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Human errors in reaction time tasks are associated with the
error-related negativity (referred to as ERN or Ne) and a later
positive deflection (Pe) (e.g., Falkenstein et al. 1991; Gehring
et al. 1993). The ERN has a frontocentral distribution over the
scalp and peaks !100 ms after the incorrect response in
choice-reaction time tasks or the uninhibited response on no-go
trials (Scheffers et al. 1996). A dipole for the ERN can be
located in the anterior cingulate cortex (ACC) (e.g., Dehaene
et al. 1994; Miltner et al. 1997; van Veen and Carter 2002). At
least three hypotheses have been proposed to explain this
signal and the function it performs.
First, the error-monitoring hypothesis proposes that the
ERN/Ne reflects a comparison between the representations of
the overt error response and the correct response (Falkenstein
et al. 1991; Gehring et al. 1993), a function comparable to
other midline negativities signaling mismatch (Näätänen et al.
1978) and the N400 (Kutas and Hillyard 1984). However, the
presence of frontocentral negativities during correct trials,
albeit of smaller amplitude (e.g., Falkenstein et al. 2000; Vidal
et al. 2000) is difficult for the error-monitoring hypothesis to
account for (Coles et al. 2001).

Second, the reinforcement-feedback hypothesis proposes
that this frontocentral negativity is elicited by feedback indicating error, loss, or punishment (Gehring and Willoughby
2002; Miltner et al. 1997). In particular, Holroyd and Coles
(2002) hypothesize that the mesencephalic dopamine system
conveys a reinforcement learning signal to the frontal cortex
when participants commit errors. According to this model, the
ERN is generated because the inhibitory influence of the
dopaminergic innervation in the ACC is modulated, fine-tuning
the ACC to enable more appropriate choices in the subsequent
trial.
Third, the conflict-monitoring hypothesis proposes that control is recruited based on the coactivation of mutually incompatible response processes (Botvinick et al. 2001, 2004). This
hypothesis was formulated originally based on fMRI evidence
for a conflict-monitoring function of the ACC (Botvinick et al.
1999; Carter et al. 1998, 1999). Subsequent work suggested
that response conflict was also reflected in the frontocentral N2
event-related potential component (Yeung et al. 2004), which
is similar to the ERN and can be localized to an ACC-generator
comparable to that of the ERN (Kopp et al. 1996).
Numerous experiments have sought to test the error-monitoring, reinforcement-feedback, and conflict-monitoring hypotheses (reviewed by Botvinick et al. 2004; Ridderinkhof
et al. 2004; van Veen and Carter 2006). This extensive literature can be summarized with the statement that each hypothesis
remains plausible, and none can be excluded entirely. One
reason for this lack of conceptual resolution is the low spatial
or temporal resolution of event related potentials (ERP) and
functional magnetic resonance imaging (fMRI) measures. The
opportunity to carry out invasive studies in non-human primates can contribute to resolving among these alternative
hypotheses. In fact, in monkeys performing a saccade stop
signal task, single-unit activity signaling errors, reinforcement,
and response conflict has been observed in the supplementary
eye field (SEF) (Stuphorn et al. 2000). Similarly, single-unit
activity signaling errors and reinforcement, but not response
conflict, has been observed in the dorsal bank of the ACC (Ito
et al. 2003). These results are consistent with other results
showing SEF and ACC unit modulation correlated with monitoring performance in macaque monkeys performing other
tasks (Amiez et al. 2006; Isomura et al. 2003; Koyama et al.
2000, 2001; Nakamura et al. 2005; Niki and Watanabe 1979;
Procyk and Joseph 2001; Procyk et al. 2000; Shidara and
Richmond 2002; Shidara et al. 2005). However, scalp poten-
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JD. Performance monitoring local field potentials in the medial
frontal cortex of primates: anterior cingulate cortex. J Neurophysiol 99: 759 –772, 2008. First published December 12, 2007;
doi:10.1152/jn.00896.2006. We describe intracranial local field potentials (LFP) recorded in the anterior cingulate cortex (ACC) of
macaque monkeys performing a saccade countermanding task. The
most prominent feature at !70% of sites was greater negative polarity
after errors than after rewarded correct trials. This negative polarity
was also evoked in unrewarded correct trials. The LFP evoked by the
visual target was much less polarized, and the weak presaccadic
modulation was insufficient to control the initiation of saccades. When
saccades were cancelled, LFP modulation decreased slightly with the
magnitude of response conflict that corresponds to the coactivation of
gaze-shifting and -holding neurons estimated from the probability of
canceling. However, response time adjustments on subsequent trials
were not correlated with LFP polarity on individual trials. The results
provide clear evidence that error- and feedback-related, but not
conflict-related, signals are carried by the LFP in the macaque ACC.
Finding performance monitoring field potentials in the ACC of macaque monkeys establishes a bridge between event-related potential
and functional brain-imaging studies in humans and neurophysiology
studies in non-human primates.
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The countermanding task provided the data for this study. All trials
began when the monkey shifted gaze to fixate a centrally located
stimulus for a variable interval (500 – 800 ms; Fig. 1). Following this
fixation interval, the central stimulus was removed and simultaneously
a peripheral target was presented at one of two locations in opposite
hemifields cuing the monkey to make a single saccade to the target.
Targets were located along the horizontal axis and 10° from the
fixation target in the vast majority of sessions. For trials with no stop
signal, monkeys were reinforced for making a saccade within 700 ms.
In each behavioral session, the delay between fixation of the target and
delivery of reinforcement was constant at 400 ms. On 20 –50% of the
trials, after a delay, referred to as the stop signal delay (SSD), the
central fixation target reappeared, instructing the monkey to inhibit
saccade initiation. Two outcomes were possible on these stop signal
trials. Maintaining fixation on the stop signal for 700 ms after the
target appeared was reinforced as correct; these trials were referred to
as cancelled trials. On stop signal trials, a saccade to the target was
considered incorrect, and thus resulted in a 1,500-ms timeout with no
reinforcecment. These trials were referred to as noncancelled trials. In
each behavioral session, three to six SSDs of constant value ranging
from 25 to 450 ms were used. The values were adjusted across
sessions and monkeys to adjust for overall changes in response time
so that, on average, monkeys failed to inhibit approximately half the
stop signal trials.
Here we report data from 130 sites in the ACC of two monkeys.
Data were recorded serially along acute single penetrations. An
individual site consisted of all the behavioral and neurophysiological
data recorded from a single location in the cortex. Some of the
behavioral and neurophysiological data from these monkeys have
appeared in other publications (Hanes et al. 1998; Ito et al. 2003;
Stuphorn et al. 2000, 2007; Brown, D. P. Hanes, J. D. Schall, and V.
Stuphorn, unpublished data).
NO STOP SIGNAL Trials
Reaction
Time

