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Abstract

Several human imaging studies have suggested that anterior cingulate cortex (ACC) is highly active when participants
receive competing inputs, and that these signals may be important for influencing the downstream planning of actions.
Despite increasing evidence from several neuroimaging studies, no study has examined ACC activity at the level of the
single neuron in rodents performing similar tasks. To fill this gap, we recorded from single neurons in ACC while rats
performed a stop-change task. We found higher firing on trials with competing inputs (STOP trials), and that firing rates
were positively correlated with accuracy and movement speed, suggesting that when ACC was engaged, rats tended to slow
down and perform better. Finally, firing was the strongest when STOP trials were preceded by GO trials and was reduced
when rats adapted their behavior on trials subsequent to a STOP trial. These data provide the first evidence that activity of
single neurons in ACC is elevated when 2 responses are in competition with each other when there is a need to change the

course of action to obtain reward.
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Introduction

There is a wealth of neuroimaging data implicating anterior
cingulate cortex (ACC) in cognitive control. In particular, many
studies report that neural activity in ACC is high when there is
competition between 2 actions, known as “response conflict.”
Some of the first evidence implicating ACC function in this pro-
cess came from positron emission tomography (PET) studies on
participants performing a Stroop task. In the Stroop task, parti-
cipants are instructed to report the ink color of a written word
rather than reading the word itself (Pardo et al. 1990). In this
study, and in the many others that followed, when the ink
color and the written word were incongruent, or in competition

with each other (“red” written in blue ink), neural signals in ACC
were high. Many studies have since replicated this basic effect
using functional magnetic resonance imaging in participants per-
forming a variety of tasks (Carter et al. 1998, 2000; Brown et al.
1999; Botvinick et al. 2001; Brown and Braver 2005; Curtis et al.
2005; Laird et al. 2005; Nee et al. 2007, 2011; Cole et al. 2009).
Thus, it is clear from the imaging literature that ACC contri-
butes to the processing of response conflict when there is com-
petition between 2 responses. Unfortunately, support for this
hypothesis at the single neuron level is still missing; the major-
ity of single-unit recording studies report the absence of
response conflict-like signals in ACC (Ito et al. 2003; Nakamura
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et al. 2005; Emeric et al. 2008; Bryden et al. 2011; Hayden et al.
2011; Cai and Padoa-Schioppa 2012; Ebitz and Platt 2015), with
the exception that correlates related to conflict have been
observed in single ACC neurons in human patients (Davis et al.
2005; Sheth et al. 2012). To the best of our knowledge, no single
neuron recording paper in non-human animals has supported
the notion that ACC outputs a response conflict signal.

With the overwhelming interest in ACC’s role in cognitive
control and its disruption in numerous disease states (Downar
et al. 2015), it is surprising that no study has examined ACC
activity at the level of the single neuron during periods of
increased competition or conflict. Rat ACC sits in a prime posi-
tion to mediate cognitive control via its monosynaptic projec-
tions to dorsal striatum (Gabbott et al. 2005; Mailly et al. 2013),
subthalamic nucleus (Maurice et al. 1998), prefrontal cortex
(Hoover and Vertes 2007), and locus coeruleus (Hoover and
Vertes 2007). Furthermore, ACC interference impacts perfor-
mance on 5-choice serial reaction time and stop-signal tasks
(Bari et al. 2011) and impairs the ability of rats to make adjust-
ments in cognitive control (Newman et al. 2015). In addition, a
PET study in rats showed that activated regions in rats during
conflict processing are similar to those described in human
imaging (Marx et al. 2012). Currently, it is unknown if the activ-
ity of single neurons in rat ACC is modulated when 2 actions
are in competition during response conflict.

To address this issue we recorded from single neurons in
ACC while rats performed a stop-change task. We found that
ACC activity was high when 2 responses were in competition
with each other and that activity was positively correlated with
performance and movement time. Further, firing in ACC was
modulated by greater degrees of competition induced by trial
sequence effects; such that firing was the strongest when STOP
trials were preceded by GO trials, and was reduced when the
rats’ behavior was slowed on trials following STOP trials result-
ing in enhanced accuracy (commonly referred to as conflict
adaptation). This work provides evidence at the single neuron
level that ACC in non-human animals can carry response
conflict-like signals and opens the door to a number of studies
that will allow us to elucidate how changes in actions occur dur-
ing the processing of competing signals and how changes in ACC
firing fosters cognitive control via downstream mechanisms.

Materials and Methods
Subjects

Nine male Long-Evans rats were obtained at 175-200g from
Charles River Labs, and were on average 452 g + 30 g at the time
of surgery. Rats were tested at the University of Maryland in
accordance with NIH and IACUC guidelines. One rat did not
yield sufficient neural activity as we were unable to isolate any
cells due to electrode malfunction; this rat was excluded from
all analyses.

Surgical Procedures and Histology

Surgical procedures followed guidelines for aseptic technique.
Electrodes were manufactured and implanted as in prior
recording experiments (Bryden et al. 2011, 2012; Bryden and
Roesch 2015). Rats had a drivable bundle of ten 25pum diameter
FeNiCr wires (Stablohm 675, California Fine Wire, Grover Beach,
CA) chronically implanted in the left or right hemisphere dorsal
to anterior cingulate cortex (n = 9 rats; 0.2mm anterior to
bregma, 0.5 mm left [n = 4] or right [n = 5] of the midline, and
1mm ventral to the brain surface). This location was chosen

because previous reports have shown that firing here is modu-
lated by errors, response preparation, and attention during
learning (Totah et al. 2009; Bryden et al. 2011). Immediately prior
to implantation, wires were freshly cut with surgical scissors to
extend ~1 mm beyond the cannula and electroplated with plati-
num (H2PtCle, Aldrich, Milwaukee, WI) to an impedance of ~300
kOhms. Cephalexin (15 mg/kg p.o.) was administered twice daily
for 2 weeks post-operatively to prevent infection.

