The monkey had to discriminate the clockwise or counterclockwise
rotation of the cued stimulus grating and respond with an upward or
downward saccade, respectively, to one of two target dots. In 50% of the
trials, the noncued stimulus grating rotated first, which had to be ignored
by the monkey. A correct saccadic response had to occur within 0.05 and
0.6 s following rotation onset to a target dot vertically above or below the
fixation point. The response target dot had to be fixated for a minimum
of 50 ms, which then resulted in a liquid reward. Reward size varied
between 0.76 and 0.4 ml for different colors across blocks of 30 trials.
Reward associations changed across blocks and were equally balanced,
and are therefore expected to not systematically affect any analysis we
report and conclusions we draw.

Anatomical reconstruction. We recorded from neurons in prefrontal
and anterior cingulate cortex across subfields that we identified following
anatomical reconstruction as outlined before (Kaping et al. 2011). In
summary, we projected each electrode trajectory onto the two-
dimensional brain slices obtained from 7T anatomical MRI images, using
the open-source OsiriX imaging software (Rosset et al., 2004) and
custom-written MATLAB programs (MathWorks), using the iodine-
visualized electrode trajectory within the electrode grid placed within the
recording chamber during MR scanning. We drew the coronal outline of
the cortical folding of the MR gray-scale image to ease the comparison of
the individual monkey brain slices to standard anatomical atlases, before
projecting the electrode tip position into the standardized macaque brain
template (F99), available in Caret (http://www.nitrc.org/projects/caret).
Note that we initially reproduced the individual monkey brains within
the Caret software to validate similarity and derive the scaling factors to
match the lower-resolution monkey MR images to the higher-resolution
standard F99 brain. We then manually projected, under visual guidance,
the electrode position to the matched location in the standard brain in
Caret (Van Essen, 2002). In an independent procedure, we visualized
major anatomical subdivision schemes of the frontocingulate cortex, us-
ing the scheme from the Price Lab (Saleem et al., 2008, 2014) as a refer-
ence. Similar results are obtained when using other prefrontal/
cingulate cortex subdivision schemes from Barbas and Zikopoulos
(2007), Petrides and Pandya (1994, 1999), and Sallet et al. (2013).
Neurons were recorded in the anterior cingulate cortex (area 24), the
dorsal prefrontal cortex (areas 8, 9), the lateral prefrontal cortex
(area 46), and the ventromedial prefrontal cortex (vmPFC; area 32;
Fig. 1B).
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Task, recording locations, and example JPSTHs. 4, The selective attention task required monkeys to fixate a central point while presented with two peripheral grating stimuli. First, both

grating stimuli changed their color to either green orred. Then, the fixation point changed its color to match one of the two gratings, and the monkeys had to use this cue instruction to covertly attend
to the relevant stimulus. Monkeys then sustained focused attention until the relevant stimulus rotated, filtering out a potential rotation of the distractor stimulus, and finally reported it with a
saccadic response to one of two target locations (top vs bottom) in association to a clockwise versus counterclockwise rotation. Monkeys received reward when correctly indicating the rotation
direction of the cued stimulus. See Material and Methods for more details. B, The medial (left) and lateral (right) prefrontal cortex of the macaques. The colors label the four cortical fields from which
neuronal activity was recorded. The cortical subdivision follows anatomical parcellation results by Saleem et al. (2014). C, Three examples of normalized and shift-predictor-corrected JPSTHs (Aertsen
etal., 1989) that were computed with spike density functions with a Gaussian kernel width of 50 ms. The line to the immediate right of each JPSTH represents the coincidence line of the JPSTH,
averaged over =25 ms around the main diagonal. The top right corner depicts the cross-correlogram of the sector of the JPSTH defined by the black square. It was computed by collapsing over the
time axis. Below the coincidence line are the Pearson correlation coefficients computed in 5 ms windows. Red dots indicate significant correlation (¢ test, p = 0.05). Below and to the left of each
JPSTH is the PSTH and raster plot of the two neurons from which the JPSTH was computed. D, Same examples and conventions as in €, but computed with a Gaussian kernel width of 5 ms.

Data analysis. Analysis was performed with custom MATLAB code  curred within 1000 ms after attention cue onset were discarded. For color-

(MathWorks), using functionality from the open-source fieldtrip toolbox
(http://www.ru.nl/fcdonders/fieldtrip/). The analysis of spiking activity was
limited to neurons with a minimum average firing rate of 1 Hz and a mini-
mum of 30 spikes. Spike trains were aligned to either the onset of the atten-
tion cue (cue aligned) or the onset of stimulus color (color aligned),
depending on the analysis. For cue-aligned data, trials in which color onset
occurred within 200 ms before attention cue onset and rotation onset oc-

aligned data, trials in which attention cue onset occurred within 200 ms after
color cue onset were discarded. Unless specified otherwise, spike density
functions were convolved using a Gaussian kernel with an SD of 50 ms. We
define this kernel width as a time window of 100 ms. The following analysis
is therefore based on smoothed spike trains and cannot be directly compared
to spike cross-correlation analyses using unsmoothed data (Kohn and
Smith, 2005; Zhou et al., 2014).
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Joint peristimulus time histograms. Spike-timing relations between
neuron pairs were measured using JPSTHs (Aertsen et al., 1989). The
normalized JPSTH of neurons i and j was defined as follows:

< Si(ty) Si(t,) >

]N,,,(th ) = 1 1 >
\/N 2(Sit) = Si(1)* 5 2(Si(1) = (1))

where S;(t) represents the activity of neuron j for the rth trial at time 1, t,
and t, are time points within the trial, angle brackets represent averaging
over r trials, N is the number of trials, and S;(,) represents the average
activity of neuron 7 at time ¢, over all trials. To remove stimulus-induced
covariations in firing (de la Rocha et al., 2007), we computed a normal-
ized shift-predictor in consecutive trials in a symmetric way, with the
same conventions as above:

< Si(1) S (1) + 87N () Si(8,) >
PNM(tI) tZ) = d .

_ 1 _ '
2 \/ﬁ 2(Sd(t) — Si(t))? N 2(Si(t) = Si(1,))?