No Stop Signal
Correct

METHODS

Data were collected from two male bonnet monkeys (Macaca
radiata: 8 –10 kg) that were cared for in accordance with U. S.
Department of Agriculture and Public Health Service Policy on the
humane care and use of laboratory animals. Each animal was tested
for !4 h/day, 5 day/wk. During testing, water or fruit juice was given
as positive reinforcement. Access to water in the home cage was
controlled and monitored. Fluids were supplemented as needed. Detailed descriptions of all surgical procedures, electrophysiological
techniques behavioral training, and tasks have appeared previously
(Hanes and Schall 1995; Hanes et al. 1998).
The experiments were under computer control to present stimuli,
record eye movements, and deliver liquid reinforcement. Stimuli were
presented on a video monitor (48 " 48°) using computer-controlled
raster graphics (Peritek VCH-Q, 512 " 512 resolution or TEMPO
Videosync 1,280 " 1,040 resolution). The fixation spot subtended
0.37 of visual angle, and the target stimuli subtended from 0.3 to 3°
of visual angle, depending on their eccentricity and had a luminance
of 10 or 30 cd/m2 on a 1-cd/m2 background. Eye position was
monitored via a scleral search coil or a video-based infrared eye
tracker (ASL, Bedford, MA) while monkeys were head-restrained and
seated in an enclosed chair within a magnetic field. Saccades were
detected using a computer algorithm that searched for significantly
elevated velocity (30°/s). Saccade initiation and termination were
defined as the beginning and end of the monotonic change in eye
position during the high-velocity gaze shift.
J Neurophysiol • VOL

STOP SIGNAL Trials
Canceled
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Delay

Correct
Noncancelled
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FIG. 1. Trial displays for saccade countermanding task. Dotted circle indicates focus of gaze at each interval; arrow, the saccade. All trials began with
presentation of a central fixation spot. After fixation of this spot for a variable
interval, it disappeared simultaneous with presentation of a target on the left or
right. In no-stop signal trials, a single saccade to the peripheral target was
reinforced as the correct response. In stop signal trials, the fixation spot
reappeared after a variable stop signal delay. Maintained fixation was reinforced as the correct response; these are referred to as cancelled (or signalinhibit) trials. If a saccade was produced in spite of the stop signal, no
reinforcement was given; these errors are referred to as noncancelled (or
signal-respond) trials.
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tials are the summation of intracranial local field potentials and
not unit discharges (reviewed by Nunez and Srinivasan 2005).
Therefore drawing conclusions based on converging evidence
from single unit studies in non-human primates and ERP or
fMRI studies in humans entails several uncertain inferences.
The goal of this study was to lay the first planks in a bridge
between monkey single-unit data and human ERP and fMRI
data by determining whether local field potentials (LFPs)
signaling error, reinforcement, or conflict are observed in the
ACC of macaque monkeys performing a saccade stop signal
(or countermanding) task. This task requires subjects to produce speeded responses that countermand, or cancel, a partially
prepared movement to a target when a stop signal is presented
at various stages of preparation (Hanes and Schall 1995; Logan
1994; Logan and Cowan 1984). A saccade version of the stop
signal task has been used to examine the role of the frontal eye
field and superior colliculus in controlling the initiation of
saccades (Hanes et al. 1998; Paré and Hanes 2003; J. W.
Brown, D. P. Hanes, J. D. Schall, and V. Stuphorn, unpublished results) and the role of the SEF and the ACC in
monitoring performance (Ito et al. 2003; Stuphorn et al. 2000)
but not controlling saccade initiation (Stuphorn et al. 2007).
The present study reports the characteristics of LFPs that
were recorded simultaneously with single units in the ACC of
monkeys performing the saccade stop signal task. We determined whether intracerebral negativities (like the ERN/Ne) and
positivities (like the Pe) occur in the ACC when monkeys made
countermanding errors. We also investigated whether the premovement LFPs were modulated in a manner sufficient to
control saccade initiation. Finally, we determined whether
LFPs in the ACC were modulated in a manner consistent with
signaling response conflict. The results provide clear evidence
that LFP in the ACC do not contribute to saccade initiation and
that error- and feedback-related, but not conflict-related, LFP
modulation occur in the ACC of macaque monkeys.

INTRACRANIAL PERFORMANCE MONITORING FIELD POTENTIALS

LFPs were recorded using single tungsten microelectrodes (impedance: 2–5 M# at 1 kHz), nonreferenced single ended. The electrode
signals were amplified with a high-input impedance head stage
($1G#, !2 pF of parallel input capacitance) and filtered by a
Multichannel Acquisition Processor (Plexon, Dallas, TX). The LFP
data were filtered between 0.7 and 170 Hz with two cascaded one-pole
low-cut Butterworth filters and a four-pole high-cut Butterworth filter
and was sampled at 1 kHz. The reference used for both spikes and
LFP was the same ground wire on the head-stage.

Data analysis
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RESULTS

Event-related LFP in ACC
In macaque monkeys performing the saccade stop signal
task, the LFP recorded from the dorsal bank of the ACC
exhibited weak stimulus-related and presaccadic negative polarization and pronounced postsaccadic modulation (Fig. 2).
Note that in this and all subsequent figures plotting voltage on
the ordinate, negative is up. Stimulus-evoked modulation of the
intracranial LFP was common but of low magnitude. Stimulusevoked LFP modulation was equally common for targets presented contralateral (77/130) or ipsilateral (70/130) to the
recording site. The mean latency of the LFP modulation
evoked by contralateral targets was 188 & 101 (SD) ms and
that for ipsilateral targets was 201 & 77 ms. The onset latency
was not different for ipsiversive versus contraversive saccades
(P ' 0.30 "2 ' 1.06, Kruskal-Wallis rank sum test).
The LFP at a minority of sites in the ACC tended to become
more negative immediately preceding saccade initiation, cor-

A

B

Contralateral

Target

Saccade

End Saccade

50µV
+
100ms

Ipsilateral

Time from target (ms)

Time from saccade (ms)

FIG. 2. Event-related local field potentials (LFP) in anterior cingulate
cortex (ACC) from representative site. A: LFP from no-stop signal trials
synchronized on target presentation for contralateral (top, 149 trials) and
ipsilateral (bottom, 143 trials) target. ■, range of saccade latencies. B: LFP
synchronized on initiation of saccade to contralateral (top) and ipsilateral
(bottom) target. 1, range of target onset times.