Behavioral Task

Recording was conducted in aluminum chambers approxi-
mately 18" on each side with downward sloping walls narrow-
ing to an area of 12” x 12” at the bottom. On one wall, a central
port was located above 2 adjacent fluid wells. Directional lights
were located next to the fluid wells. House lights were located
above the panel. Task control was implemented via computer.
Port entry, licking, and well entry times were monitored by dis-
ruption of photobeams.

The basic trial design is illustrated in Figure 1A. Each trial
began by illumination of house lights that instructed the rat to
nose poke into the central port. Nose poking initiated a 1000 ms
pre-cue delay period. At the end of this delay, a directional light
to the animal’s left (or right) was flashed for 100 ms. The trial
was aborted and house lights were extinguished if the rat
exited the port at any time prior to offset of the directional cue
light. On 80% of trials, presentation of the left (or right) light
signaled the direction in which the animal could respond in
order to obtain sucrose reward in the corresponding fluid well
below. On 20% of trials, after a variable delay between 0 and
100 ms (selected with replacement from a uniform distribu-
tion), the light opposite to the location of the originally cued
direction turned on and remained illuminated until the behav-
ioral response was made. These trials will be referred to as
STOP trials and were randomly interleaved with GO trials. Rats
were required to stop the movement signaled by the first light
and respond in the direction of the second light. In 37% of ses-
sions, rats experienced no stop-signal delay (SSD) between port
exit and illumination of the STOP cue. Sessions where rats
experienced no SSD occurred early in the experimental time-
line after which SSDs were introduced to reduce STOP trial
accuracy. Upon correct responding, rats were required to
remain in the fluid well for a variable period between 800 and
1000 ms (pre-fluid delay) before reward delivery (10% sucrose
solution). The inter-trial interval (ITI) was a rigid 4 and 7 s for
correct and error trials, respectively. Error trials (incorrect direc-
tion) were immediately followed by the extinction of house
lights and ITI onset.

Trials were presented in a pseudo-random sequence such
that left and right trials were presented in equal numbers (+1
over 250 trials). The time necessary to stop and redirect behav-
ior (“stop change reaction time”; SCRT) on STOP trials was com-
puted using the difference between average movement time on
correct STOP and GO trials (Bryden et al. 2012, 2016; Bryden and
Roesch 2015). There are multiple ways to compute the time
necessary to inhibit a behavior when stop-signal delays are
fixed (ie, not titrating to the animal's performance
(Verbruggen and Logan 2009)). This is commonly referred to as
the stop-signal reaction time (SSRT), which can be computed
via “integration” and “mean” methods (Logan et al. 1984). SCRT
was chosen here because we have access to the STOP trial
movement time distribution, we did not vary the stop-signal
delay on a number of sessions, and SCRT is the most conserva-
tive estimate. That is, the mean method SSRT value was 516 ms
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Figure 1. Stop-change task and behavior. (A) Rats were required to nose poke and remain in the port for 1000 ms before 1 of the 2 directional lights (left or right) illumi-
nated for 100 ms. The cue light disclosed the response direction in which the animal could retrieve fluid reward (GO trials). On 20% of trials after port withdrawal, the light
opposite the first illuminated to instruct the rat to inhibit the current action and redirect behavior to the corresponding well under the second light (STOP trials). (B) Trial
types. (C) Average movement time (in ms + SEM) for GO trials, STOP trials, GO errors, and STOP errors defined as the latency from port exit to fluid well entry. Only ses-
sions where rats made at least 1 error per direction were used (n = 502). (D) Percent correct on STOP trials plotted against average movement time (port exit to well entry)
for every session. (E) Average percent correct of STOP (red) and GO (blue) trials (+SEM) when the immediately preceding trial was a STOP trial (STOP-1) or a GO trial (GO-1).
(F) Average movement time of correct STOP and GO trials (+SEM) when the immediately preceding trial was a STOP trial or a GO trial. Two-way ANOVAs (P < 0.05) were
used to determine movement time (C,G) or percent correct (F) differences with each datum derived from single session means. Sessions used included only those that
had at least 1 of each trial type (n = 521). (G) Location of recording sites (Paxinos and Watson). Gray boxes mark the extent of the recording locations.

+ 5.3 and the integration method SSRT calculation was 383.6 ms +
4.6, whereas the SCRT estimate was only 137.3ms + 2.7. By using
the most conservative cut-off related the time needed to inhibit
movement we guarantee that activity preceding that time is early
enough to contribute to the resolution of response conflict prior to
action completion. In the peri-event time histogram (line plot)
aligned on the SCRT time point (Fig. 4C), a single SCRT value is cal-
culated for each recording session and this duration is added to
the time of port exit for each neuron.

Single-unit Recording

Procedures were the same as described previously (Bryden and
Roesch 2015). Wires were screened for activity daily; if no

activity was detected, the rat was removed and the electrode
assembly was advanced 40 or 80 pm. Otherwise, a session was
conducted, and the electrode was advanced at the end of the
session. Neural activity was recorded using 4 identical Plexon
Multichannel Acquisition Processor systems (Dallas, TX).
Signals from electrode wires were amplified 20x by an op-amp
headstage, located on the electrode array. Immediately outside
the training chamber, the signals were passed through a differ-
ential pre-amplifier (Plexon Inc, PBX2/16sp-r-G50/16fp-G50)
where single-unit signals were amplified 50x and filtered at
150-9000 Hz. The single-unit signals were then sent to the
Multichannel Acquisition Processor box, where they were fur-
ther filtered at 250-8000 Hz, digitized at 40 kHz and amplified at
1-32x. Waveforms (>2.5:1 signal-to-noise) were extracted from
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active channels and recorded to disk by an associated worksta-
tion with event timestamps from the behavior computer.