Picking consecutive trials and computing the shift predictor in a sym-
metric way ensures that slow changes in the temporal structure do not
affect the shift predictor (as opposed to shuffling the order of all trials for
one of two channels). The shift predictor does not correct for excitability
fluctuations that are independent of stimulus-induced covariations. The
normalized shift predictor was subtracted from the normalized JPSTH to
produce the final shift-predictor-corrected JPSTH (Fig. 1C,D). Spike
density functions used to compute JPSTHs were smoothed with Gauss-
ian kernels with an SD of 50 ms (Figs. 1C, 2A). For visualization purposes,
JPSTHs were also computed using spike density functions smoothed
with a Gaussian kernel with an SD of 5 ms (Figs. 1D, 2E). The JPSTH
analysis, compared to a simpler Pearson correlation analysis (see below,
Pearson correlation analysis), allows an estimate of firing-rate-corrected
spike train—to—spike train correlations that is not restricted to only coin-
cident firing, but also allows insight into the timing relations of these
interactions. The diagonal of the JPSTH corresponds to coincident firing
and measures the average spike-timing correlation over time, and will, in
the following, be referred to as the coincidence line and as an indicator
for the absence or presence of what we refer to as “spike-train correla-
tions.” The coincidence line was computed by averaging the JPSTH’s
main diagonal = 25 ms (Fig. 1C,D). Coincidence lines were then baseline
corrected by subtracting the average correlated spiking activity within
200 ms before the attention cue onset. Significance along the diagonals,
averaged over all cell pairs or over cell pairs of a given area combination,
was assessed using a ¢ test (p = 0.05). Task modulation of cell pairs was
defined as a significant change (t test, p = 0.05) in average firing rate in
both cells over the 800 ms after the attention cue presentation compared
to the 200 ms before the attention cue. When computing the average
JPSTH, to prevent the arbitrary positioning of each cell on either the x- or
y-axis from confounding the overall JPSTH, we randomly placed each
cell in a pair on either the x- or y-axis 200 times and averaged across
randomizations. This procedure led to a symmetric average JPSTH (Fig.
2A). When computing the average percentage change of correlation be-
fore and after the attention cue, for each cell pair, the average correlation
in the 200 ms before cue onset was compared to the 300—600 ms time
window after cue onset.

For analyzing the firing rate dependence of synchronized firing, we
normalized the PSTHs of each cell by subtracting the baseline period in
the 200 ms before cue onset. We then averaged the normalized firing rate
of both cells in a given pair for the time window 0—800 ms after the
attention cue onset and used a regression analysis (p = 0.05) to deter-
mine whether a significant correlation existed between the average firing
rate and the strength of synchronous firing in each cell pair. When ana-
lyzing the distance dependence of synchronous firing, we measured the
distance between two cells in two different ways. First, we measured the
physical distance between cells based on the x—y—z 3D coordinates of
the electrode tip they were recorded from, and second, we measured
cortical gray-matter distance between electrode tips based on the 2D
coordinates on a flattened representation of the cortical sheet (Kaping et
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al.,2011). For both measures, correlation between cell distance and firing
correlations in the time window 0—800 ms after cue onset was evaluated
using a regression analysis (p = 0.05).

When analyzing the temporal characteristics of neuronal firing corre-
lation, we adjusted the Gaussian kernel widths with which the PSTHs
were computed to 12.5, 25, 50 (default), 100 and 200 ms and repeated the
analysis. These kernel widths were defined as time windows of 25, 50,
100, 200, and 400 ms, and will be referred to as such from now on. Based
on the temporal evolution of the basic firing correlations, we compared
the strength of the effect at different smoothing windows in the first
(0-300 ms) and second 300 ms windows (300—600 ms) after attention
cue onset using varying Gaussian kernel widths. Differences were as-
sessed using a f test and one-way ANOVA (p = 0.05).

Anatomical specificity. To test for anatomical specificity of firing cor-
relations, we separated cell pairs into four within-area groups (ACC-
ACC, IPFC-IPFC, dPFC-dPFC, vimPFC—vmPFC) and six between-area
groups (ACC-dPFC, ACC-IPFC, ACC-vmPFC, dPFC-IPFC, dPFC-
vmPFC, IPFC-vmPFC) based on the subnetwork area division scheme
recently proposed by Saleem et al. (2014) (Fig. 1B). To determine signif-
icant firing correlations exceeding zero correlations between specific area
combinations, all JPSTH coincidence lines from cell pairs within a spe-
cific area combination were averaged. Based on the temporal develop-
ment of the increased synchronous firing across area combinations,
comparisons were made within the 300—600 ms time window after at-
tention cue onset. Significant differences from zero were determined
with a t test (p = 0.05).

Asymmetry of spike-train correlations. We calculated an asymmetry
index (AL Paz et al., 2007) to test for systematic time lags underlying the
firing correlations of the spiking activity of two neurons in separate areas
(see Fig. 4A). This was done by separately adding all bins above (a) and
below (b) the coincidence line of the JPSTH for the time window 0—800
ms after cue onset and computing a normalized difference [(a — b)/(a +
b)] for each JPSTH. A significant difference from zero of the average
asymmetry index for each area combination was tested using a Wilcoxon
signed rank test (p = 0.05) and implied that spikes from one area were
systematically leading/lagging spiking activities in another areas.

Spatial attention analysis. We determined the contralateral and ipsilat-
eral preference of each cell using their relative firing rate modulation after
attention cue onset. If a cell showed, on average, a higher firing rate
within the 800 ms after the attention cue onset when attention was shifted
to the contralateral as opposed to the ipsilateral side, this cell was labeled
as a contralateral-preferring cell and vice versa. Accordingly, cell pairs
were then labeled as either contra—contra, ipsi-ipsi, or contra—ipsi pre-
ferring pairs. Average spike-train correlations between these three groups
were compared by averaging the JPSTH coincidence lines of all cell pairs
within a group and comparing these across the three groups using an
ANOVA and post hoc comparisons (one-way ANOVA, p = 0.05; Tukey—
Kramer test, p = 0.05).

We determined for every cell pair whether their spike-train correla-
tions contained spatial attention information using a randomization
analysis. For every cell pair, trials were randomly labeled as attend right
or attend left, and the resulting average JPSTH was created 300 times. The
average randomized JPSTH coincidence line was then compared against
the original coincidence line. A cell pair was considered to show signifi-
cant spatial attention effects when, within 0—800 ms after the attention
cue onset, firing correlations were, for a minimum of 150 ms, signifi-
cantly different from the randomized average coincidence line (|average
diagonal| > 1.96 * SD of the randomization statistic). We then computed
the fractions of significant cell pairs for each area combination separately
and compared them for within-area combinations and for between-area
combinations using a x? statistic (p =< 0.05). We additionally tested
whether each fraction individually was significantly different from what
would be expected by chance (binomial statistics, p = 0.05).