99 • FEBRUARY 2008 •

www.jn.org

Downloaded from jn.physiology.org on February 14, 2008

All recording sites were assessed for the occurrence of excessive
noise. Recordings with recurring artifacts during time intervals of
interest were excluded from analysis. The mean voltage in the 300 ms
preceding target presentation for each valid trial was defined as the
baseline and subtracted from the voltage for each trial. SSDs were
varied according to the monkeys’ performance so that at the shortest
SSD, monkeys generally inhibited the movement in $75% of the stop
signal trials and at the longest delay, monkeys inhibited the movement
in %25% of the stop signal trials. No selection was made on the basis
of whether or not the LFP displayed task-related activity.
To identify intervals of significant LFP modulation across different
trial types, single trial LFPs were time synchronized to stimulus
presentation or saccade initiation and then time averaged for each trial
type. The event-related LFPs were then filtered using a 50th-order
low-pass finite impulse response digital filter with a cutoff of 20 Hz.
A difference wave was produced by subtracting the time-synchronized activity in one condition from the other (e.g., noncancelled –
latency-matched no stop). For all comparisons between trial types, the
onset of a significant difference was defined as the instant the
difference wave exceeded &2 SD for !50 ms and achieved a
difference of &3 SD during that interval. This criterion was used to
compare the LFP on trials with no stop signal to the LFP on cancelled
and noncancelled trials.
The rationale and approach for the race model analysis of the
countermanding data have been described in detail previously (Hanes
and Schall 1995; Hanes et al. 1998; Logan and Cowan 1984). Briefly,
the data obtained in the countermanding task are the inhibition
function and the distribution of reaction times in no-stop signal trials.
Inhibition functions plot the probability of noncancelled trials as a
function of SSD and were fit with a cumulative Weibull function. The
stop signal reaction time (SSRT), the length of time that was required
to cancel the saccade, was estimated using two methods (reviewed by
Band et al. 2003; Logan 1994). The first assumes that SSRT is a
random variable, whereas the second method assumes that SSRT is
constant (reviewed by Band et al. 2003). We obtained an overall
estimate of SSRT estimates derived from both methods. An analysis
of these data based on the race model was done to estimate the SSRT
from the behavioral data collected while recording from each site in
the ACC. Hanes et al. (1998) established the central benefit of the
countermanding paradigm as capable of determining whether neural
activity generates signals sufficient to control the production of
movements. For some neural activity to play a direct role in controlling the initiation of an eye movement, it must be different during
trials in which a saccade is initiated as compared with trials in which
the saccade is inhibited. Moreover, this difference in activity must
occur by the time the movement was cancelled.
To determine if LFPs recorded from the ACC were modulated in a
manner sufficient to control the production of saccades, we compared
the LFP on cancelled trials to the LFP on no-stop signal trials with
saccade latencies greater than the SSD plus the SSRT. According to
the race model, these are the no-stop signal trials in which the GO
process was slow enough that the STOP process would have finished
before the GO process if the stop signal had occurred. The onset of

significant differential activity was measured for each SSD collected
at each site in the ACC. If significant modulation was measured, the
time of that modulation was compared with the SSRT estimated from
the behavioral data collected during each recording. To determine if
LFP modulation was proportional to response conflict, the average
polarity difference between cancelled and latency-matched no-stop
signal trials was measured following the analysis of Stuphorn et al.
(2000). To determine if the LFP signaled error or feedback, we
measured polarization following saccade initiation and reward delivery. For each site, the LFP synchronized on saccade initiation on
noncancelled trials was compared with the LFP synchronized on
saccade initiation on no-stop signal trials. Response-synchronized
LFPs were produced for saccades to each target separately and
collapsed across targets.

noracc327
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Effects of stop signal on stimulus-evoked LFP

FIG. 3. LFP in stop signal trials from a representative site. A: comparison
of LFP in cancelled stop signal trials (thick) and latency-matched no-stop
signal trials (thin) with stop signal delays of 169 ms (top, 198 no-stop trials
trials; 26 cancelled trials) and 217 ms (bottom, 137 no-stop trials; 58 cancelled
trials). Intervals in stop signal trials in which polarity is significantly more
negative are highlighted by dark gray. Intervals in stop signal trials in which
polarity is significantly more positive are highlighted by light gray. B: comparison of LFP in noncancelled stop signal trials (thick, dotted) and latencymatched no-stop signal trials (thin) with stop signal delays of 217 ms (top, 67
no-stop trials; 19 cancelled trials) and 269 ms (bottom, 165 no-stop trials; 49
cancelled trials).

assumption of the race model is that the GO and STOP processes
are independent (Logan and Cowan 1984). Hanes et al. (1998)
tested the assumption of independence (whether the presence
of the STOP process affected the timing of the GO process) by
comparing the target aligned neural activity on noncancelled
trials to latency-matched no-stop signal trials. When examined
in this manner, neurons in the FEF and the SC exhibit identical
activation in noncancelled and no-stop signal trials (Hanes
et al. 1998; Paré and Hanes 2003). We compared the LFP
polarization on noncancelled trials to that on no-stop signal
trials with saccade latencies less than SSD ) SSRT. These are
the no-stop signal trials in which the GO process was fast
enough that the GO process would have finished before the STOP
process if the stop signal had been presented. On 37% (222/
589) of the SSDs across 130 sites in the ACC, we observed a
significant LFP modulation for noncancelled trials versus latency-matched no-stop signal trials with half (110/589) showing greater negativity and half (112/589) showing greater
positivity in noncancelled trials. The overall latency of this
modulation was 246 & 139 ms after the SSRT. Thus presentation of the foveal visual stop signal does not influence ACC
LFP polarization on noncancelled trials before the SSRT.
Tests of ACC LFP conflict signal
Botvinick et al. (2001) postulated that conflict between
incompatible response processes signals the need for control by
the executive system. This hypothesis can be evaluated using
behavioral performance and physiological data from the saccade stop signal task in two ways.
The first test involves relating LFP signals in the ACC to the
amount of response conflict in different trials. Performance in
countermanding tasks can be accounted for by a race between
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The logic of the stop signal task and the measurement of
SSRT using the race model suggest particular comparisons
between stop signal and no-stop signal trials. First, cancelled
stop signal trials can be compared with those no-stop signal
trials with latencies long enough that the saccade would have
been cancelled if a stop signal had occurred. Specifically, the
LFP from cancelled stop signal trials can be compared with the
LFP from no-stop signal trials with saccade latencies greater
than SSD ) SSRT. Second, noncancelled stop signal trials can
be compared with those no-stop signal trials with latencies
short enough that the saccade would not have been cancelled if
a stop signal had occurred. Specifically, the LFP from noncancelled stop signal trials can be compared with the LFP from
no-stop signal trials with saccade latencies less than SSD )
SSRT. We refer to the subset of no-stop signal trials compared
with either cancelled or noncancelled stop signal trials as
latency-matched.
Figure 3 illustrates these comparisons for stimulus-aligned
LFPs from a representative site in the ACC. Consider first the
comparison between cancelled trials and latency-matched nostop signal trials (Fig. 3A). When examined in this manner,
movement- and fixation-related but not visual neurons in the
FEF and the SC exhibit a pronounced modulation in cancelled
trials occurring before the SSRT (Hanes et al. 1998; Paré and
Hanes 2003). This modulation occurs in a manner and at a time
sufficient to be interpreted as controlling whether the saccade
is initiated. We observed a significant difference between the
LFP recorded on cancelled trials and that recorded on latencymatched no-stop signal trials in only 38% (206/537) of the
SSDs sampled across 130 sites in the ACC. In approximately
half of these SSDs (21%, 104/537), the LFP polarity on
cancelled trials was more negative than on no-stop trials, and in
the other half (20%, 102/537), the LFP on cancelled trials was
more positive than on no-stop trials. However, this polarity
difference occurred on average 220 & 98 ms after the SSRT. A
significant polarization difference between cancelled trials and
no-stop trials before the SSRT occurred for only 2 of the 537
SSDs sampled. This result clearly demonstrates that presaccadic LFPs in the ACC do not modulate in a manner sufficient
to control the initiation of saccades.
Consider next the comparison between noncancelled trials
and latency-matched no-stop signal trials (Fig. 3B). A critical
J Neurophysiol • VOL