Data Analysis

Units were sorted via Offline Sorter software from Plexon Inc
(Dallas, TX), using a template matching algorithm and analyzed
in Neuroexplorer and Matlab. Activity was examined during the
period between nose poke exit and well entry (i.e., response
epoch). Activity in population histograms was normalized by
dividing by the maximal firing rate of each neuron. All statisti-
cal procedures were executed using raw firing rates. Unless
otherwise specified, behavioral data was analyzed using 2-way
ANOVA where each datum is a session average.

For single-unit analysis we used multiple regression to
determine the number of cells where firing rate was signifi-
cantly correlated with either the trial type (STOP/GO), move-
ment time, and/or response direction parameters when
variance for the 2 remaining factors was accounted for. To
achieve this, we ran the following multiple model during cor-
rect trials for each individual cell:

Y = p0 + p1 Movement Time + 2 Trial Type + 3 Direction

where Y = firing rate (spikes/s) during the response epoch,
Movement Time = latency between unpoke and well entry,
Direction = coded as (0 = ipsilateral) (1 = contralateral), and
Trial Type = coded as (0 = GO) (1 = STOP), as previously
described (Bryden and Roesch 2015; Bryden et al. 2016). To
determine the significance for each predictor as a function of
firing rate during the response epoch, we computed the unique
variance of each parameter and divided it by the variance unac-
counted for when each respective parameter was not included
in the model (partial r?). Significance of each partial r* was
recorded along with the valence of the associated p-value.
Counts of positively and negatively correlated cells were com-
pared via binomial sign test (P < 0.05). For clarity, it was possi-
ble that a single cell could show a significant partial r? for all 3
parameters. For analysis of behavioral data, we averaged over
multiple sessions, rather than by rat, as this more closely
approximates the behavior observed for each single neuron,
and better corresponds to the behaviors that occurred during
collection of single-unit firing. However, we conducted a sec-
ondary analysis and performed a repeated measures ANOVA
that looked across rat to confirm the generality of the findings
across animals.

To capture activity that differentiated based on the previous
trial, we examined firing on STOP and GO trials after either
STOP or GO trials. This analysis allows for examination of trials
that had the most “conflict” or competition between 2
responses. Abbreviations for trials that are differentiated by the
trial type preceding it are labeled as lowercase (“g” or “s”; GO,
STOP) which indicates the trial type immediately before the
trial marked by the uppercase letter (“G” or “S”; GO, STOP).

Correlations between firing rate and percent correct were cal-
culated using Spearman’s r after averaging values within each ses-
sion. Correlation coefficients were determined to be statistically
different from one another via Student’s t-test after Fisher’s z-
transformation for correlation coefficients. Correlations between
firing rate and movement speed (Fig. 5C,D) were computed within
each session and correlation coefficients were plotted where black
bars represent significantly correlated sessions. Distributions of
difference scores always use raw firing rate (spikes/s) for each
neuron where there is at least 1 of each of the relevant trial types.

Individual distributions were deemed significantly different from
zero, and one another, via Wilcoxon sign-rank test.

Results
Behavior

Rats were trained on a stop-change task (Fig. 1A,B) which
required them to maintain their nose poke in the central port
during the 1s pre-cue phase and respond in the direction (right
or left) of the cue light to the corresponding fluid well below.
Sufficient waiting during the pre-cue phase and correct direc-
tional responding led to liquid sucrose reward. These trials are
referred to as “GO” trials. Occasionally (20% of trials) rats were
required to inhibit their response to the first directional cue at
the time when the opposite directional cue light illuminated.
These trials are referred to as “STOP” trials.

The low proportion of STOP trials relative to GO trials (20:80)
induced a prepotency to respond swiftly to the first directional
cue light. Rats were more accurate on GO compared to STOP
trials (tso» = 12.86; P < 0.0001) presumably due to the difficulty
in inhibiting initiated responses. To determine the impact of
both trial type (GO vs. STOP) and correctness on movement
speeds (port exit to well entry) we performed a 2-factor
ANOVA. Although there was no main effect of trial type
(ANOVA,; Fq 2008 = 2.49; P = 0.12), there was a main effect of cor-
rectness (Fy2008 = 105.06; P < 0.0001) and an interaction between
trial type and correctness (F1 2008 = 392.05; P < 0.0001; Fig. 1C).
Notably, log and square transformed data produced similar
results (Log transformed: Trial type, Fi.008 = 1.94, P = 0.16;
Correctness, Fi,008 = 194.06; P < 0.0001; Interaction, F; o008 =
514.56; P < 0.0001; Square root transformed: Trial type, F 2008 =
3.45, P = 0.06; Correctness, Fj,00s = 160.44; P < 0.0001;
Interaction, Fq 5008 = 488.25; P < 0.0001). Post hoc t-tests revealed
that movement times were faster on correct GO trials than cor-
rect STOP trials (tso, = 38.36; P < 0.0001) and the opposite effect
was true for error trials (tsgp = 25.66; P < 0.0001). These data sug-
gest that rats were not using a “wait-and-see” tactic to distin-
guish between STOP and GO trial types prior to executing their
chosen response. Longer latencies resulted in better STOP trial
performance consistent with a speed accuracy tradeoff (Fig. 1D;
r = 0.24; P < 0.0001). Compatible with this finding, movement
times on STOP error trials were significantly faster than move-
ment times on correctly performed STOP trials (Fig. 1C; tso; =
46.26; P < 0.0001).

In the analysis above we examined behavior over session
rather than averaged across sessions. Such an analysis better
represents that average behavior that occurs during collection
of single neuron activity that will be presented below. Note,
however, that if we average over session and perform the same
analysis across rats with rat as a repeated measure the results
described above hold, with no main effect of trial type (F15 =
0.135, P = 0.724), a main effect of correctness (F1 5 = 31.02, P =
0.0008) and an interaction between trial type and correction
(Fy8 = 28.47, P = 0.0011).

