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ARTICLE

Concordant neurophysiological signatures of cognitive control
in humans and rats
Mykel A. Robble1, Hans S. Schroder1,2, Brian D. Kangas1, Stefanie Nickels1, Micah Breiger1, Ann M. Iturra-Mena1, Sarah Perlo1,
Emilia Cardenas1,3, Andre Der-Avakian4, Samuel A. Barnes4, Stefan Leutgeb4, Victoria B. Risbrough 4, Gordana Vitaliano1,
Jack Bergman1, William A. Carlezon Jr. 1 and Diego A. Pizzagalli 1

Progress towards understanding neural mechanisms in humans relevant to psychiatric conditions has been hindered by a lack of
translationally-relevant cognitive tasks for laboratory animals. Accordingly, there is a critical need to develop parallel
neurophysiological assessments of domains of cognition, such as cognitive control, in humans and laboratory animals. To address
this, we developed a touchscreen-based cognitive (Eriksen Flanker) task in rats and used its key characteristics to construct a novel
human version, with similar testing parameters and endpoints across species. We obtained continuous electroencephalogram (EEG)
recordings, including local field potentials in rats, and compared electrophysiological signatures locked to stimulus onset and
responses across species. We also assessed whether behavioral or physiological task effects were modulated by modafinil, which
enhances aspects of cognitive function in humans. In both species, the task elicited expected flanker interference effects (reduced
accuracy) during high-conflict trials. Across homologous neuroanatomical loci, stimulus-locked increases in theta power during
high-conflict trials as well as error-related negative potentials were observed. These endpoints were not affected by modafinil in
either species. Despite some species-specific patterns, our findings demonstrate the feasibility of a rat Flanker task as well as cross-
species behavioral and neurophysiological similarities, which may enable novel insights into the neural correlates of healthy and
aberrant behavior and provide mechanistic insights relevant to treatment.

Neuropsychopharmacology (2021) 46:1252–1262; https://doi.org/10.1038/s41386-021-00998-4

INTRODUCTION
The prevalence of psychiatric illness in the United States continues
to increase [1]. Despite longstanding promises that a better
understanding of the biological basis of complex behavior would
hasten the development of new therapeutics for neuropsychiatric
illness, there has been limited success in the last 50 years [2].
Although myriad factors can explain this modest progress, a lack of
convergence between human and animal models is often
implicated. Indeed, there is a widely acknowledged disconnect
between preclinical and clinical cognitive neuroscience [3], and
discoveries made in laboratory animals have often failed to provide
the basis for new therapeutics. Such failures have called into
question the utility of animal models in psychiatric drug discovery,
particularly in domains related to cognition [4]. A new approach to
the study of cognition in laboratory animals—one informed by task
features and neural endpoints used in humans—is needed to
reduce this translational gap. Consistent with the principles of the
research domain criteria (RDoC) initiative [5], the development of
translationally-relevant behavioral and neurophysiological assess-
ments of cognition would be transformative for promoting a new
understanding of brain function in healthy populations and
dysfunction associated with neuropsychiatric illness.
Cognitive control refers to the ability to guide goal-directed

behavior and includes conflict detection and error correction. In

humans, one of the most common methods to evaluate cognitive
control is the Eriksen Flanker task [6], which requires subjects to
respond to a set of stimuli containing non-conflicting (e.g.,
“<<<<<”) or conflicting (e.g., “<<><<”) elements as quickly and
accurately as possible. Human electroencephalogram (EEG)
studies have found that the Flanker task reliably elicits midfrontal
cortical signals, including a type of event-related potential (ERP)
known as the error-related negativity (ERN; [7]) and increased
theta power [8]. The midfrontal cortex, and in particular the
anterior cingulate cortex (ACC), is considered a neural “hub”
critically implicated in integrating cognitive, motor, and emotional
control functions [9–12]. Aberrant neural activity in the midfrontal
cortex has been associated with a range of psychopathologies,
including depression, schizophrenia, and anxiety disorders
[13–15]. Though the clinical investigation of cortical function via
the Flanker task has been substantial, direct cross-species
comparisons in an analogous task have been lacking.
There are several ongoing efforts to develop translationally-