No Stop
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Noncancelled
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SS
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SS

responding to a readiness potential (Evdokimidis et al. 1992;
Everling et al. 1996). This was observed at 19% (25/130 sites)
for contraversive and 9% (12/130sites) for ipsiversive saccades. The mean onset of this modulation relative to saccade
initiation was (21 & 14 ms for contraversive and (29 & 16
ms for ipsiversive saccades.
Postsaccadic modulation of the LFP in the ACC was almost
always observed and stronger than the presaccadic modulation.
Overall we identified LFP modulations in the interval following the saccade in 91% (117/130) of the sites. LFP modulation
was equally common following contraversive (106/130 sites)
and ipsiversive (114/130 sites) saccades. This modulation began 47 & 42 ms after contraversive and 69 & 45 ms after
ipsiversive saccades. The latency was significantly earlier after
contraversive saccades (P % 0.01; "2 ' 30.73, Kruskal-Wallis
rank sum test).

noracc.245

762

INTRACRANIAL PERFORMANCE MONITORING FIELD POTENTIALS

3

0.5

2

1

1

C
-1.0

1

-0.5
2

0.0

3

0.5
1.0

0

0.2 0.4 0.6 0.8
1.0
P(Noncancelled|Stop Signal)

RT
SS

B

100
200
300
400
Stop signal delay (ms)
D

0

SS

0.0

Cancelled - No Stop (µV)

1.0

D
-2.0

2

1 µV
+ 100 ms
3

Normalized Voltage Difference (Z)

-1.0

noracc.241

P(Noncancelled|Stop Signal)

A

units multiplied by the magnitude of activation of movement
(GO) units will result in higher response conflict. A population
of neurons in the SEF of monkeys performing the saccade stop
signal task was modulated after SSRT to a degree that was
proportional to the probability of a noncancelled saccade and
so may signal response conflict (Stuphorn et al. 2000). Thus the
first test of the conflict-monitoring theory is to determine
whether the LFP exhibits polarity differences in cancelled as
compared with latency-matched no-stop signal trials that vary
systematically with the probability of a noncancelled saccade.
Figure 4 plots the stimulus-evoked LFPs for cancelled stop
signal trials and for latency-matched no-stop signal trials at a
single site in the dorsal bank of the ACC for the three of four
SSDs with sufficient trials ($10) to provide a reliable value.
The average difference in LFP polarity between the trial types
was measured in the interval starting 50 ms before to 150 ms
after SSRT. This interval was chosen because it corresponds to
the interval in which single-unit modulation related to response
conflict was observed in the SEF (Stuphorn et al. 2000). For
this site, the LFP polarity difference between cancelled and
latency-matched no-stop signal trials became more positive
with SSD and increasing probability of producing an errant
noncancelled saccade (Fig. 4C). To determine whether the
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FIG. 4. First test for conflict-related activity. A: inhibition function plots characteristic increasing probability of a
noncancelled saccade as a function of stop signal delay.
B: LFPs from representative site synchronized on stimulus
onset for cancelled trials (thick solid line) at stop signal
delays of 168, 216, and 268 ms (labeled in A) were compared with latency-matched no-stop signal trials (thin solid
line). Average polarity difference between LFPs in cancelled and latency-matched no-stop signal trials in the
interval from 50 ms before to 100 ms after stop signal
reaction time (SSRT, highlighted by gray box) was measured. The vertical thin and thick black lines represent the
stop signal delay (SSD) and SSRT, respectively. (B1: 215
no-stop trials, 51 cancelled trials; B2: 153 no-stop trials, 47
cancelled trials; B3: 55 no-stop trials, 15 cancelled trials).
C: average polarity difference between cancelled and latencymatched no-stop signal trials plotted as a function of P
(noncancelled!stop signal). The decreasing trend is significant. D: Z-scored average voltage difference across 314
stop signal delays plotted as function of SSD (top) and P
(noncancelled!stop signal) (bottom). The polarity difference became significantly less negative with increasing P
(noncancelled!stop signal).
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GO and STOP processes (Logan and Cowan 1984); in the saccade
stop signal task this race is accomplished through the interaction between gaze-shifting and -holding circuits in the FEF and
SC (Hanes et al. 1998; Paré and Hanes 2003). In fact, an
interactive race model with mutual inhibition between a GO unit
and a STOP unit fits performance data as well as the independent
race if and only if the timing of modulation of the GO and STOP
units correspond to the actual modulation times of movement
and fixation neurons (Boucher et al. 2007). In this framework,
the coactivation of movement (GO) and fixation (STOP) units
engenders response conflict. Now, cancelled trials include a
period during which movement (GO) and fixation (STOP) neurons are coactive; this period of coactivation does not occur in
noncancelled error trials because the fixation neurons (and the
STOP unit in the model) do not turn on before the movement
neurons (and the GO unit in the model) reach the threshold of
activation to trigger the movement. Furthermore, the magnitude of coactivation of movement (GO) and fixation (STOP) units
in cancelled trials increases as the probability of a noncancelled
saccade increases; this occurs because the activation of the
movement (GO) units grow progressively closer to the threshold. Thus a given amount of activation of fixation (STOP) units
sufficient to inhibit the growing activation of movement (GO)
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Tests of ACC LFP error signal
Modulation of the intracranial LFP following saccade production was common for both no-stop signal trials and noncancelled trials. Figure 6 plots comparisons of the responsesynchronized LFPs from the ACC on noncancelled trials and
all no-stop signal trials. The intracranial error-related potential
was defined as the onset of the first significant negative-going
potential following the saccade. Overall, an intracranial errorrelated potential was identified in 69% (89/130) of the sites
when the LFP was combined across targets. This prevalence is
evident by the clear polarization observed in the grand average
LFP. In this grand average, a statistically significant negativity
began 40 ms after the saccade; however, the largest quantitative negativity began !125 ms after the saccade. Measured
across individual sites, this potential began 148 & 77 ms after
saccade initiation. LFP modulation was equally common following contraversive (78/130 sites) or ipsiversive (74/130
sites) saccades. Measured site by site, the latency of this
modulation following contraversive saccades was 181 & 89 ms
and that following ipsiversive saccades was 178 & 57 ms;
these distributions were not significantly different (P ' 0.31;
"2 ' 1.04, Kruskal-Wallis rank sum test). The earlier onset for
J Neurophysiol • VOL
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FIG. 5. Second test for conflict related activity. A: LFP aligned on the
estimate of SSRT for the subset of 45 cancelled stop signal trials that were
followed by no-stop signal trials from a single session. Red circles mark peak
negative polarity in the interval from 50 ms before to 150 ms after SSRT.
B: peak negative polarity plotted as a function of the response time adjustment
on the subsequent no-stop trial. No trend was evident. C: distribution of
correlations between peak negativity in cancelled trials and response time
adjustment in next trial. No relationship was found across all the sites
examined.