In many conflict-like tasks it has been shown that perfor-
mance on the current trial is dependent on the degree of con-
flict experienced on the previous trial (i.e., conflict adaptation)
(Gratton et al. 1992; Botvinick et al. 2001; Mayr et al. 2003).
When participants experience high conflict, they tend to
exhibit higher control on subsequent trials and perform better.
However, if the previous trial had low or no response conflict,
the competing irrelevant response has a more detrimental
impact on behavior, reducing accuracy during performance of
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high conflict trials. In our task, the swift and continuous man-
ner in which rats completed trials, in addition to the pseudo-
random sequence of the trial types, allowed us to investigate
the impact of prior conflict on behavior. That is, the presence of
a high competition trial (STOP trial) immediately preceding a
STOP trial (sS trial) should positively impact preparation and
accuracy—known as conflict adaptation—relative to when a
STOP trial is preceded by a low competition, GO trial (gS trial).
Behavioral support for this is shown in Figure 1E and F where
accuracy and movement times on GO and STOP trials are plot-
ted based on the preceding trial type. There were main effects
of both current trial type and previous trial type, as well as a
significant interaction between the 2 variables for both percent
correct and movement time (F; 2084 > 5.44; P < 0.05). Rats were
significantly slower and worse on gS trials relative to sS trials
(ts21 = 20.20; P < 0.05), demonstrating higher and lower levels of
response conflict on gS and sS trials, respectively.

ACC Neurons Fire more Strongly on STOP Trials

During performance of this task we recorded from 536 neurons
from 8 different rats (n’s = 155, 127, 124, 62, 39, 17, 11, 1,
Fig. 1G). We found that neural activity in ACC was modulated
by both direction (contra- vs. ipsilateral to the recording elec-
trode) and type of trial (GO vs. STOP). Many neurons fired most
strongly on STOP trials where the imperative (second) cue was
presented contralateral to the recording site. This is illustrated
by the firing of the single neuron shown in Figure 2; firing was
strongest when the rat stopped the ipsilateral movement and
correctly oriented to the contralateral direction.

To characterize the firing of each recorded neuron, we used
multiple regression to determine the proportion of cells where
firing rate during the response epoch (unpoke to well entry)
was sensitive to response direction, movement speed, and/or
the type of trial (see Method) when rats responded correctly
(P < 0.05). Forty percent of neurons (n = 217/536) exhibited a sig-
nificant partial r? for direction and of these 217 neurons, 112 -

—— Imperative Cue Contralateral

values were positive (greater firing for the contralateral direc-
tion) whereas 105 p-values were negative (Fig. 3; “Direction”;
binomial sign test; P = 0.68). The firing of 13% of ACC neurons
correlated significantly with the speed of response (Fig. 3;
“Movement Time”), with the preponderance of these exhibiting
increased firing when movements speeds were slower (Fig. 3;
44 vs. 26; binomial; P < 0.05).

Lastly, the firing of 30% of neurons distinguished STOP from
GO trials (Fig. 3; “Trial Type”), with a significantly greater num-
ber of neurons firing more during STOP over GO trials than the
opposite pattern (Fig. 3; 138 vs. 25; binomial; P < 0.01). This
effect was consistent across rats. The number of cells that sig-
nificantly increased firing on STOP relative to GO trials outnum-
bering those showing the opposite effect in 6 of the 7 animals
(64 vs. 0; 42 vs. 13; 10 vs. 2; 9 vs. 2; 8 vs. 5; and 3 vs. 0) in which
multiple recordings occurred. Within 4 of those 6 rats the
counts for STOP preferring neurons (i.e., higher firing on STOP
vs. GO trials) significantly outnumbered GO preferring neurons
(binomial; P < 0.05). In only 1 of the 7 rats did the counts of GO
preferring neurons outnumber those that fired more strongly
under STOP trials, but these numbers were low (2 STOP neu-
rons and 3 GO neurons) and not significantly different (bino-
mial; P = 1.0).

The above analysis focuses on the response epoch which cap-
tures activity that might be involved in stopping the current trial
and/or monitoring the competition associated with the behavior
being made. If ACC firing can impact the resolution of competition
and inhibit behavior during the current trial, the signal must
emerge prior to the SCRT. To address this issue we redid the
regression analysis described above but divided the response
epoch into 2 different analysis epochs: pre-SCRT (port exit to the
SCRT) and post-SCRT (SCRT to well entry). We found that the
counts of ACC neurons that significantly increased firing on STOP
relative to GO trials (i.e., positive correlation) outnumbered those
showing significantly higher firing on GO versus STOP trials (i.e.,
negative correlation) during both pre (34 vs. 8; binomial; P < 0.05)
and post-SCRT epochs (134 vs. 31; binomial; P < 0.05). Notably,
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Figure 2. Single neuron example of higher firing on STOP trials. Raster plots depict firing on individual trials where every row is a trial and each tick mark represents
an action potential. Peri-event time histograms are presented below illustrating the average firing rate across all correct trials aligned to port exit and STOP cue onset

(i.e., SSD = 0 in this example).
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Figure 3. Multiple regression analysis of single neurons. Circle sizes represent
the relative proportions of neurons showing significant (P < 0.05) partial r? val-
ues for the individual task parameters. Top circle encompasses the proportion
of neurons that show significant partial r? values for the direction parameter
(yellow). The same conventions apply for the movement time (red circle) and
trial type (blue circle) parameters. Non-overlapping portions represent the
counts (and percentages) of neurons with significant partial r* values for 1
parameter. Overlapping portions denote the counts (and percentages) of single
cells that exhibited significant partial r* values for 2 (orange, green, purple) or
all 3 (brown) parameters. The table specifies the counts of significant neurons
within a variable that have associated positive (“+”) or negative (“-") p-values.
Positive g-values indicate greater firing for the contralateral direction (direc-
tion), greater firing for slower movement times (movement time), and greater
firing for STOP over GO trials (trial type). Asterisks indicate significantly more
neurons with 1 g-valence within a parameter (binomial sign test; P < 0.05).
Regression calculation used only correct trials within each neuron. Note, counts
of neurons with correlated activity to movement time, direction, and trial type
were present throughout the dorsal-ventral extent of the recording sites
(Supplementary Fig. 3).

similar results were obtained using the stop-signal reaction time
(SSRT) instead of the SCRT (pre-SSRT: 92 STOP vs. 5 GO; post-
SSRT: 57 STOP vs. 5 GO; binomial; P < 0.05). We calculated the
SSRT (please see methods) as well as the SCRT to show that esti-
mates related to the time needed to stop did not impact the con-
clusion of this analysis. We conclude that higher firing of ACC
neurons on STOP trials might serve functions related to both
resolving and monitoring response conflict, as defined as the com-
petition between 2 responses, and may signal the need to change
an action when information is updated during performance of our
stop-change task.