aligned cognitive tasks in humans and rats, including time-
estimation tasks, foraging decision-making tasks, probabilistic
reversal learning tasks, and aspects of the CANTAB task battery
[16–19], which continue to yield valuable insights into the neural
basis of cognition. While these tasks are designed to examine
several distinct domains of cognition, to the best of our
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knowledge, a rodent version of the Erikson Flanker task has never
been developed. The Flanker task has ideal characteristics for
cross-species evaluations of cognitive control, as it provides the
opportunity to assess neurophysiological responses during both
conflicts [20] and response evaluation [21, 22]. Here, we
developed a novel touchscreen-based cross-species Flanker task,
enabling us to compare electrophysiological responses in both
rats and humans. After extensive piloting and optimizations, we
first identified visual stimulus parameters under which the rats
could perform the task reliably and that yielded expected
behavioral patterns, and then applied these parameters to a
parallel version in humans. We then assessed ERPs and spectral
changes following both conflict and errors and determined
whether modafinil, a drug that enhances some aspects of
cognitive function in humans [23], would dose-dependently
increase several of these responses including the N200, ERN,
and frontal theta power. Notwithstanding some species-specific
characteristics, our findings highlight substantial qualitative
similarity in behavioral and electrophysiological signatures of
cognitive control.

MATERIALS AND METHODS
Humans
Thirty right-handed volunteers were recruited and a total of
26 subjects (14 male, 12 female, mean ± SD age: 23.81 ± 4.82) were
retained for final data analyses (N= 4 dropped due to having
fewer than six artifact-free ERP trials; [24]). Subjects were free of
any psychiatric history, as determined by the Structured Clinical
Interview for DSM-5 (SCID-5; [25]) administered by a clinician.
Subjects were compensated $452 for participation. All procedures
were approved by the Partners Healthcare Institutional Review
Board, and subjects provided written informed consent in the
presence of a medical doctor prior to participation.

Procedure
The study comprised four sessions, separated by at least one
week. Using a double-blind, within-subjects, placebo-controlled
design, subjects were administered 0mg (placebo), 100 mg, or
200mg modafinil (2 h pretreatment; [26]). Continuous electro-
encephalographic (EEG) activity was recorded from a customized
96-channel actiCAP system using an actiCHamp amplifier (Brain
Products GmbH, Gilching, Germany). The EEG assessment
consisted of an 8-min baseline recording of resting EEG (4 min
eyes open, 4 min eyes closed), and a randomized assignment to
either a Flanker task or a probabilistic reversal learning task (the
results of which will be reported separately). Analyses examining
the effects of task order revealed no significant differences.
Subjects completed a modified version of the Eriksen Flanker

task ([6, 27]; Fig. 1) that was first optimized for rats and then
forward-engineered for humans. Subjects were seated ~70 cm in
front of a computer monitor inside an acoustically and electrically
shielded booth. All stimuli were presented on a 22.5-in. (diagonal)
VIEWPixx monitor (VPixx Technologies, Saint-Bruno, Canada) using
PsychoPy software [28]. Subjects were instructed to indicate the
color of a center image (target) within a three-image display using
one of two buttons (counterbalanced) on a Cedrus response pad
(model RB-740m, Cedrus Corporation, San Pedro, CA). Violet
flowers and green leaves (identical to the stimuli used in rats)
constituted the images in the task and flanker images could either
match (congruent trial) or not match (incongruent trials) the
center image. During each trial, the two flanking stimuli were
presented 100 ms prior to target onset, and all three images
remained on the screen for 50 ms. A feedback message with the
words “TOO SLOW!!!” was displayed if subjects responded slower
than 600 ms in the first block, or outside of the 85th percentile of
their own RTs in the previous block for blocks 2 through 5. After
each response, subjects were shown a blank screen for
1000–1250ms before receiving a feedback stimulus (1000ms)