Classification of cell types according to action potential waveform char-
acteristics. For the set of highly isolated neurons (1 = 404) in our sample, we
aligned, normalized, and averaged all action potentials (APs; for details of these
procedures, see the freely available online repository and MATLAB documenta-
tion at http:/attentionlab.ca/doku.php?id=ap-waveform-analysis; Ardid et al.
2015). Each neuronal waveform was fitted with cubic interpolation from
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an original precision of 25 to 2.5 us. On the resultant waveform, we
analyzed two measures (see Fig. 6B): the peak-to-trough duration and
the time for repolarization. The time for repolarization was defined as the
time at which the waveform amplitude decayed 25% from its peak value.

These two measures were highly correlated (r = 0.68, p < 0.001, Pearson
correlation). We computed the principal component analysis and used
the first component (explaining 84.5% of the total variance) because it
allowed for better discrimination between narrow- (NS) and broad-
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spiking (BS) neurons, compared to any of the two measures alone. Re-
sults from the calibrated Hartigan dip test discarded unimodality for the
first PCA component (p < 0.01) and for the peak to trough duration
(p <0.05), but not for the duration of 25% repolarization (p > 0.05). In
addition, we applied Akaike’s and Bayesian information criteria for the
two- versus one-Gaussian model to determine whether using extra pa-
rameters in the two-Gaussian model is justified. In both cases, the infor-
mation criteria decreased (from —669.6 to —808.9 and from —661.7
to —788.9, respectively), confirming that the two-Gaussian model is bet-
ter. We then used the two-Gaussian model and defined two cutoffs that
divided neurons into three groups. The first cutoff was defined as the
point at which the likelihood of a narrow-spiking cell was 10 times larger
than the likelihood of a broad-spiking cell. Similarly, the second cutoff
was defined as the point at which the likelihood of broad-spiking cell was
10 times larger than the likelihood of a narrow-spiking cell. Thus, 95% of
neurons (n = 384) were reliably classified: neurons at the left side of the
first cutoff were reliably classified as narrow-spiking neurons (20%; n =
79), and neurons at the right side of the second cutoff were reliably
classified as broad-spiking neurons (75%; n = 305). The remaining neu-
rons were labeled as “fuzzy” neurons because they fell in between the two
cutoffs and were not reliably classified (5%; n = 20; see Fig. 6). All
isolated waveforms that were not separable from the noise in a clean way
were defined as multiunit activity (MUA) and were likely composed of
narrow- as well as broad-spiking cells.

Pearson correlation analysis. To verify our main results with a some-
what simpler approach, we computed the Pearson correlation coeffi-
cients on the spike density functions of all our cell pairs. The Pearson
correlation coefficient is defined as follows:

Z(Si(1) = S{1))(Si(1) — Si(1)
\/E(Si(t) - 5,(1)? E(Sj(t) - Sj(t))z)

ri(t) =

where S,(t) represents the activity of neuron i at time t, and S(t) repre-
sents the average activity of neuron i at time ¢ over all trials. Coefficients
were computed in 5 ms bins for the time window —0.2—0.8 ms following
attention cue onset. For averaging, Pearson correlation coefficients were
first normalized by Fisher z-transformation and then, in line with the
JPSTH analysis, baseline corrected by subtracting the average activity in
the 200 ms before attention cue onset. Significant difference from zero
for the average normalized Pearson correlation coefficient was deter-
mined in the time window 300—600 ms after attention cue onset with a t
test (p = 0.05; Fig. 2D). To qualitatively compare the JPSTH with the
Pearson correlation method, we computed the average Pearson correla-
tion coefficient over the 300—600 ms time window of interest for each
cell pair and compared it against the JPSTH diagonal averaged over the
same time window. Significant correlation between the two was deter-
mined with a regression analysis (p = 0.05; Fig. 2C). Additionally, we
computed the Spearman correlation coefficients and analyzed them in an
equivalent way to the Pearson correlation coefficients. Results were qual-
itatively similar (data not shown).

Analysis of reward outcome expectation on spike-train correlations. Cued
target stimuli were associated with a high or low reward outcome, which
allowed testing for possible influences of reward outcome expectation on
spike-train correlations (for details, see Kaping et al., 2011). For this
analysis, trials were split into those with high and low reward outcome
associated with the target stimulus for each cell pair before computing
the JPSTHs. We then compared the average diagonals across cell pairs for
low and high reward outcome trials within the 300—600 ms after the
attention cue onset (¢ test, p = 0.05). This was done for the task-
modulated cell selection as well as over all cell pairs.

Testing the relation of spike-train correlations and burst firing. To inves-
tigate the relationship between spike-train correlations and the occur-
rence of burst firing, which was reported previously to be correlated with
LEP activity (Womelsdorf et al., 2014a), we extracted all neuron pairs in
which either both neurons or one neuron were recorded as single units
(SUA). Burst events were defined as two or more spikes occurring within
5 ms (for details, see Womelsdorf et al., 2014a). The proportion of burst
to nonburst events was calculated for the 300—600 ms after attention
cue onset for neurons identified as SUA only. If both neurons in a pair
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were SUA, the proportion of burst to nonburst events was averaged over
the two neurons. We then compared the proportion of burst to nonburst
events for each neuron pair with the strength of spike-train correlations
(regression analysis, p = 0.05).

Comparison of spike-train  correlations and  phase-amplitude
LFP-LFP correlations. To compare the spike-train correlations with
cross-frequency correlations of LFP activity reported previously on the
same data set (Voloh et al., 2015), we first extracted LFP pairs for those
recording pairs that also contained neuronal firing activity and were thus
used in the spike-train correlation analysis. We then followed procedures
identical to those outlined by Voloh et al. (2015). In brief, we bandpass
filtered the raw LFP signals with a fourth-order, two-pass Butterworth
filter and then Hilbert transformed them. We restricted this analysis to
those frequencies that were shown to be related to attention in the pre-
vious report, extracting the (theta) phase of 7 = 2.3 Hz as [4.79.3] Hzand
the (gamma) amplitude envelopes of 40 * 13.3 Hz as [26.7 53.3] Hz
frequency bands for all correctly performed trials in the [—0.5 0] sand [0
0.5] s time windows before and after attention cue onset, respectively. We
quantified cross-frequency correlation between the theta phase and the
gamma amplitude using Tort’s modulation index (Tort et al., 2010).
Phase—amplitude correlation was analyzed exclusively for LFP pairs re-
corded from different electrodes, which also provided neuronal firing
signals used in the main analysis of spike-train correlations. Theta—
gamma correlations and spike-train correlations were compared for
matching electrode pairs using Pearson correlation coefficients after re-
moval of outliers, which were defined as values >5 SDs from the
z-transformed data.