The analysis of individual neurons revealed that a substan-
tial number of ACC neurons fired more strongly on STOP com-
pared to GO trials. To determine if this was true across the
population of all recorded neurons, we plotted average firing of
all cells over time aligned to port exit (Fig. 4B) for which there
was at least 1 of each trial type (Fig. 4A; 8 total types: correct
and error trials for STOP and GO trials in both directions; n =
503). Within both population line plots (Fig. 4B,C), cued direc-
tion, trial type, and correctness are illustrated via thickness,
color, and line format, respectively. Line thickness represents
the direction (relative to the recording electrode) of the “imper-
ative cue” (i.e., the cue where, if followed, resulted in reward).
Line colors designate the type of trial (red = STOP; blue = GO).

Solid and dashed lines signify correct and incorrect (i.e., rat
moved to the wrong well) trials, respectively. Notable time-
points around port exit (Fig. 4B) are indicated by vertical dashed
lines; “GO cue” (-380 ms; 95% CI =-397.4-362.6) represents the
average time the GO cue illuminated prior to port exit across
sessions and “SCRT” (114 ms; 95% CI = 102.6-126) represents
the average stop-change reaction time (see Method).

As in the single neuron example, population firing dramati-
cally increased during the behavioral response (response
epoch) on correct STOP trials (Fig. 4B; solid red lines) relative to
correct GO trials (Fig. 4B; solid blue lines). This differential firing
during STOP trials is driven largely by the elevated activity on
correct STOP trials when the imperative cue was in the contra-
lateral direction (Fig. 4B; thick solid red); however, activity was
also higher for ipsilateral STOP cues (Fig. 4B; thin solid red) rela-
tive to GO trials (blue). Firing increased immediately upon port
exit and differentiated from the other trial types before the
SCRT. Activity was also high on errant STOP trials during which
the rat was cued to move into the contralateral direction but,
instead, moved in the ipsilateral direction (Fig. 4B; thick red
dashed). This is better illustrated in Figure 4C, which isolates
STOP trials where the ipsilateral direction was inhibited and
the correct contralateral response was made (solid red) versus
trials with the same “stimuli”, but the rat moved errantly in the
ipsilateral direction (dashed red) aligned to the SCRT. Both trial
types elicit nearly identical firing patterns, even though the
behavioral responses were in opposite directions. Further,
STOP cue induced changes of firing clearly began prior to the
SCRT consistent with the pre-SCRT single-unit analysis demon-
strating a preponderance of neurons exhibiting higher firing
rate on STOP trials early in the response epoch. These results
further demonstrate that ACC activity is more closely tied to
conflict induced by competing responses as opposed to the ulti-
mate motor response and that firing rate changes that occur on
STOP trials occur early enough to impact the change in ongoing
behavior.

To determine if high firing on both correct and incorrect
cued STOP trials presented on the contralateral side occurred
in the same neurons similar to that observed across the popu-
lation (Fig. 4C), we calculated difference scores of firing on each
of these 2 trials types from correct GO trials cued to the contra-
lateral direction. Specifically, we plotted the difference in firing
between correct STOP trials and correct GO trials against the
difference in firing between errant STOP trials and correct GO
trials (Fig. 4D) where the imperative cue in each of these trial
types was contralateral. The relevant trial types for this analy-
sis are shown in Figure 4C. The distributions of differences
scores were both significantly shifted in the positive direction
(Fig. 4D; Correct: mean = 1.34, P < 0.0001; Error: mean = 1.33; P <
0.0001) and were highly correlated (Fig. 4D; r = 0.75; P < 0.0001),
with 44% of neurons fired more strongly for STOP errors and
correct STOP trials than correct GO trials when the imperative
cue was in the contralateral direction (Fig. 4D gray; top right
quadrant). We conclude that single ACC neurons increase firing
on STOP trials compared to GO trials for both correct and incor-
rect responses.

Firing Rate was Positively Correlated with Accuracy and
Movement Speed

It is clear from the results above that single neuron and popula-
tion activity in ACC is high when rats must overcome competi-
tion and change behavior to obtain reward on STOP trials. If
ACC is indeed contributing to behavior, then firing should be
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Figure 4. Average population firing over all ACC neurons. (A) Schematic that specifies the criteria for each type of trial. The imperative cue was always the first/only
cue on GO trials and the second cue on STOP trials. The imperative cue was presented either contralateral (thick boxes) or ipsilateral (thin boxes) to the recording
electrode. Only animals with electrodes in the left hemisphere are presented; cue lights in physical space (i.e., left/right) are opposite in animals with electrodes in
the right hemisphere. Solid = correct trials; Dashed = error trials; Blue = GO trials; Red = STOP trials. The color, thickness, and design of the outcome boxes should be
used as a guide for lines in population histogram plots (B,C). Faded cue lights represent recently extinguished stimuli. (B) Population histogram of all neurons
recorded in sessions where the rat experienced at least 1 of each of the 8 types displayed in A (n = 503). All activity is aligned to port exit. The time necessary to inhibit
a response (stop-change reaction time; SCRT) is defined as the difference between STOP trial movement time and GO trial movement time. SCRT is marked as the ver-
tical dotted line labeled “SCRT” at 114.3 ms where line thickness represents the confidence interval (95% CI = 102.6-126). “GO cue” and its associated vertical dashed
line indicates the average onset of the GO cue as measured by the latency from port exit (—380 ms; 95% CI =—397.4-362.6). (C) Population histogram from the same
neurons as in B. However, only correct GO, correct STOP, and STOP errors (all cued to the contralateral direction) are shown. Activity is aligned to SCRT for every neu-
ron. Ribbons represent standard error of the mean. For unsmoothed activity aligned to the STOP cue and port exit see Supplementary Figures 1 and 2, respectively.
(D) Scatter plot of difference scores in firing rate during the response epoch. Y-axis shows difference scores of STOP errors and correct GO trials when the imperative
cue was presented contralateral; x-axis shows the difference scores of correct STOP and correct GO trials when the imperative cue was presented contralateral. Each
dot represents 1 neuron. Red line marks the least-squares regression line.