Fig. 1 Flanker task design. A Rat task design. Rats underwent 300 trial Flanker task test sessions. In each trial, the flankers appeared on the
screen 1000ms prior to the target stimulus presentation. Target presentation coincided with the appearance of two response boxes (shown in
blue) and the opportunity to respond. Immediately following a response, a 1000ms tone was presented to indicate the accuracy, and correct
responses were rewarded. B Human task design. The flankers were presented for 100ms prior to the target presentation. The target stimulus
was presented for 50ms, after which time the full stimulus complex was removed and subjects had 1850ms to respond. Following the
response period, there was jittered inter-stimulus interval which preceded the presentation of visual feedback.
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displaying correct (dollar sign enclosed in an empty circle) or
incorrect (empty circle) (Fig. 1B).

Rats
Six male (226–250 g) and six female (176–200 g) Long-Evans rats
were purchased from Charles River Laboratories (Wilmington, MA).
One male rat was euthanized following head cap assembly failure
and excluded from all analyses. Rats were initially housed in
groups of three and then singly housed following electrode
implantation surgery. Rats were maintained on a 12 h light/dark
cycle (lights on 7:00 a.m. to 7:00 p.m.) with ad libitum access to
food and water and were mildly food-restricted during visual
discrimination training and Flanker Task testing. All procedures
were approved by the McLean Hospital Institutional Animal Care
and Use Committee and consistent with the 2010 National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Electrode implantation surgery
Rats were initially trained in a visual discrimination task (see
Supplemental methods) and then underwent stereotaxic surgery
to implant recording electrodes. Rats were anesthetized with
isoflurane (1.5%) and skull screw (EEG) electrodes were lowered to
dura bilaterally at a frontal site (AP: +3.7, ML: ±2.6), unilaterally
over an occipital site (AP: −7.0, ML: −3.5), and two cerebellar sites
which served as reference and ground electrodes. Single tungsten
wire electrodes were implanted unilaterally into the ACC (ACC;
AP: +2.7, ML: +0.8, DV: −2.1), the nucleus accumbens core (NAcC;
AP: +1.3, ML: −1.3, DV: −7.1), and primary visual cortex
(V1; AP: −7.0, ML: +3.5, DV: −1.6) contralateral to the occipital
screw to record local field potentials. All dorsal-ventral calculations
were made from the skull surface. Finally, a single 2 mm Ag/AgCl
disk was placed on the skull (AP: +2.5, ML: +0.8) immediately
posterior to the ACC LFP wire to collect EEG signals in a less
invasive manner (Supplemental Fig. 1). Electrodes were connected
to an EIB-16 electrode interface board (Neuralynx) and the
assembly was secured to the skull using dental acrylic.

Procedure
Following a 7-day recovery period, rats were given additional
discrimination training to re-establish stable performance (70%
accuracy for two consecutive sessions). These sessions were
conducted in the electrophysiological recording environment, a
Faraday cage (MED-PC) that housed a custom-built, fully plexiglass
operant box designed to optimize recording quality. Once the
stable performance was re-established, a series of test sessions
were conducted (Fig. 1A) after rats were pretreated (30 min; i.p.)
with 0 mg (DMSO vehicle), 16 mg, 32 mg, or 64 mg/kg modafinil
using a Latin-square repeated measures design. Under similar
testing conditions, DMSO has no effect on locomotion, attention,
or motivation in rats [29, 30].
Immediately prior to testing, a head stage cable (Intan

Technologies) was connected to an RHD 16 channel amplifier
board (Intan Technologies) and secured to the head-mounted
electrode interface board. Rats were then placed in the operant
chamber and the head stage cable was attached to a commutator
held in place above the chamber by a balance arm (MED-PC) to
allow unrestricted movement inside the chamber. Continuous EEG
and LFP data were recorded during each Flanker task test session
using the RHD-2000 recording system and supported data
acquisition software (Intan Technologies). Visual stimuli (green
leaves/violet flowers) were used in the human task and were
presented on a touchscreen. The task consisted of 300 trials on an
FR1 schedule of reinforcement with no limited hold on respond-
ing. Correct responses resulted in the delivery of a sweetened
condensed milk reward (30%; 0.1 ml/reinf) and the previously
paired correct tone, while incorrect responses resulted in no
reward delivery and the previously paired incorrect tone. To

increase the saliency of target presentation and improve accuracy
on incongruent trials, the flanking stimuli were each 50% of the
size of the target stimulus (Fig. 1A). Between testing sessions, rats
were required to regain criteria for successful discrimination,
resulting in a minimum of two days between each drug test.