Results

We recorded from 1151 neurons in macaque anterior cingulate
and prefrontal cortex while animals performed a cued spatial
attention task (Fig. 1A), described in detail previously (Kaping et
al., 2011). Results from qualitatively different analyses of this data
set have been reported previously (Kaping et al., 2011; Shen et al.,
2015; Womelsdorf et al., 2014a, Voloh et al., 2015). During task
performance, we collected recordings from 2131 pairs of cells
recorded simultaneously from different electrodes. We did not
include same-electrode pairs in this analysis, and restricted the
analysis to correctly performed trials with equal sensory stimula-
tion conditions during the entire analysis time windows (see Ma-
terials and Methods).

Behavioral performance

The two animals exhibited similar performance, with 71%
(Monkey M) and 63% (Monkey R) correctly completed trials,
respectively. Error responses were also distributed similarly
across the two monkeys and consisted of fixation breaks oc-
curring before the rotation of the target stimulus (Monkey M,
25%; Monkey R, 20%), incorrect responses defined as saccadic
responses to the wrong response target (Monkey M, 1%; Mon-
key R, 3%), late responses initiated only after the response
time window (Monkey M, 0%; Monkey R, 1%), no response
(Monkey M, 7%; Monkey R, 1%), and hold fixation on target
errors (Monkey M, 2%; Monkey R, 6%).

Spike-train correlations increase when selective attention

is deployed

To investigate potential neural interactions between cells across
the prefrontal and cingulate cortices, we analyzed coincident fir-
ing (henceforth, “correlated firing”) by computing JPSTHs (Fig.
1C,D) that allow measurements of dynamic cross-correlations of
spike trains of distant neurons (Aertsen et al., 1989). JPSTHs were
computed using 100 ms smoothing time windows (see Materials
and Methods), and increases and decreases of firing correlations
between cells were assessed via the coincidence line of each
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JPSTH and validated by calculating Pearson correlations of the
spike trains in the same analysis window (Fig. 1C; see Materials
and Methods). To test whether neurons dynamically synchronize
their firing when attention is shifted, JPSTHs were aligned to the
onset of the attention cue (Fig. 1A). When we averaged the coin-
cidence lines of all cell pairs that showed significant task modu-
lation (see Materials and Methods), we found that cell pairs
across the prefrontal and anterior cingulate cortices showed a
transient increase in firing correlations during the 280-550 ms
after the attention cue onset (Fig. 2A,B; t test, p = 0.05). This
effect remained evident when considering all cell pairs, regardl-
ess of the cells’ task modulation (data not shown). Additionally,
this effect disappeared when considering only non-task-
modulated neuron pairs (n = 120; t test, p = 0.194; data not

shown). The increase in firing correlations following the atten-
tion cue was not due to transient increases in average firing rates,
as can be seen in the average PSTHs (Figs. 1C,D, example JPSTHs,
2A). Previous studies using the JPSTH controlled for the influ-
ence of overall firing rate magnitudes to affect correlations by
computing surrogate data with the same average firing rates, but
where specific spike-timing information was random (Cohen et
al., 2010). To exclude the possibility that our main effects are due
to spurious JPSTH correlations driven purely by mean firing rate,
we correlated the average firing rate of neurons in a given pair
with the average JPSTH diagonal and found that overall firing
rates did not explain significant spike-train correlations (Fig. 3A).
To test whether the main effect depended on cell pairs with par-
ticularly high or low correlation values, we calculated the effect
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after removing cell pairs with the strongest 20% correlate values.
As shown in Figure 2B (inset), the main effect persisted for this
reduced population of cell pairs. As a control analysis, we com-
puted the Pearson correlation coefficients for each cell pair. The
average Pearson correlation coefficient for all task-modulated
cell pairs was significantly increased in the 300—600 ms after
attention cue onset (Fig. 2D; t test, p = 0.028). This effect also
remained when considering all cell pairs independent of task
modulation (data not shown; ¢ test, p = 0.015). Normalized Pear-
son correlation coefficients were highly correlated with the
normalized JPSTH diagonal averaged over the time window
300—-600 ms after attention cue onset (Fig. 2C; regression anal-
ysis, p = 6.82 % 10~ ''?). Spearman correlation coefficients were
similarly correlated with the JPSTH diagonal values (data not
shown; regression analysis, p = 3.89 * 10 ~°). We next tested
whether firing correlations varied systematically as a function of
the physical (3D) anatomical distance between cell pairs. We
found that firing correlations tended to decrease with distance
(regression analysis, p = 0.084), but that this trend was driven by
neuron pairs recorded from nearby electrodes ~500 wm apart
(Fig. 3B). These nearby recordings were made with 125-um-
thick tungsten electrodes glued to each other with a 500 um
tip-to-tip distance and lowered within the same guide tube. Be-
yond the immediate ~500 wm distance, there were no simple
distance dependencies of firing correlations evident (p = 0.86).

To provide an understanding of the overall effect size and
distribution, single correlation coefficients in the JPSTHs of all
cell pairs fell within a value range of —3.82 and 4.44, whereby
90% of the data points lay between —0.22 and 0.23. The average
spike-train correlation coefficients ranged from —0.01 to 0.02
during the postcue period (Fig. 2B), with the average percentage
change from before attention cue onset to the 300—600 ms after
attention cue onset reaching 106%.

Temporal specificity of spike-train correlations
We next tested whether firing correlations in the ACC and PFC
were specific to a time scale of 100 ms, or whether firing correla-
tions were evident also with shorter or longer time windows. To
test for this temporal specificity of functional correlations, we
calculated for each neuron pair the coincidence line of the JPSTH
computed over time windows of 25, 50, 100, 200, and 400 ms. To
assess the influence of the smoothing, we extracted the average
spike-train correlations within the first 300 and second 300 ms
after attention cue onset (Fig. 3C). Within the second 300 ms,
spike-train correlations calculated with smoothing kernels of 50,
100, and 200 ms were significantly larger than zero (f test, p =
0.05), whereas the effect disappeared at 25 and 400 ms smoothing
widths. A one-way ANOVA confirmed that spike-train correla-
tions within the first and second 300 ms after attention cue onset
were significantly different from each other (ANOVA, p < 0.05).
To show nearly unsmoothed JPSTHs and to further demon-
strate the temporal aspect of the spike-train correlations, we also
computed JPSTHs with 10 ms time windows (5 ms Gaussian
kernel; see Material and Methods). The single JPSTHs (Fig. 1D)
and the average JPSTH and diagonal (Fig. 2 E, F) show that spike-
train correlations with this smoothing factor are highly variable
and do not show the same consistency as when larger smoothing
factors are applied.