correlated with STOP trial performance. To test this prediction,
we plotted the average firing rate on STOP trials relative to GO
trials where the imperative cue was presented in the contralat-
eral direction against percent correct scores for each neuron.
As expected, firing rates were positively correlated with STOP
accuracy (Fig. 5A; rho = 0.17; P < 0.001). Thus, higher firing rates
in ACC were accompanied by better performance when STOP
cues were presented in the contralateral direction. The

correlation between percent correct and firing rate was not sig-
nificant when STOP cues were in the ipsilateral direction
(Fig. 5B; rho =—0.01; P = 0.72) and the correlation coefficients
between these 2 plots (i.e., ipsi vs. contra) differed significantly
(P < 0.05).

The relationship between activity and behavior can be fur-
ther demonstrated at the single neuron level. We already know
that when rats were slower, they were better on STOP trials
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(Fig. 1D) and that firing rates were positively correlated with
accuracy (Fig. 5A), thus within single neurons we predicted that
higher firing rates would be correlated with slower movement
speeds. Figures 5C and D plot correlation coefficients between
firing rate during the response epoch and movement time for
each neuron during trials where the STOP cue was presented in
the contralateral (Fig. 5C) or ipsilateral (Fig. 5D) direction. The
distribution of correlation coefficients was significantly shifted
positively for trials when the STOP cue was presented contra-
lateral to the electrode (Fig. 5C; P < 0.001). Furthermore, 54 indi-
vidual neurons exhibited statistically significant positive
correlation coefficients whereas 21 showed significantly nega-
tive coefficients (Fig. 5C; black bars; binomial; P < 0.001). For
trials in which the STOP cue was presented in the ipsilateral
direction, the distribution of correlation coefficients was not
significantly shifted (Fig. 5D; Wilcoxon; P = 0.87) and the propor-
tion of neurons showing statistically significant positive corre-
lation coefficients did not differ from those showing negative
correlations (Fig. 5D; binomial; P = 0.52). Lastly, the 2 distribu-
tions are significantly different from one another (Fig. 5C vs. D;
Wilcoxon; P < 0.01).

ACC Firing was Modulated by Degree of Competition
Induced by the Previous Trial

From these results it is clear that activity in ACC is modulated
by our primary manipulation of (i.e., STOP vs. GO); next we
asked if firing in ACC was also modulated by secondary manip-
ulations of conflict that arise from trial sequence. As described
above, animals experience varying degrees of competition on
STOP trials depending on their experience with the previous
trial (Fig. 1F,G); responding on STOP trials was more difficult as
demonstrated by elevated error trials and slower movement
times when the previous trial was a GO compared to when the
previous trial was a STOP trial. Thus, the greatest conflict
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would be experienced on STOP trials after GO trials (gS trials),
followed by 2 consecutive STOP trials (sS trials), and then GO
trials.

To examine the impact of trial sequence on ACC firing, we
plotted the average firing on gS, sS, and GO trials (Fig. 6A). We
collapsed activity across the 2 directions for each trial type to
maintain statistical power and minimize data attrition caused
by splitting STOP trials into sS and gS trials. We found that
activity in ACC was modulated by degree of conflict where
mean firing was highest on gS (red), reduced on sS (orange),
and lowest on GO (blue) trials (Fig. 6A). To quantify this effect
across neurons we computed difference scores between rele-
vant trial types for each neuron during the response epoch for
correct trials and plotted the distributions. The distributions of
neurons comparing gS to GO trials (gS minus GO) and sS to GO
trials (sS minus GO) were shifted significantly in the positive
direction (Fig. 6B,D; Wilcoxon; P < 0.0001), and the mean of the
“gS minus GO” distribution was significantly higher than the
“sS minus GO” distribution (Fig. 6B,D; 0.86 vs. 0.63; Wilcoxon;
P < 0.05). In addition, when directly comparing gS to sS (gS
minus sS) trials, the distribution was significantly shifted in the
positive direction, indicating that the majority of ACC neurons
fired more strongly for gS compared to sS during the response
epoch (Fig. 6C; Wilcoxon; P < 0.05).