Histology
Upon completion of testing, rats were euthanized, and brains
were removed and fixed in 4% paraformaldehyde for at least
14 days. Brains were then sliced into 40 µm sections, mounted,
stained with cresyl violet, and coverslipped. Representations of
electrode placements [31] are shown in Supplemental Fig. 2.

Cross-species data analysis
To analyze response latencies, data in both species were natural
log-transformed, as response latencies were not normally
distributed. Outlier trials were identified and removed using
±3 standard deviations from the mean as a threshold. Statistical
analyses were performed on the transformed data, while
untransformed values were used to generate figures.
To enable cross-species comparisons, all data were analyzed

with BrainVision Analyzer 2.0. Given the differences in electrode
sensitivity across species, species-specific artifact rejection criteria
were used. In humans, epochs were rejected if any of the
following criteria were met: (1) a voltage step exceeding 50 µV in
200-ms time intervals, (2) a voltage difference of more than 150 µV
within a trial, or (3) a maximum voltage difference of less than 0.5
µV within a trial. In rats, epochs were rejected as artifactual if any
voltage step exceeding 300 µV occurred in 200-ms time intervals.
For the LFP channels, the range was extended to 400 µV given the
enhanced sensitivity to local voltage fluctuations.
Data were band-pass filtered from 0.1 to 30 Hz. Stimulus-locked

and response-locked data were segmented into individual epochs
spanning from 1500ms before and after the event (segments
were 3000ms in length), baseline-corrected (described below),
and averaged. For the stimulus-locked data in both species, only
data from stimuli that preceded a correct response were
considered for further analysis [32]. For response-locked data in
humans, trial segments were only considered if the responses fell
within an individually-determined 95% confidence interval of
incongruent-trial response times (RTs). For response-locked data in
rats, trial segments were only considered if the responses fell
within 10 s following target stimulus onset.
In humans, stimulus-locked ERPs were quantified as the average

activity within the 230–290ms time window following the target
stimulus onset on correct trials at channel 2, which corresponds
roughly to electrode FCz, and were computed in reference to a
−250 to 0ms pre-stimulus window. In rats, data were baseline
corrected from −500 to 0ms pre-target stimulus presentation.
Stimulus-driven deflections in rats were not apparently different
by condition (incongruent vs. congruent) on correct trials in any
relevant time window and thus, all-time points were compared
(see statistical analyses).
In humans, the ERN was quantified as the average amplitude

between 0 and 100 ms following response onset, and subsequent
error-related positivity (Pe) was quantified as the average
amplitude between 120 and 270ms post-response at channel 9,
which corresponds to electrode Fz. The resulting averages were
then baseline-corrected by the 800–700ms pre-response time
window. In rats, post-response negativity and subsequent
positivity were baseline corrected by −500 to 0ms pre-response
time and were quantified between 115–265 ms and 300–600 ms,
respectively. In both species, response-locked ERPs were eval-
uated on incongruent trials only to disentangle error- and
congruency-related effects.
Theta power was isolated using a complex Morlet wavelet

transformation. Pre-processing steps were similar to those
completed in the time domain. Following artifact rejection with
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the parameters specified above, a complex Morlet wavelet
transformation was implemented using a Morlet parameter c of
3.5 applied to the data from 1 to 30 Hz in 30 frequency steps
distributed on a logarithmic scale. A percentage change baseline
correction (BVA 2.0 Solution by Dr. Ingmar Gutberlet, 2014)
was implemented by first averaging the amplitude in a −500 to
−300ms pre-stimulus window for the stimulus-locked data and
−500ms to −200ms pre-response window for the response-
locked data. Thus, subsequent power values reported below are
calculated based on the percentage change of power relative to
the baseline period according to the formula: percentage change
(time-frequency)= activity (time-frequency− baseline frequency)/
baseline frequency [33].
In humans, total power values on individual trials were exported