Anatomical specificity of spike-train correlations

To quantify whether functional spike-train correlations were
specific to neuron pairs from particular cortical subfields in the
ACC/PFC, we localized their anatomical location to one of four
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subfields as delineated by Saleem et al. (2014) (Fig. 1B) and com-
pared spike-train correlations for each area combination sepa-
rately (see Materials and Methods). We sampled sufficient pairs
between four subfields, with neurons located in any of three pre-
frontal cortex areas or in anterior cingulate cortex: lateral pre-
frontal cortex (area 46), dorsal prefrontal cortex (areas 8, 9),
ventromedial prefrontal cortex (area 32), and the anterior cingu-
late cortex (area 24). Significant spike-train correlations were
found for subsets of area combinations only. Significant spike-
train correlations were evident for between-area cell pairs in ACC
and dPFC (f test, p = 0.0405) and between-area cell pairs in
vmPFC and dPFC (¢ test, p = 0.0395; Fig. 3D). These two
between-area effects were found only in cell pairs in which both
cells showed significant task modulation (see Materials and
Methods). Increased spike-train correlations 300—600 ms after
attention cue were also found within areas, for cell pairs in which
both cells were located within dPFC (t test, p = 0.0036; Fig. 3D)
and for cell pairs in which both cells were located within vmPFC
(ttest, p = 0.0012; Fig. 3D). These effects were not dependent on
task modulation and became more pronounced when averaging
over all cell pairs in the case of within-area dPFC cell pairs. These
results show that spike-train correlations were largely restricted
to specific cortical subfields at specific time windows in the ACC/
PFC.

Correlated firing is maximal during the attention shift

We next were interested in whether spike-train correlations
within the ACC and PFC are functionally tied to covert stimulus
selection during the attention shift or whether they may charac-
terize spike-train interactions even before the attention cue onset.
We thus tested whether spike-train correlations were evident
with all data aligned to the color onset (Fig. 1A). The only differ-
ence visually between the color onset and attention cue onset is
the color of the attention cue, which instructs the attention shift.
When we performed this analysis for task-modulated cell pairs,
none of the area combinations tested showed significant firing
correlations in the 200500 ms after the color cue onset (Fig. 3D;
t test, p > 0.05). When all cell pairs were considered, neurons
within the ACC showed significant anticorrelation, an effect that
was not observed within the attention cue period. Similar results
were obtained when the analysis window for the color cue period
contained the 0—300 ms period after color cue onset or the 300
ms immediately before attention cue onset. This suggests that the
increase in correlated firing between cells in the ACC/PFC is
specific to processes of stimulus selection and attention shifts.
The transient nature of this effect is further confirmed by analyses
that show no increase in spike-train correlations before the re-
sponse event (data not shown).

Asymmetry of spike-train correlations

To investigate whether the firing of one neuron systematically
leads or lags the spiking activity of another neuron, we computed
an asymmetry index of the JPSTH (Paz et al.,, 2007). The Al
quantifies whether spiking coincidences above versus below the
coincidence line of the JPSTHs systematically differ (Fig. 4A). In
the time window encompassing 800 ms following the attention
cue, the Al was significantly different from zero for neuron pairs
from the ACC-dPFC, indicating that spikes from neurons in the
dPEC tended to precede spiking activity from neurons in the
ACC (Fig. 4B, C; Wilcoxon signed rank test, p = 0.0114). This
effect was reliably observed for smoothing time windows 25, 50,
100, and 200 ms in task-modulated cell pairs (Wilcoxon rank
sum test, p = 0.0018, p = 0.0036, p = 0.0114, p = 0.0227, respec-
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tively) and for all smoothing time windows when all cell pairs
were taken into account (Wilcoxon rank sum test, p = 0.0004,
p = 0.0003, p = 0.0017, p = 0.0048, p = 0.0070, respectively).
When considering only the fraction of the JPSTH within the time
window 300—600 ms, this prior reliably significant effect was
observed only for the 400 ms smoothing window (p = 0.0128)
and as a trend for the 200 ms (p = 0.0803) smoothing window in
task-modulated cell pairs, and for 200 ms (p = 0.0475) and 400
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ms (p = 0.0049) smoothing when all cell pairs were taken into
account.

Spike-train correlation of cell pairs with similar spatial
attention preferences

To investigate whether synchronous firing contains relevant in-
formation for the attention shift, we asked whether spike-train
correlations depended on the relative tuning preferences of indi-
vidual neurons to increase their firing for contralateral or ipsilat-
eral attention shifts. To this end, we classified neurons into those
with firing increases for contralateral or ipsilateral attention shifts
during the attentional shift epoch and compared the sign and
strength of spike-train correlations among pairs with similar
and dissimilar spatial attention preferences. Overall, we obtained
three groups with 399 ipsilateral-preferring cell pairs, 598
contralateral-preferring cell pairs, and 918 mixed-preference cell
pairs. We found that, on average, cell pairs in which both cells
preferred an attention shift to the contralateral side were signifi-
cantly more likely to show spike-train correlations within 0—800
ms following the attention cue than pairs in which both cells
preferred an attention shift to the ipsilateral side (one-way
ANOVA, p < 0.05; Tukey—Kramer test, p < 0.05; Fig. 5A).
Ipsilateral-preferring cell pairs showed a trend for anticorrelated
firing.