Discussion

The present work characterizes changes in ACC signaling dur-
ing performance on a stop-change task. Collectively, we show
that neurons in ACC exhibit higher firing when there was com-
petition between 2 responses and a need to change behavior.
Increases in firing occur prior to the adjustment of behavior on
a task that requires rats to inhibit body movements and redi-
rect them in the opposite direction. Significantly different firing
rates between STOP and GO trials was observed in 30% of
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Figure 5. Correlations between neuronal activity and behavior. (A,B) Scatter plots showing firing rate for STOP relative GO trials (during the response epoch) against
percent correct when the imperative cue was in the contralateral (A) or ipsilateral (B). (C,D) Distributions of correlation coefficients between firing rate and movement
time when STOP trials are cued in the contralateral (C) or ipsilateral (D) direction. Black bars (and counts) are significantly (P < 0.05) correlated. Asterisk represents a
significantly (v P < 0.05) greater number of neurons for 1 coefficient valence over the other. Distributions are deemed different from zero via Wilcoxon sign-rank test.
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Figure 6. Response of ACC neurons to degrees of conflict induced by the previ-
ous trial. (A) Average firing rate over time aligned on port exit for neurons
recorded during sessions where there was a SSD and at least 1 of each of the 3
trial types (n = 333). Red lines refer to STOP trials where the preceding trial was
a GO trial (gS trials). Orange lines refer to the second of 2 consecutive STOP
trials (sS trials). Blue lines refer to GO trials without regard to the previous trial
type. Ribbons = SEM. Down-facing arrows mark the average point in time when
the well was entered for each trial type during the sessions shown (GO =
528.3ms; sS = 643.4ms; gS = 676.3 ms). (B-D) Distributions are the result of dif-
ference scores between firing rates on various trial types taken during the
response epoch for each neuron. Distributions are deemed to be significantly
shifted from zero (and from each other) using the Wilcoxon sign-rank test (P <
0.05).

recorded neurons and was clearly present in population
averages that were non-selectively averaged across all neurons.
Further, ACC firing rates were positively correlated with percent
correct and movement time, indicating that when ACC was
engaged on STOP trials, rats tended to perform better. In addi-
tion to these primary effects, we showed that firing of ACC neu-
rons scaled with degree of conflict, consistent with predictions
from theories of ACC function (Shenhav et al. 2016). Notably
these characteristics are unique to ACC, as they have not been
observed in other prefrontal areas thought to be involved in
response inhibition including medial prefrontal cortex (mPFC)
and orbitofrontal cortex (OFC) (Narayanan et al. 2006; Mansouri
et al. 2007; Marquis et al. 2007; Bari et al. 2011; Duan et al. 2015;
Bryden et al. 2016; Hardung et al. 2017).

While we chose to describe our results in terms of high or
low conflict, this is only meant to speak to the nature of the
trials where competing signals increase difficulty and the need
for cognitive control. We recognize there has been debate sur-
rounding the purpose of ACC and while conflict detection may
be an important component of ACC function, it may not be its
only function. Recently, discerning the function of ACC has
been likened to a Rorschach test for cognitive neuroscientists,
as there has been much debate on how best to interpret dec-
ades of published evidence on the ACC (Ebitz and Hayden
2016). Two theories in particular have emerged that each claim
to offer to a unifying view of ACC function (Kollings et al. 2016;
Shenhav et al. 2016). One view, the foraging value theory (FVT)
(Shenhav et al. 2016) or behavioral adaptation and persistence
view (Kollings et al. 2016) emphasizes ACC function in the con-
text of foraging, suggesting that ACC involvement has broad
effects of subsequent behavior, and is responsible for rapidly
updating behavioral policies in response to a changing environment

(Kollings et al. 2016). This is a broader model, and can encom-
pass findings describing negative surprise as well as conflict
monitoring (Kollings et al. 2016). In contrast, the expected value
of control theory (EVC) is focused and emphasizes that ACC
function can be attributed to a cost/benefit analysis modulated
by a task’s degree of involvement and subsequent need for con-
trol (Shenhav et al. 2016). Specifically, the EVC model implicates
the ACC in both the detection and computation of conflicting
inputs (Shenhav et al. 2013, 2014, 2016). In light of these and
other viewpoints, it becomes difficult to discern whether our
findings of increased ACC activity on high conflict trials are
reflective of either a more information updating model such as
the FVT or is more in line with EVC theory and more traditional
views of “conflict detection”. Our task is not inherently foraging
based, and performance is correlated with principles of reward,
a context somewhat consistent with the EVC theory. However,
the fact that on STOP trials no differences were detected
between correct and error responses might be consistent with
models of information updating or behavioral adaptation
rather than conflict resolution per se. Although, one could
argue that if “conflict detection” is defined as the realization of
opposing signals, and the use of that information in a behavior-
ally beneficial way, then this updating of information that
occurs on high conflict trials likely also fits with the EVC theory
of conflict detection and cognitive control as well. This debate
also does not exclude the possibility that differences in firing
rate of high and low conflict trials are simply due to differences
in arousal stemming from the appearance of either 1 (GO trials)
or 2 lights (STOP trials). While, we cannot completely rule out
this possibility, it seems unlikely given the directionality of the
signal that we observed.