the grand average and combined data as compared with the
site-by-site values is a simple result of improving signal-tonoise through averaging.
We also observed a later, positive-going potential following
errors. This was defined as the onset of the first significant
positive-going potential following the saccade. Overall an
intracranial error-related positive potential was identified in
82% (106/130) of the sites when the LFP was combined across
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variation in LFP polarity difference was related to SSD or to
performance, we analyzed the regression of the LFP polarity
difference between trial types as a function of SSD and of the
probability of producing a noncancelled saccade. The polarity
difference in the LFP between cancelled and no-stop signal
trials did not vary with SSD (slope ' 0.0005, t ' 0.61, P '
0.29; Fig. 4D, top), but it did vary significantly with the
probability of producing a noncancelled saccade in a stop
signal trial (slope ' (0.36, t ' 4.17, P % 0.01; Fig. 4D,
bottom). However, the polarity difference between cancelled
and latency-matched no-stop signal trials decreased with the
probability of failing to cancel the saccade. This is opposite
the pattern of modulation of SEF neurons signaling conflict
(Stuphorn et al. 2000) and also incompatible with the
variation of response conflict in this task, which increases
on canceled trials as a function of the decreasing probability
of canceling.
The second test involves determining whether LFP signals in
the ACC relate to adjustments of performance; specifically, the
magnitude of the response time adjustment on a given trial
should increase with the magnitude of conflict on the previous
trial (e.g., Kerns et al. 2004). Consistent with this, saccade
latency increases significantly following cancelled stop signal
trials, which are the type of trial in which conflict between the
GO and STOP units occurs (e.g., Emeric et al. 2007a). We tested
this prediction by measuring the trial-by-trial correlation between the LFP signal in the interval around SSRT in trial N
and the response time adjustment in trial n ) 1 (Fig. 5). For
each trial, the maximum negative-going deflection in the interval from 50 ms before to 150 ms after the SSRT was plotted
against the adjustment in reaction time on the subsequent
no-stop trial. Although a significant correlation was observed
at some sites, across all the sites examined, response time
adjustments were not correlated with the magnitude of the LFP
negativity on cancelled trials. Thus according to another criterion, LFPs in the ACC do not appear to signal response
conflict.

Ratio
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FIG. 6. Error-related LFP. Left: LFP from a representative site aligned on saccade initiation for error noncancelled stop signal trials (thick dashed) and correct
no-stop signal trials (solid) for contraversive (top, 172 no-stop trials; 17 cancelled trials), ipsiversive (middle, 168 no-stop trials; 11 cancelled trials), and both
(bottom, 340 no-stop trials; 28 cancelled trials) saccades. Right: grand average LFP from 130 sites in the dorsal bank of the ACC aligned on saccade initiation
for error noncancelled and correct no-stop signal trials. Intervals in which the polarity of noncancelled error LFP was significantly more negative than that in
no-stop signal trials indicated by light gray fill. Intervals in which polarity of noncancelled error LFP was significantly more positive than that in no-stop signal
trials indicated by dark gray fill.

targets. The error-related positivity in the grand average began
316 ms and peaked 424 ms after the onset of the error saccade.
Measured across sites, this potential began 319 & 84 ms after
saccade initiation. The positivity was equally common following contraversive (84/130 sites) and ipsiversive (89/130 sites)
saccades. Its latency following contraversive saccades (329 &
64 ms) was not significantly different from that following
ipsiversive saccades (334 & 69 ms; P ' 0.41 "2 ' 0.67,
Kruskal-Wallis rank sum test).
J Neurophysiol • VOL

We compared the latency of these negative- and positivegoing error-related potentials to the onset of error-related spike
rate modulation in the SEF and the ACC (Fig. 7). Error-related
unit modulation occurs earlier in the SEF than in the ACC (Ito
et al. 2003). The negative-going potential in the ACC occurred
later than the SEF error cell modulation (P % 0.01; "2 ' 16.66,
Kruskal-Wallis rank sum test) and synchronously with the
ACC error cell modulation (P ' 0.55; "2 ' 0.36, KruskalWallis rank sum test). The positive-going error-related poten-
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tial in the ACC occurred later than the SEF error cell modulation (P % 0.01; "2 ' 87.38, Kruskal-Wallis rank sum test)
and also later than the ACC error cell modulation (P % 0.01;
"2 ' 55.91, Kruskal-Wallis rank sum test).
Several studies have examined the relationship between the
ERN and posterior adjustments (e.g., Debener et al. 2005). We
examined the trial-by-trial covariation of the error-related LFP
and the response time adjustment on the n ) 1 trial (Fig. 8).
For each noncancelled trial, the maximum negative-going
deflection in the 0- to 250-ms interval and the maximum
positive-going deflection in the 200- to 500-ms interval after
the errant saccade were plotted against the difference in reaction time on the subsequent no-stop trial. Although significant
correlations were observed at some recording sites, response
time adjustments were not correlated with the LFP peak negativity (t ' 0.88, P ' 0.38) or peak positivity (t ' 0.32, P '

FIG. 9. Feedback-related LFP from a representative site. LFP aligned on
time of reinforcement following contra- and ipsiversive saccades in reinforced
(solid) and unreinforced no-stop signal trials (461 rewarded no-stop trials; 35
unrewarded no-stop trials). The pattern of polarization resembles that observed
following stop trial errors. Intervals on unreinforced trials in which the polarity
was significantly more negative than that on reinforced trials is indicated by
light gray fill; intervals of significantly more positive polarity indicated by dark
gray fill. The significantly more negative polarity began 156 ms following time
that reinforcement would have been delivered. The significantly more positive
polarity began 388 ms after scheduled reinforcement.

0.75) across all the sites examined after errors had been
produced (Fig. 8B).
Tests of ACC LFP reinforcement-feedback signal
To determine whether LFPs in the ACC were modulated by
feedback about reinforcement, we compared the LFPs synchronized on the time of reinforcement when it was delivered and
when it was withheld in correct no-stop signal trials (Fig. 9).
This could be done because the delay between the end of the
saccade to the target and delivery of reinforcement was fixed at
400 ms and therefore entirely predictable. A significant negative-going potential was measured in 40% (46/116) of the sites
with the LFP combined across contraversive and ipsiversive
saccades; this modulation began 256 & 204 ms after the time
when reinforcement would have been delivered. This latency
was significantly longer than the error-related modulation after
saccades (P % 0.01; "2 ' 40.64, Kruskal-Wallis rank sum
test). Thus LFPs in macaque ACC also signal reinforcement
feedback.
Location of intracranial potentials

FIG. 8. Error-related LFP and the response time adjustment. A: responsesynchronized LFP for noncancelled stop signal trials that were followed by no
stop signal trials (top). F, peak negative value in the 250-ms interval following
the response on each of the 37 individual trials. Œ, peak positive value in 250to 500-ms interval following the response on individual trials. Peak negative
and positive polarization plotted against the response time adjustment on the
subsequent no stop trial (bottom). B: correlation coefficients for peak negativity
(top) and peak positivity (bottom) as a function of RT adjustment.