The previous findings suggest that spike-train correlations
carry information about the direction of the attention shift and
may be functionally instrumental for attention. To test further
whether this functionally meaningful correlation can be identi-
fied at the level of single cell pairs, we determined for every cell
pair whether its firing correlation was significantly stronger for
either contralateral or ipsilateral attention shifts as tested for sig-
nificance using a randomized distribution (*2 SD). We then
computed the fraction of significant cell pairs for each area com-
bination separately (Fig. 5Bi—Biii). We found that cell pairs be-
tween the ACC and dPFC as well as within the ACC, dPFC, and
IPEC had a significantly larger fraction of significant pairs than
would be expected by chance (Binomial test, ACC-dPFC, p =
1.2 % 10~ ACC, p = 0.003; dPFC, p = 0.001; IPFC, p = 0.023).
We additionally found that ACC and dPFC pairs contained a
significantly larger fraction of significant cell pairs compared to
the average of all other between-area pairs (Fig. 5Biii; x°, p <
0.05). In other words, cell pairs in the ACC and dPFC showed an
increased selectivity for attention shifts to one of two possible
spatial targets, compared to neurons from other between-area
combinations.

Cell-type specificity of spike-train correlations

We next asked whether positive or negative spike-train correla-
tions operating on the 100 ms time scale are differentially sub-
served by excitatory and inhibitory cell classes, respectively.
Typically, the influence of excitation and inhibition on postsyn-
aptic target cells is measured at shorter millisecond time scales
(Reid and Alonso, 1995). In contrast to such effective connectiv-
ity measures, our analysis attempts to identify whether firing cor-
relations can be traced back to slower (100 ms) interactions
among excitatory neurons, and whether anticorrelated firing can
be traced back to the influence of putative interneurons that may
actively suppress their target neurons. To answer this question,
we selected from the total population of recorded neurons those
404 neurons that were unambiguously recorded as single isolated
neurons (see Materials and Methods; Shen et al., 2015). Figure 6A
illustrates that the neuron population separated into NS cells and
BS cells that corresponded to predominantly inhibitory interneu-
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cell pairs in which either both cells preferred ipsilateral attention shifts, both cells preferred
contralateral attention shifts, or cells preferred opposite attention shifts (ipsi— contra). Error
bars represent SEM. The asterisk indicates significant post hoc comparison with a Tukey—Kramer
test (p = 0.01). Bi-Biii, Fractions of cell pairs that have significantly differing firing correla-
tions for ipsilateral versus contralateral attention shifts in the 800 ms following the attention
cue onset, separated by area combination. Bi, Adjacency matrix highlighting the fraction of
significant (p << 0.05, randomization statistic) cell pairs for each area combination. Bii and Biii
show, for visualization purposes, the same data as Bi, separated for within- and between-area
combinations. The black asterisk indicates significant difference from all other between-area
combinations (X2 test). White asterisks inside bars indicate significant difference from what
would be expected by chance: *p << 0.05; **p << 0.001 (Binomial test).

rons (NS cells) and predominantly pyramidal cells (BS cells).
Using the duration and time to repolarization of the action po-
tential waveforms revealed a significantly bimodal distribution
(p < 0.001, calibrated Hartigan’s dip test for unimodality), with
21.6% (n = 86) NS cells and 74.4% (n = 296) BS cells (Fig. 6 B, C;
see Materials and Methods; Ardid et al., 2015). These proportions
are similar to the 13-25% NS cells reported previously for the
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lateral prefrontal cortex (Constantinidis and Goldman-Rakic,
2002; Diester and Nieder, 2008; Johnston et al., 2009). The split
into two cell classes allowed us to quantify the sign and strength of
spike-train correlations separately for NS and BS cells and al-
lowed us to test how isolated BS and NS cell firing related to the
multiunit activity that is composed of mixtures of BS and NS cells
(Fig. 6D). Figure 6F illustrates that significant spike-train corre-
lations are evident across all pairs of BS cells and MUAs (p =
0.0002, Wilcoxon rank sum test, over all 631 pairs with at least
one BS cell). In contrast, neuron pairs with one identified NS cell
and MUA showed no significant correlation, but rather showed a
trend for anticorrelated firing (Wilcoxon rank sum test, p =
0.066, n = 162 pairs; Fig. 6E). Neuron pairs with an identified BS
cell and NS cells did not show significant spike-train correlations
(Wilcoxon rank sum test, p = 0.68, n = 62 pairs; Fig. 6E).

The previous analysis suggests that functional firing rate cor-
relations in the ACC/PFC can be traced back to single, isolated BS
cells showing positive correlations with MUA activity. To test
whether the sensitivity of our measure is sufficient to resolve
correlations of single neurons located in different cortical fields,
we performed the analysis only on between-area pairs. Intrigu-
ingly, we found that the spike trains of BS cells remained signifi-
cantly correlated with MUA activity even when BS cellsand MUA
were recorded from different cortical fields (Fig. 6F; Wilcoxon
rank sum test, p < 0.05, n = 342 BS—multiunit pairs). In addition,
we found that the firing of isolated BS cells in one cortical field
and the activity of NS cells in another cortical field were, on
average, positively correlated (Fig. 6F; Wilcoxon rank sum test,
p < 0.05, n = 34 BS-NS pairs). We did not find evidence for NS
cells engaging significantly in anticorrelated firing with BS cells,
MUA, or NS cells within or between specific cortical fields (data
not shown).

Spike-train correlations are not related to expected

reward magnitude

To assess whether the magnitude of the reward outcome associ-
ated with the target stimulus affected spike-train correlations, we
compared trials with targets of high versus low reward outcome.
We found no difference in the average main diagonal within the
300—-600 ms after attention cue onset between the high and low
outcome conditions for either task-modulated (¢ test, p = 0.481)
or all cell combinations (t test, p = 0.274; data not shown). This
suggests that reward outcome expectation was not a driving fac-
tor for the spike-train correlations following the attention cue
onset.

Spike-train correlations show no apparent relation to the
occurrence of burst firing

We showed previously that burst firing synchronized with distant
local field potentials at narrow frequency bands (for details, see
Womelsdorf et al., 2014a), raising the possibility that burst firing
events may contribute to the correlation of firing rates between
areas. We therefore tested whether the spike-train correlations
observed here were related to the occurrence of burst firing. To
this end, we extracted neuron pairs where either both or one of
the neurons were recorded as SUA and extracted for each pair the
proportion of burst to nonburst events. Larger proportions of
burst firing would be expected to positively correlate with the
strength of JPSTH correlations if burst firing played a prominent
role underlying spike-train correlations. However, we found that
the proportion of burst firing and the strength of spike-train
correlations were not correlated for either neuron pairs in which
both cells were recorded as SUA (n = 72; regression analysis,
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Figure6. Cell-type specificity of firing correlations in the ACC/PFC. A, Normalized AP waveforms of single cells. Red and blue colors highlight NS and BS cells, respectively. Black waveforms mark
cells that were not classified (fuzzy category). B, lllustration of the two features used to characterize cells’ APs. €, Bimodal distribution of cells according to the combination of the two action potential
features, showing clean separation of NS and BS cells (see Materials and Methods). D, lllustration of combinations of BS, NS, and multiunit recordings tested for consistent spike-train correlations.
E, Normalized cross-correlation, indexed as the average JPSTH diagonal (=25 ms, x-axis) for three different types of cell combinations. The blue mark denotes spike-train correlations between BS
cells and multiunits. The red mark shows (anti)correlation of NS cell spike trains with multiunits. The black mark denotes spike-train correlations of NS with BS cell activity. The p values indicate
difference from zero correlation. Black asterisks indicate significant difference from zero correlation (Wilcoxon rank sum test, p =< 0.05). F, Same format as E but restricting the averaging of
spike-train correlation to pairs of neuron activity from different brain areas. Error bars in Eand F denote SEM. Firing correlations were indexed as the average coincidence line (=25 ms) of the JPSTH