in the 300–500ms post-target window for stimulus-locked data
and the 0–200ms post-response time window for response-
locked data and averaged. In rats, total power values on individual
trials were exported in the 50–250 ms post-target time window for
stimulus-locked data and the 200–600ms post response time
window for response-locked data and averaged. In humans, for
both stimulus- and response-locked theta calculations, wavelet
layers were extracted corresponding to the theta frequency band
(4.09–6.53 Hz). Frequency power was maximal at frontal central
electrode sites and thus exported at channel 2 (roughly
corresponding to FCz) for stimulus-locked theta and channel 9
(Fz) for response-locked theta. In rats, stimulus-locked theta power
was quantified by extracting wavelet layers corresponding to the
theta frequency band at electrodes with apparent differences in
theta power between trial types (frontal EEG screw: 3.61–7.31 Hz).
The rat theta band analyzed here lies well within the previously
defined range of 3–12 Hz 3 [34, 35] and approximated the analysis
band in humans. Similarly, response-locked delta power was
quantified by extracting wavelet layers corresponding to the delta
frequency band in the ACC LFP channel, where we observed an
apparent difference in delta power between errors and correct
responses (1.01–2.05 Hz).

Experimental design and statistical analyses
In two rats, signals from the frontal EEG screws appeared to be
cross-contaminated (shorted) and data from these electrodes
were excluded from analyses. Thus, the final sample size was 11
rats (5 male, 6 female); however, for frontal EEG channels only, the
final sample was 9 rats (4 male, 5 female). This smaller sample was
used for evaluation of target stimulus-locked ERPs and spectral
power, as these signals were assessed at frontal EEG channels. The
full sample-sized was available for all other behavioral and
physiological measures. Statistical analyses were designed to
enable three determinations: (1) whether expected Flanker task
effects were detectable in either species, (2) whether these effects
were modulated by modafinil treatment, and (3) whether task
effects were similar across species. Relevant dependent measures
considered for analysis were accuracy and reaction time, as well as
stimulus-locked and response-locked ERPs and changes in
spectral power.
To determine the effects of congruency and modafinil

treatment on cognitive control variables, species-specific repeated
measures ANOVAs were used with Congruency (congruent,
incongruent) and Dose (humans: placebo, 100 mg, 200mg
modafinil; rats: vehicle, 16 mg, 32 mg, and 64mg/kg modafinil)
as within-subject factors and Sex as a between-subject factor.
Significant main effects or interactions were further examined
using Bonferroni’s post-hoc comparisons. When no significant
main effects or interactions were observed, a paired t-test in the
placebo/vehicle condition was used to determine whether
expected task effects were present in a drug-free state. To
quantitatively assess cross-species similarity, significant effects
were compared using univariate analysis with Species and Sex as
between-subject factors (see Supplemental methods). Bayes

Factor analyses were performed in JASP 0.14 (see Supplemental
Methods and Table S1; University of Amsterdam; Amsterdam, the
Netherlands) and all other statistical analyses were performed in
SPSS 24 (IBM; Armonk, NY).