J Neurophysiol • VOL

Nearly all of the intracranial error-related potentials were
recorded from the dorsal bank of the anterior cingulate sulcus
within area 24c as judged by depth relative to the overlying
SEF and other landmarks. The sites with intracranial errorrelated potentials were distributed in a strip extending from 3
mm caudal to 4 mm rostral of the SEF (Fig. 10). This region is
coextensive with an area of the ACC that is reciprocally
connected with the SEF (Huerta and Kaas 1990), in which
single units signal errors and the receipt of reinforcement (Ito
et al. 2003).
DISCUSSION

We observed error-related and reinforcement-feedback potentials in the dorsal bank of the ACC in macaque monkeys
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7. Cumulative distributions of onset of error-related negative polarity
LFP (red), error-related positive polarity LFP (blue), and the feedback-related
negative polarity LFP (green). These are compared with latency of error related
units in supplementary eye field (SEF, thin black) and in ACC (thick black).
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reported. Source localization identifies the N2 and P3 components on canceled and noncancelled trials with different
parts of the brain with the medial frontal cortex among other
loci contributing. Although the results presented herein
complement these observations, taken as a whole careful
analysis of this body of work highlights the need for further
investigation coordinated across species, task conditions,
and effectors.

Pri

Stimulus-related and postsaccadic modulation
Arc
A
L

performing a saccade stop signal task. However, the errorrelated potentials did not covary with response time adjustments. Moreover, vanishingly few sites exhibited LFP modulation sufficient to control the initiation of saccades. Finally,
the LFPs recorded from the ACC yielded no evidence of a
signal consistent with conflict monitoring.
These results constitute an initial step toward bridging
human electrophysiology and monkey neurophysiology.
Several reports have described ERPs from human subjects
performing stop signal tasks (Bekker et al. 2005; De Jong
et al. 1990, 1995; Dimoska et al. 2006; Kok et al. 2004;
Naito and Matsumura 1994, 1996; Pliszka et al. 2000;
Ramautar et al. 2004, 2006a,b; Stahl and Gibbons 2006; van
Boxtel et al. 2001). Although these have employed variations in task demand, stop stimulus modality, and effector,
some general conclusions seem plausible. Larger N2 and P3
components are observed in stop signal as compared with
no-stop signal trials. Latency and some magnitude differences in components are observed when comparing canceled
and noncancelled stop signal trials. An enhanced N2 on
noncancelled trials may be identified with the ERN. However, the N2 observed on canceled trials is difficult to
identify conclusively with a measure of conflict. Also clear
modulation of ERP components before SSRT when movements are canceled in stop signal trials as compared with
produced in no-stop signal trials has not been consistently
J Neurophysiol • VOL

Response control
Anatomical data have been interpreted as evidence for the
ACC contributing to high level response control (e.g., Dum
and Strick 1991; Morecraft and Van Hoesen 1992, 1993; Paus
2001). Apparent movement-related single-unit activity has
been described in the ACC for self-paced and stimulus-triggered arm movements (Shima et al. 1991). Skeletal and ocular
movements can be evoked by electrical microstimulation of the
ACC (Hughes and Mazurowski 1962; Luppino et al. 1991;
Mitz and Godschalk 1989; Showers 1959; Talairach et al.
1973). Thus ACC can be described as an ocular motor cortical
area like FEF or SEF.
The countermanding paradigm provides a clear criterion for
determining whether neural activity generates signals sufficient
to control the production of movements. The key test is
whether the activity of neurons if different between trials with
a movement (no-stop signal or noncancelled trials) and trials
with no movement (cancelled trials), and, critically, whether
such a difference occurs before SSRT. If some neural modulation occurs after SSRT, then according to the race model that
identifies SSRT with the time of inhibition of the movement
the modulation is too late (Boucher et al. 2007; Logan and
Cowan 1984).
Prior studies showed that movement and fixation but not
visual neurons in the frontal eye fields and superior colliculi
provide signals sufficient to control gaze (Hanes et al. 1998;
Paré and Hanes 2003). Specifically, on both no-stop signal and
noncancelled trials, the activity of movement neurons increases
until the saccade is triggered, and the activity of fixation
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FIG. 10. Location of sites with error LFP signals. Top view of the left
frontal lobe of monkey N. Neural activity was sampled within the region
bounded by the thin dashed line. The area in which error-related and reinforcement-related single-unit activity was encountered in ACC indicated by
cross-hatching (from Ito et al. 2003). Number of error-related LFPs recorded
indicated by the size of the squares. Single-unit and LFP signals were
concentrated in the dorsal bank of the cingulate sulcus. Other landmarks
include the extent of the SEF defined by low thresholds (%50 #A) for eliciting
saccades with intracortical electrical stimulation (light gray fill), the rostral
extent of the forelimb representation in the supplementary motor area (dark
gray fill), the lateral extent of the gray matter in the medial wall (light gray
dashed line), and the fundus of the cingulate sulcus (dark gray dashed line).
These lines appear straight because the mediolateral extent of the cingulate
sulcus varies little in the frontal lobe of macaques. The arcuate (Arc) and
principal (Pri) sulci are labeled. Horizontal arrow marks 27 mm anterior to the
interaural line. Scale bar, 1 mm.

LFPs in the ACC were much more polarized in the interval
following saccade initiation than in the interval following
stimulus onset. This is consistent with single-unit studies
observing increased activity related to trial outcome following
responses (Amiez et al. 2005, 2006; Isomura et al. 2003; Ito
et al. 2003; Niki and Watanabe 1979; Procyk and Joseph 2001;
Procyk et al. 2000; Shidara and Richmond 2002). However,
visual responses have been observed in the ACC that are
contingent on the probability of reward (e.g., Koyama et al.
2001; Shidara and Richmond 2002; Shima et al. 1991) as well
as in the context of the saccade stop signal task (Pouget et al.
2005). The ACC receives few visual afferents, mainly from
area PO, area 7a in the inferior parietal lobule, and inferotemporal area TG (Van Hoesen et al. 1993), the SEF (Huerta and
Kaas 1990; Luppino et al. 1990) and a diffuse connection with
FEF (Huerta et al. 1987; Stanton et al. 1993; Wang et al. 2004).
This may account for the result that the LFP at fewer sites in
the ACC were modulated in the interval following the stimulus
as compared with the interval following the saccade.
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Performance monitoring
A dipole for the ERN can be located in the ACC (e.g.,
Dehaene et al. 1994; Miltner et al. 1997; van Veen and Carter
2002). Both Falkenstein et al. (1991) and Gehring et al. (1993)
initially proposed that the ERN/Ne reflects a comparison between the representations of the overt error response and the
correct response. An ERN-like potential has also been identified in human intracerebral EEG recording (Brázdil et al. 2002,
2005) and error-related field potentials in the medial frontal
cortex of monkeys (Gemba et al. 1986) but not in monkeys
performing a task that requires executive control. The ERN
was originally interpreted as an error-detection signal resulting
from a mismatch between the response and the outcome of
response selection (Falkenstein et al. 1990, 1991; Gehring et al.
1993). However, alternate accounts view the ERN as a brain
signal reflecting detection of response conflict (Botvinick et al.
2001; Yeung et al. 2004) or representing the dopaminergic
input to the ACC (Holroyd and Coles 2002). Such hypotheses
ultimately require measurements of single units and field potentials that can be compared with the surface field potentials.
Finding an intracranial homologue of the ERN is a necessary
bridge.
Response conflict
The absence of field potentials in the ACC signaling conflict
during the saccade stop signal task is incompatible with the
general conflict-monitoring hypothesis of ACC function. The
modulation of the N2 event-related potential during highconflict trials have been emphasized as evidence for this
conflict hypothesis (Botvinick et al. 2004; Yeung et al. 2004).
According to this interpretation, the N2 and the ERN originate
J Neurophysiol • VOL