during 0.3—0.6 s after attention cue onset.

R*=0.009, p = 0.426) or neuron pairs in which only one cell was
recorded as SUA (n = 893; regression analysis, R* = 0.0004, p =
0.541). This finding suggests that the spike-train correlations
were not apparently linked to mechanisms underlying burst
firing.

Spike-train correlations show no apparent relation to LFP
theta—gamma phase—amplitude correlations

A previous study using the local field potentials of the same data
set used here found interareal interactions between the ACC
and the lateral PFC in local field potential activity (Voloh et al.,
2015). The study reported that attention cues are followed by
(5-10 Hz) theta frequency phase modulations of the LFPs corre-
lated with (35-55 Hz) gamma frequency amplitude modulations
of LFPs between the ACC and prefrontal cortical areas (Voloh et
al., 2015). We were thus interested in whether this attention-
related phase—amplitude correlation of LFP activity is related to
the interareal spike-train correlations. To test this, we extracted
the LEPs of those electrode pairs that contributed neurons to the
spike-train correlation analysis. We then calculated for each LFP
pair the 5-10 Hz (theta) phase to 35-55 Hz (gamma) amplitude
variation in the post—attention cue interval that was shown pre-
viously to have significant attention effects at the overall popula-
tion level and across a large fraction of single LFP pairs (see
Materials and Methods; Voloh et al., 2015). We then calculated
correlation coefficients of the spike-train correlations in the 300 —

600 ms time window after cue onset and the strength of theta—
gamma correlation in the postcue period, calculated as the
modulation index (Tort et al., 2010), across all recording pairs.
We found no correlations between these measures, either across
the whole population of matched spike—spike and LFP-LFP pairs
(p=0.444,r = —0.019, n = 1597) or when restricting the anal-
ysis to LFP-LFP pairs that showed significant theta— gamma cor-
relation at the single pair level (p = 0.506, r = —0.059, n = 128).
In a second analysis, we correlated the normalized spike-train
correlations with the change in theta—gamma LFP correlation
from before to after the attention cue. Similar to the previous
analysis, spike-train correlation and LFP cross-frequency pairs
were not correlated across the whole population (p = 0.554,
r = —0.015, n = 1597) or for the subset of LFP pairs with a
significantly increased theta—gamma correlation (p = 0.860, r =
0.016, n = 128). These results quantify that spike-train correla-
tions of neurons and LFP theta—gamma phase—amplitude corre-
lations are largely independent phenomena, although
interrelationships could be explored in more detail in future
studies.

Discussion

We found that neurons in anterior cingulate and prefrontal cortices
show functionally correlated spiking activity during covert stimulus
selection. Using smoothed JPSTH analysis, we showed that task-
modulated cell pairs showed correlated firing when spike trains were
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caused by a third-party area that concurrently influences the ACCand PFC.

smoothed by 50—200 ms. Dynamic cross-correlations in this time
window showed five major characteristics: First, they emerged inde-
pendently of the absolute firing rate of neurons. Second, spike-train
correlations were evident across cell classes. Putative pyramidal cells
showed positive correlations with multiunit activity as well as with
putative interneurons across area boundaries. Third, spike-train
correlations were anatomically specific, becoming evident for only a
subset of area combinations. The strongest correlations were found
between cells in the ACC and dorsal PFC (areas 8 and 9). Fourth,
spike-train correlations carried attention information as evident in
cell pairs engaging in correlations when both cells preferred con-
tralateral over ipsilateral attention shifts. Last, we found that firing
events in dPFC tended to precede firing events in ACC, as shown in
an average asymmetry of coincident firing. Together, these findings
provide direct evidence for spike-train correlations between two
main top-down control structures that bias and implement the se-
lection of relevant target stimuli during goal-directed behavior.

Connectivity in frontocingulate cortex

The prefrontal and cingulate cortices are interconnected anatom-
ically (Medalla and Barbas, 2009, 2010) as well as functionally
(Tsujimoto et al., 2006, 2010; Cavanagh et al., 2009; Rothé et al.,
2011; Voloh et al., 2015). However, most reports are not directly
linked to attention shifts. Previously, we showed that, specifically
in the time window of active deployment of attention, burst spik-
ing in the ACC phase locked to LFPs in the PFC at beta- and
gamma-band frequencies (Womelsdorf et al., 2014a). These data
suggest substantial functional interactions between the ACC and
PFC; with our study, we add to this by showing that single neu-
rons correlate their firing in the ACC and PFC at a relatively slow
50-200 ms time scale during covert shifts of attention. This po-
tentially identifies the neural basis of integrating relevant atten-
tion information in the frontocingulate network.

In our study, the dPFC emerged as a functional hub for cross-
area communication during the attentional shift period. Neurons
between the ACC and dPFC as well as between the vmPFC and
dPFC synchronized their firing when attention was shifted. In
addition, neurons within the dPFC strongly synchronized during
this time (Fig. 3D). All these areas have been implicated previ-
ously in unique functional contributions during attentional con-
trol (Rowe and Passingham, 2001; Lebedev et al., 2004; Hayden et
al., 2011; Kaping et al., 2011; Shenhav et al., 2013). An increased
communication between the ACC and dPFC may reflect the
integration of spatial information of the current target as well as
the distracter. This is supported by our finding that many
ACC-dPFC cell pairs show spatial selectivity in their firing (Fig.
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5B). dPFC also showed spike-train corre-
lations with vmPFC, which is likely rele-
vant for the integration of value (here,
“relevance”) information and target loca-
tion, potentially allowing a successful shift
of attention to the target independent of
its value (Kaping et al., 2011; Rudorf and
Hare, 2014). Generally, spatial informa-
tion was prominently encoded in these
cell-cell correlations, since neurons that
encoded a contralateral attention shift
were significantly more likely to engage in
functional synchronization (Fig. 5A). Im-
portantly, these cell-cell communications
are specifically associated with the process
of covertly shifting attention, as increases
in correlated firing were not apparent af-
ter the color cue onset (Fig. 3D).