Despite the contention regarding theories of ACC function,
there seems to be a general consensus that a primary role of
ACC is in modifying behavior and that its signal, regardless of
how it’s generated, has great importance for downstream out-
put regions. In addition to the role of ACC in modifying behav-
ior via connections to prefrontal areas, ACC likely impacts
ongoing behavior via basal ganglia by modulating stop signals
in subthalamic nucleus and directional signals in the dorsal
striatum (DS) (Frank et al. 2007; Bryden et al. 2012; Schmidt
et al. 2013). We and others have found that DS neurons strongly
encoded direction on GO trials but miscode direction STOP
trials. At the time of SCRT, neurons in DS exhibited simulta-
neous activation of both contralateral and ipsilateral move-
ment much like has been described in oculomotor regions
during conflict tasks (Nakamura et al. 2005). Importantly, neu-
rons in ACC begin firing immediately after presentation of the
stop signal, before the SCRT, thus might serve to directly mod-
ify directional tuning in downstream areas like DS so that
response conflict can be resolved prior to an error being made.
Whether this putative link between increased ACC activity on
high conflict trials and subsequent resolution of directional
selectivity in downstream regions such as DS is necessary for
appropriate responding remains to be tested. Regardless, the
ACC correlate we report here fits well with newer integrative
views of ACC function in that each can explain similar conflict
related signals observed in human studies in the context of
their respective models. In part, these theories have arisen
from the observation that ACC does more than detect conflict,
carrying signals related to action, action-outcome contingencies,
error detection and reward to name a few. Indeed, we have
shown that firing of neurons in rat ACC are correlated with pre-
dictions about future reward, commission and omission errors,
and attention during learning (Bryden et al. 2011).
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Although there is data from a substantial number of neuro-
imaging studies showing response conflict signals in ACC, no
study has convincingly shown parallel signals in the ACC of
non-human animals (Ito et al. 2003; Nakamura et al. 2005;
Hayden et al. 2011; Cai and Padoa-Schioppa 2012; Ebitz and
Platt 2015). The collective negative findings in the literature are
somewhat surprising considering that single neuron work in
humans supports the role of ACC in monitoring response con-
flict (Davis et al. 2005; Sheth et al. 2012). The disconnect
between human imaging work and single neuron recording is
problematic, as it is unclear whether single neurons in ACC in
non-human animals encode information similar to humans
(Cole et al. 2009). There are several possible explanations for
this disconnect. First, tasks vary based on the species perform-
ing them. Non-human primate work typically uses eye move-
ments as the instrumental response, whereas human and rat
work more commonly use non-oculomotor body movements
(e.g., button presses, nose poke). Saccades differ from whole
body movements in that they are ballistic and have fewer
degrees of freedom meaning conflict between 2 competing eye
responses may not elicit sufficient conflict/arousal to be
detected by ACC (Ebitz and Platt 2015). Second, ACC might be
more engaged after the behavioral response has already been
initiated or when stimuli are not presented simultaneously as
in more classic conflict task (e.g., Stroop). This aspect of the
task may increase the likelihood of observing response conflict
signaling in non-oculomotor tasks. With that said, imaging
studies have found conflict-like signals during anti-saccade
tasks (Matsuda et al. 2004; Brown et al. 2007), but these results
might be better explained by the simultaneous activation of
neurons that encode opposite directions (Nakamura et al. 2005)
and conflict-like signals were not observed in a single neuron
neurophysiology study done in monkeys performing a task-
switching anti-saccade task (Johnston et al. 2007). A third possible
explanation for these inconsistent results may be that neurons
in ACC detect conflict in a task-dependent manner, where spe-
cific aspects of the task such as inhibiting full body movements
versus inhibiting a saccade may modulate the signal accord-
ingly. Notably, neurons in primate pre-SMA have been shown
to increase firing when there is change in the forthcoming
direction of an arm movement (Matsuzaka and Tanji 1996),
however, unlike neurons in our study, neurons in pre-SMA
failed to respond on errors suggesting that firing was more
closely tied to the motor response. These results suggest that
medial frontal regions may be working together to resolve com-
petition between competing response to change the course of
action in these type of tasks.

An alternative possibility explaining why single neuron
studies have failed to find similar correlates in ACC might be
that those studies were recording from the wrong sub-region of
ACC. The advantage of whole brain imaging in humans is that
the sampling space is near limitless so that conflict related sig-
nals can be more easily localized. Across studies, areas of acti-
vation under conflict are highly variable and conflict related
activity has been observed in a number of different cingulate
and medial frontal sub-regions (Laird et al. 2005; Nee et al.
2007). Thus, it may not be surprising that localized single-unit
recording devices have previously failed to uncover correlates
of response conflict.

It is also possible that the specific sub-region of ACC dedi-
cated to detecting contrasting events does not exist in non-
human animals (Cole et al. 2009); the area critical for conflict,
area 32’, appears to be exclusive to humans (Vogt et al. 2013),
however recent evidence suggests a potential homologous

region in rodents based on a striatal-cortical connectivity anal-
ysis (Heilbronner et al. 2016). Rat ACC does have non-limbic
connections critical for executive control (Jones et al. 2005), and
rodent recording studies have already uncovered neural corre-
lates in ACC that are consistent with other proposed functions
derived from human and non-human primate work, such as
value encoding, error detection, attention, and surprise proces-
sing (Totah et al. 2009; Bryden et al. 2011). Our recording sites
in the current study lie near the anterior/mid-cingulate border
as opposed to more rostral cingulate regions located above
medial prefrontal cortex (Vogt 2016), raising the possibility that
this region might be a unique subsection in cingulate cortex
dedicated to response conflict processing. With that said, our
recordings are still in ACC (area 24) above corpus callosum sim-
ilar to the recordings performed in primates (Ebitz and Platt)
which sampled from the dorsal bank, ventral bank, and fundus
of the cingulate sulcus, dorsal to the genu of the corpus callo-
sum (area 24c). Perhaps if primate studies focused on area 24b
(more ventral in monkeys) and/or slightly more posterior, they
too would observe similar correlates. Whether “conflict-like”
signals vary depending on sub-region is highly speculative and
requires further study.

The final plausible explanation for the lack of response con-
flict encoding in non-human ACC lies in the differential
engagement of executive control between species. It has been
suggested that monkeys use alternative strategies outside of
putative conflict adaption to adjust their behavior under certain
circumstances (Cole et al. 2009). However behavioral adjust-
ments of control in the presence of prior conflict has been
observed in several monkey (Nakamura et al. 2005; Emeric et al.
2007, 2008) and rat studies (Bryden and Roesch 2015; Newman
et al. 2015; Bryden et al. 2016). In addition, the results presented
here demonstrate that rats can make adjustments in behav-
ioral control comparable to that of human subjects, including
speed/accuracy tradeoff, reduced STOP trial accuracy as SSDs
increase, and conflict adaptation (Bryden and Roesch 2015;
Bryden et al. 2016).

Conclusion

In conclusion, for the first time, we show at the level of the sin-
gle neuron that ACC activity increases on trials where animals
have to inhibit a prepotent response in order to get a reward.
This finding opens the door to pursue questions related to how
these signals emerge and impact downstream circuits when
animals are faced with competing responses, as well as to bet-
ter understand how this function might be disrupted in animal
models of disease (e.g., drug abuse).

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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