from the same neural process but are just observed at different
times; response conflict on correct trials is supposed to precede
the response and is manifested as the N2, whereas response
conflict on error trials follows the response and is manifested as
the ERN. Central tenets of the conflict hypothesis are that
conflict is produced when mutually incompatible responses are
active and response times increase following trials with high
conflict.
We tested both of these predictions. First, the magnitude of
ACC field potential modulation did not increase with the
probability of noncancelled saccades (Fig. 4). In fact, the
magnitude of the modulation decreased as the probability of
noncancelled saccades approached 1.0. This result is contrary
to other studies that have observed ERPs that increase with the
level of response conflict (Gehring and Fencsik 2001; Yeung
et al. 2004). Second, response time adjustment did not covary
with the magnitude of ACC field potential modulation on the
preceding cancelled trial (Fig. 5).
Examinations of single-unit activity in the medial frontal
cortex of monkeys performing the saccade stop signal task
have reported distinct populations of neurons that are modulated for errors, reinforcement, and response conflict (Ito et al.
2003; Stuphorn et al. 2000). Stuphorn et al. (2000) identified
single units in the SEF modulated by response conflict on
cancelled trials that were not modulated on noncancelled trials
as well as separate SEF neurons modulated by noncancelled
errors and reinforcement. Ito et al. (2003) identified single units
in the ACC modulated by errors and reinforcement but not
response conflict. Field potentials, both those recorded from
the scalp and intracranially, are hypothesized to be produced
by standing synaptic dipoles, a signal to which action potentials may not contribute. Therefore further work is required to
examine field potentials in the medial frontal cortex for components that may contribute to conflict-related potentials recorded from the scalp.
The possibility exists that species, task, and effector
differences may contribute to the differences observed for
countermanding saccades in macaque monkeys versus human manual responses in the context of a flanker or stroop
task. However, the ERN is evoked by saccade errors in the
stop signal and antisaccade tasks (Endrass et al. 2005;
Nieuwenhuis et al. 2001), and functional imaging has revealed that the ACC is active for cancelled and noncancelled
saccades (Curtis et al. 2004). Therefore it is unlikely that the
absence of ACC field potentials modulated by conflict is due
to effector or task differences. Stahl and Gibbons (2007)
have proposed an alternative account of conflict monitoring
in the context of the manual version of the stop signal task.
In their account, conflict is greater on noncancelled trials
than on cancelled trials. Only one saccade can be produced
at a time, but multiple simultaneous manual responses are
common. Further investigation is required to determine if
conflict produced for competing bimanual response representations differs from the conflict between competing gazeshifting and -holding processes. This does not, however,
rule out the possibility that conflict occurs in other parts of
the medial frontal cortex. Conflict-related single-unit activity in the SEF and activation in the supplementary motor
area have also been observed under conditions of response
conflict (Garavan et al. 2003; Stuphorn et al. 2000).
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neurons decreases after the target is presented. In contrast, on
cancelled trials, the activity of movement neurons approaches
but does not achieve the level of activity at which the saccade
is triggered, and the activity of fixation neurons, which had
decreased after the target was presented, increases before the
SSRT.
The present analysis of the ACC field potentials, revealed
vanishingly few sites with LFP modulation when movements
were canceled that was early enough to contribute to controlling the initiation of the saccades. At sites with a significant
LFP modulation on cancelled trials, the latency was much
longer than the SSRT (Fig. 3). This is consistent with the
observation that saccades can be evoked by stimulation of few
sites in the ACC (Luppino et al. 1991; Mitz and Godschalk
1989; Talairach et al. 1973).
This evidence against the ACC having a direct role in the
control of gaze shifts is generally consistent with the results of
lesion studies in both humans and monkeys. Human ACC
lesion patients are not deficient in producing simple saccades to
visual stimuli but are deficient in the ability to voluntarily
inhibit reflexive saccades (Paus et al. 1991) and in the production of antisaccades, memory guided saccades, and sequences
of visually guided saccades (Gaymard et al. 1998). Macaques
with ACC lesions have deficits specific to the maintenance and
selection of responses associated with different rewards but not
in basic task performance (Kennerley et al. 2006; Rushworth
et al. 2003).