Time course of neuronal correlations in PFC/ACC

We observed the increase in spike-train correlations between
cells across the PFC/ACC only when JPSTHs were smoothed
with 50-200 ms windows, but not with smaller or larger win-
dows (Figs. 1C,D, 3C). Functional correlations on faster time
scales would suggest direct monosynaptic connections. How-
ever, the probability of those decreased significantly once
neurons were separated by >200 um (Fujisawa et al., 2008).
The larger timescale that is necessary for our effect to be obse-
rved suggests that neuron pairs were not monosynaptically
connected.

Furthermore, firing correlations between cells emerged ~250—
300 ms after the animal was cued to shift attention. This time course
of interaction fits well with our and other reports showing that spa-
tial attention information in PFC/ACC emerges at ~300 ms after the
appearance of the attention cue across the whole medial to lateral
extent of the PFC (Rainer et al., 1998; Kaping et al., 2011; Suzuki and
Gottlieb, 2013). This temporal coincidence suggests that attention
information in the firing of ACC/PFC neurons translates into corre-
lations for subsets of cells in the ACC and dPFC.

Asymmetry of firing correlations may indicate information
flow from dPFC to ACC

The asymmetry index analysis revealed that firing events in the
dPFC significantly preceded firing events in the ACC after atten-
tion cue onset (Fig. 4 B, C). This suggests that when attention is
covertly shifted, information that is shared or transferred be-
tween the ACC and dPFC appears earlier in the dPFC. This could
reflect the transfer of cue-to-target mapping rule information
from the dPFC to ACC. The attention shift is cued by the fixation
point color, corresponding to two different rules. Previous stud-
ies showed that rule-specific information is encoded in the PFC
(Wallis et al., 2001; Bongard and Nieder, 2010; Buschman et al.,
2012) and also the ACC, where it lags behind the PFC for over-
learned tasks and precedes the PFC during rapid adaption of task
rules (Johnston et al., 2007; Womelsdorf et al., 2010). The prece-
dence of spiking in the dPFC over the ACC in our study is con-
sistent with these previous findings. We thus speculate that
transfer of rule information from the PFC to ACC could enhance
target selection and sustaining attentional focus in light of
distracters (Kaping et al., 2011; Shenhav et al., 2013).
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Interareal spike-train correlations are subserved by putative
pyramidal cells and interneurons

We focused our analysis on functional correlations of neuronal
spike trains at slow time scales. In this window, spike-train cor-
relations may indicate polysynaptic (possibly dendritic) interac-
tions of single cells with the local population of cells that can be
indexed as multiunit responses. Consistent with this prediction,
we could trace back significant spike-train correlation to mixed
multiunit signals with a population of broad-spiking, putative
pyramidal cells. Notably, this single cell-to-multiunit correlation
was robust for interareal comparisons, providing quantitative
evidence that the correlation of cells with net excitatory influence
supports attention shifts (Fig. 6E). Horizontal connections
between distant pyramidal cells may be the source of this net
correlation (Pucak et al., 1996; Gonzalez-Burgos et al., 2000).
Potentially supporting recurrent activation, such connections
have been proposed to play an important role during working
memory delay activity (Gonzélez-Burgos et al., 2000) and are
particularly extensive in primate PFC (Elston, 2003; Elston et al.,
2005). Together, these findings provide further insights into
functional recruitments of cell classes during selective attentional
processes (Ardid et al., 2015).

Processes underlying spike-train correlations

The correlations observed between cells across the PFC/ACC can
conceptually result from different scenarios (Fig. 7). Correlated
firing could be caused by recurrent activity in the network,
whereby one area influences another, allowing communication
of relevant attention information (Fig. 7A). Alternatively, spike-
train correlations could be caused by a common third-party in-
fluence on two subareas in the PFC/ACC concurrently (Fig. 7B).
These two scenarios are difficult to distinguish. In addition,
several factors can contribute to increased dynamic cross-
correlations. Excitability covariations, such as independent
increases in the excitability of both cells as well as latency cova-
riations, which are trial-to-trial covariations of spike timing, can
also contribute to a peak in the JPSTH (Brody, 1999a, 1999b).
Additionally, the covariation of stereotyped neuronal transients
to external events can also induce a peak in the JPSTH (Friston,
1995; but see Vaadia et al., 1995a). Considering the slow time
scale of the correlations we observe and the distance between
neurons, monosynaptic connections can be ruled out as a major
source (Fujisawa et al., 2008). Further supporting this reasoning,
analysis of cross-correlations on a fast time scale (5 ms resolu-
tion) showed no apparent correlation linked to attention shifts
(data not shown). In line with this, the observed spike-train cor-
relations between ACC/PFC neurons may best be understood as
excitability covariations of distant neurons. These could be
caused by either direct recurrent activity (Fig. 7A) or by common
input from a third area (Fig. 7B). Third-party input to both the
ACC and PFC could be realized by several candidate mecha-
nisms, including dopaminergic, cholinergic, and noradrenergic
neuromodulation (Lapiz and Morilak, 2006; Fujisawa and Buz-
saki, 2011; Hasselmo and Sarter, 2011; Sara and Bouret, 2012).

Conclusions

We found direct evidence that correlated activity between neu-
rons across subfields of the frontocingulate cortex can carry rel-
evant attention information. This effect is evident for neurons
that encode similar spatial attention information in their firing
rate modulations, whereby neurons encoding contralateral shifts
engage in increased synchronization, whereas neurons encoding
ipsilateral shifts engage in decreased synchronization. These cor-
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relations occurred on a slow, characteristic 50 —200 ms time scale,
suggesting that the transient single cell coupling is not driven by
monosynaptic connections. Consistent with this, we traced back
spike-train correlations to the population of broad-spiking, pu-
tative pyramidal cells. Together, these findings reveal that func-
tional correlations of firing between neurons in the ACC and PEC
support the interchange of goal-relevant information during at-
tentional stimulus selection.
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