RESULTS
Behavior
In humans, accuracy in all treatment conditions was lower on
high-conflict incongruent trials compared to low-conflict con-
gruent trials (F(1,24)= 110.64, p < 0.001, η2p= 0.82, BF10= 3.45 ×
1028; Fig. 2A), and this effect was observed in all subjects in all
treatment conditions (binomial p(26/26) < 0.001). In the placebo
condition, accuracy on incongruent trials was significantly reduced
compared to congruent trials (t(50)= 14.74, p < 0.001, Cohen’s
d= 4.17; note that for analyses of placebo/vehicle data, degrees of
freedom take into consideration Bonferroni post hoc compar-
isons). In rats, accuracy was lower on incongruent trials compared
to congruent trials in all treatment conditions (F(1,9)= 254.99, p <
0.001, n2p= 0.966, BF10= 1.71 × 1014; Fig. 2B), and reduced
accuracy on incongruent trials was observed in each subject
(binomial p(11/11) < 0.001). In the vehicle condition, accuracy on
incongruent trials was significantly reduced compared to con-
gruent trials (t(30)= 7.65, p < 0.001, Cohen’s d= 2.79). In both
species, these results are consistent with the well-characterized
flanker interference effect [9]. Contrary to our hypotheses,
modafinil treatment did not affect accuracy in humans (Fs < 2.60,
ps > 0.09, BF10= 0.15) or rats (Fs < 1.7, ps > 0.18, BF10= 0.17). To
examine cross-species similarity, we conducted a repeated-
measures ANOVA using Flanker Interference difference in accuracy
scores (congruent accuracy—incongruent accuracy) as a depen-
dent variable, and Drug (placebo, low, and high dose modafinil) as
within-subjects factors, and Sex and Species as between-subjects
factors. There was a significant main effect of Species (F(1,33)=
5.64, p= 0.024, n2p= 0.146), indicating that, while both species
showed a significant interference effect, the effect was larger in
humans (Fig. 2C). Critically, there was no species × drug interaction
(p= 0.394), indicating cross-species similarity in performance
across drug conditions.
In humans, reaction time was slower on incongruent trials

relative to congruent trials in all treatment conditions (F(1,24)=
439.02, p < 0.001, η2p= 0.95, BF10= 2.32 × 1044; Fig. 2D), an effect
that was observed in all subjects (binomial p(26/26) < 0.001). In the
placebo condition, reaction time was significantly slower on
incongruent compared to congruent trial types (t(50)= 29.77, p <
0.001, Cohen’s d= 8.42). In rats, reaction times were similar on
incongruent and congruent trials (F(1,9) < 1.4, p > 0.27, BF10= 0.22;
Fig. 2E). Modafinil treatment did not affect reaction time in either
humans (Fs < 1.18, ps > 0.31, BF10= 0.1) or rats (Fs < 2.3, ps > 0.1,
BF10= 3.55). The two species were not directly compared because
rats did not show an interference effect on reaction time.
Together, these results demonstrate cross-species concordance
for the Flanker interference effect on accuracy (which was,
however, statistically larger in humans than rats), and similar
(null) effects of modafinil in both species.

Electrophysiological results
Stimulus-locked ERPs. In humans, we found a larger negative
voltage deflection 230–290ms post-stimulus presentation
on incongruent relative to congruent trials across treatment
conditions, with the maximal signal detected at FCz (F(1,24)=
63.9, p < 0.001, η2p= 0.727, BF10= 1.31 × 1011; Fig. 3A, C). This
deflection was observed in nearly all subjects in the placebo
condition (binomial p(23/26) < 0.001), was significantly greater
on incongruent trials in the placebo condition (t(50)= 7.71, p <
0.001, Cohen’s d= 2.18), and is consistent with the stimulus-conflict
N200 component observed in Flanker tasks [36]. There was no effect
of modafinil treatment on the N200 (F < 1.0, p > 0.4, BF10= 0.11). To
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determine a potential source of the N200 in the placebo condition,
we used sLORETA [37]. As expected, we found that congruency
(incongruent minus congruent) resulted in significant activation (p <
0.05, corrected for multiple comparisons) in areas in the middle

frontal lobe, including medial frontal gyrus (Brodmann area (BA) 6,
BA 9, BA 10; Fig. 3D, E, Table S2). Given that there were no
discernable N200-like ERPs in the stimulus-locked rodent data
(Fig. 3B), data were entered into a TANOVA using sLORETA. The