INTRACRANIAL PERFORMANCE MONITORING FIELD POTENTIALS

Error monitoring
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et al. 1993; Scheffers et al. 1996) and fMRI (Debener et al. 2005;
Garavan et al. 2003). We found that the variations in response
time adjustment did not covary with the magnitude of errorrelated field potential modulation (negative- or positive-going)
on the preceding noncancelled trial similar to other recent
studies of human subjects (Gehring and Fencsik 2001; Nieuwenhuis et al. 2001). However, the general interpretation of
these results should acknowledge that response times do not
increase systematically following noncancelled saccade errors
(Cabel et al. 2000; Emeric et al. 2007a), and the overwhelming
majority of these saccades are not followed by an immediate
corrective saccade back to the initial fixation (Ito et al. 2003).
Thus it is possible that medial frontal error signals are not used
to control response times in subjects performing the saccade
stop signal task and are instead a generic monitor of the
occurrence of errors (e.g., Holroyd et al. 1998).
Reinforcement learning
The reinforcement learning hypothesis proposes that the
frontocentral negativity is elicited by events signaling error,
loss of reinforcement, or punishment (e.g., Gehring and Willoughby 2002; Miltner et al. 1997). Holroyd and Coles (2002)
hypothesize that the mesencephalic dopamine system conveys
a negative reinforcement learning signal to the frontal cortex
when human participants commit errors in reaction time tasks.
They also proposed that errors induce phasic changes in mesencephalic dopaminergic activity that is manifest through ACC
activity producing the ERN. Consistent with this, single units
in ACC that discharge after errors are also active when earned
reinforcement is withheld (Ito et al. 2003; see also Niki and
Watanabe 1979). Also in monkeys performing the saccade stop
signal task, other neurons in ACC modulate in a manner
directly paralleling dopamine neurons (Ito et al. 2003). In other
words, single units in the ACC signal whether ongoing events
are better or worse than expected.
Consistent with the single-unit data, we observed feedbackrelated modulation on correct no-stop signal trials when reinforcement was withheld. However, further examination is required to test whether these LFPs are modulated in a way
consistent with the reinforcement learning hypothesis. In particular, if the reinforcement learning hypothesis were true, then
the amplitude of the LFP in the ACC should be modulated by
reinforcement predictability, being large for unexpected errors
and absent or possibly of reversed polarity for unexpected
rewards (e.g., Holroyd et al. 2003).
Source localization
The ERN has a frontocentral distribution over the scalp such
that a dipole for the ERN can be located in the ACC (e.g.,
Dehaene et al. 1994; Miltner et al. 1997; van Veen and Carter
2002). However, being an inverse problem (Helmholtz 1853),
an effectively infinite number of dipoles can account for a
given scalp potential topography. Intracranial recordings can
contribute useful data to constrain the range of plausible
solutions. We found prominent, mostly biphasic, LFPs resembling human scalp ERN/Pe potentials in the monkey ACC after
noncancelled errors on stop signal trials. Our results are consistent with previous reports of error-related field potentials in
the medial frontal lobe of macaques (Gemba et al. 1986). In
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Converging evidence from imaging, ERPs, and intracranial
field potentials have implicated the ACC as the generator of the
ERN (reviewed by Bush et al. 2000). In this investigation, we
consistently observed negative-going potentials followed by
positive-going potentials after noncancelled errors throughout
the dorsal bank of the ACC in monkeys performing a saccade
stop signal task. This LFP modulation was not observed when
comparing correct cancelled stop signal trials to correct no-stop
signal trials. Therefore the LFP modulation was not evoked by
the stop signal. The LFP modulation occurred after both
contra- and ipsiversive errant noncancelled saccades. Therefore it is unlikely that this modulation is due to a sensory or
movement-evoked potential. We therefore interpret this LFP
modulation as signaling the occurrence of an error. Intracranial
error-related potentials have been previously observed in the
ACC of macaque monkeys (Gemba et al. 1986). In addition,
intracranial error-related potentials have been observed in humans that covary in time with potentials recorded at the scalp
(Brázdil et al. 2002, 2005). This evidence leads us to the
conclusion that the error-related potentials observed in this
study are intracranial analogs of the ERN/Ne and the Pe.
Further work is required, though, to confirm that an ERN can
be recorded extracranially in macaques.
Further evidence supporting this conclusion is found in the
timing of the intracranial field potential relative to the human
ERN. In humans performing manual stop signal tasks, an ERN
is recorded that exhibits a peak negative deflection 80 ms after
the error response (Kok et al. 2004; Ramautar et al. 2004,
2006a,b). Similarly, the ERN measured during an antisaccade
task peaked !80 ms after error saccades (Nieuwenhuis et al.
2001). ERP components measured from the scalp are derived
from LFPs distributed within some volume of tissue. We found
that across individual sites, the ERN occurred as early as 12 ms
before and as late as 300 ms after the errant saccade. Averaged
across individual sessions, the intracranial error-related field
potential began !150 ms after the errant saccade; however, in
the grand average field potential, a significant negative-going
polarization was measured beginning 40 ms and peaking 104
ms after the saccade. Given known conduction time differences
between larger human and smaller macaque brains, these time
values are very comparable.
Another line of evidence concerns the morphology of the
polarization. Similar to the grand average error-related LFP
reported here, the ERN waveform for saccades appears doublepeaked (Nieuwenhuis et al. 2001; Van’t Ent and Apkarian
1999). However, the response-locked ERN may overlap with
the stop signal-locked N2, therefore the negative-going potentials observed following noncancelled errors may reflect both
stop signal and error-related processing (e.g., Dimoska et al.
2006; Ramautar et al. 2004, 2006a,b). Thus the topographic
and temporal similarity between the human ERN and the
intracranial error-related negative-going field potential in the
macaque ACC suggests that the intracranial potential contributes to the dipole producing the surface potential.
The error-detection hypothesis originally included the
premise that ERN magnitude relates to response time adjustments (Coles et al. 1995; Gehring et al. 1993). Several studies
have examined this relationship with diverse results using
ERPs (Debener et al. 2005; Gehring and Fencsik 2001; Gehring
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Cingulate cortex and gaze control
We now consider how signals in the portion of the dorsal
bank of the ACC, in which we found these LFP signals, might
influence the ocular motor system. In doing so, though, it is
critical to recognize that anatomical tracer studies have not
been performed that restrict tracer injections to this portion of
area 24c. Granting this, signals in the ACC can influence the
ocular motor system because the rostral cingulate cortex of
monkeys is oligosynaptically connected to extraocular motoneurons (Moschovakis et al. 2004). The ACC is only weakly
connected with the FEF (Barbas and Mesulam 1981; Huerta
and Kaas 1990; Stanton et al. 1993; Van Hoesen et al. 1993;
Vogt and Pandya 1987; Vogt et al. 1987) and does not project
to the SC (Fries 1983).
Other routes for the ACC to influence saccade production
are available. First, the region of the ACC in which we
recorded performance monitoring LFP signals is reciprocally
connected with the SEF (e.g., Huerta and Kaas 1990; Luppino
et al. 2003). Previous work has shown that subthreshold microstimulation of the SEF improves performance of the stop
signal task by monkeys by delaying saccade initiation (Stuphorn
and Schall 2006). Second, the ACC might also influence
performance through connections with prefrontal areas 9 and
46 (Barbas and Pandya 1989; Selemon and Goldman-Rakic
1988; Vogt and Pandya 1987), but the role of these areas in
saccade countermanding has not been investigated so no more
can be inferred at this time. Third, Aron and Poldrak (2006)
have emphasized a critical role of the subthalamic nucleus in
response inhibition during a manual stop signal task. The
subthalamic nucleus is innervated by the FEF and SEF but not
ACC (e.g., Frankle et al. 2006; Huerta and Kaas 1990; Huerta
et al. 1986). Finally, the ACC can exert a more subtle influence
through its projections to the locus coeruleus (reviewed by
Aston-Jones and Cohen 2005). Clearly, much more work is
needed to determine the relative contributions of each of these
pathways in the executive control of gaze.
J Neurophysiol • VOL

Conclusion
This study provides evidence of an analog of the ERN in the
ACC field potentials of monkeys performing a stop signal task.
Electrophysiological studies have led to the current view that
electrical potentials recorded at the scalp are the result of
summed cortical LFPs, which are generated by the synchronous synaptic activity of populations of neurons. Finding
error-related field potentials concomitantly with unit activity in
the ACC provides a bridge between the human ERN literature
and the monkey neurophysiology literature. These findings
provide an avenue for more closely examining the neural
events that give rise to human ERPs.
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