Fig. 3 Stimulus-locked event-related potentials. Congruent target presentation is shown in blue, incongruent target presentation in red,
and the difference wave (incongruent−congruent) in black. Target stimulus presentation is indicated by the vertical line at time 0. A Human
FCz placebo condition (n= 26). Trial types were compared in the 230–290ms time window as indicated by the shaded box. B Rat frontal EEG
vehicle condition (n= 9). In rats, ERPs did not differ by trial types, so all points were compared. C Human data across drug treatment. Modafinil
had no effect on the N200 component. D Human scalp distribution of the N200 (incongruent minus congruent) from 230 to 290ms post
target stimulus presentation. E Source localization of the N200 computed by sLORETA. The peak voxel was located in the Precentral Gyrus (BA
6; X= 59, Y= 2, Z= 32; t= 6.80, p < 0.05, corrected), and the cluster surviving correction for multiple comparisons encompassed prefrontal
and anterior cingulate cortices. BA Brodmann area. X, Y, Z coordinates are based on Talairach coordinates. A Anterior, P Posterior, L Left, R
Right. The significant main effect of congruency indicated by figure legend “*”.

Fig. 2 Behavioral results. A Human response accuracy. Average response accuracy is shown as a percentage of correct trials (n= 26). B Rat
response accuracy. Average response accuracy is shown in the percentage of correct trials (n= 11). C Cross-species comparison of the
interference effect on accuracy. The difference between accuracy on congruent and incongruent trials (y-axis) is significantly larger in humans.
D Human reaction time. Average reaction time shown in seconds. E Rat reaction time. Average reaction time shown in seconds. The significant
main effect of congruency indicated by figure legend “*”. Data are presented as mean ± standard error of the mean.
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congruency effect (incongruent minus congruent) was computed
via paired-samples t-tests. Using this method and the resulting
critical t value (t > 5.66), we detected no significant differences
between congruent and incongruent trials in rats (all ps > 0.05). In
the absence of a stimulus-locked N200-like deflection in the rats, the
two species were not directly compared.

Stimulus-locked spectral power (theta). Frontal theta power in
humans was greater following incongruent than congruent target
stimulus presentation across treatment conditions (F(1,24)=
39.32, p < 0.001, η2p= 0.61, BF10= 2.34 × 107; Fig. 4A, C). Theta
power on incongruent trials was significantly greater than
congruent trials in the placebo condition (t(50)= 3.66, p=
0.0018, Cohen’s d= 1.03), and this effect was observed in nearly
all subjects (binomial p(22/26) < 0.001). In rats, theta power did not
differ between congruent and incongruent trial types across drug
conditions (F < 0.01, p > 0.9, BF10= 0.25). However, in the vehicle
condition, theta power was larger on incongruent trials than
congruent trials at the right frontal EEG electrode (t(8)= 3.07, p=
0.015, Cohen’s d= 1.02; Fig. 4B, D), an effect that was observed in
nearly all rats (binomial p(8/9) < 0.02). Notably, as can be seen in
Fig. 4A, B, frontal theta in rats peaked earlier (~200 ms) than theta
in humans (~350ms). Modafinil treatment did not affect theta
power in humans (F < 0.6, p > 0.5, BF10= 0.10) or rats (F < 2.6, p >
0.08, BF10= 6.11). Notably, the large Bayes factor in rats, coupled

with the lack of significant effect of modafinil, implies that the
sample may have been underpowered to detect a drug effect on
frontal theta. Because increases in frontal theta in the placebo/
vehicle condition were observed in both species, we examined
cross-species similarity directly. There was no significant effect of
Species, however, we found a trend towards greater theta power in
humans (F(1,31)= 4.08, p= 0.052, η2p= 0.116; Fig. 4E).

Response-locked ERPs. In humans, a negative voltage deflection
(i.e., ERN) peaked between 0 and 100ms after incorrect responses
and was larger than the negative deflection following correct
responses across treatment conditions (F(1,24)= 123.56, p < 0.001,
η2p= 0.837, BF10= 2.91 × 1031; Fig. 5A, C). In the placebo
condition, the negative deflection was significantly larger after
incorrect responses (t(50)= 15.58, p < 0.001, Cohen’s d= 4.41).
This effect was present in nearly all subjects (binomial p(25/26) <
0.001), and is thought to reflect automatic error detection [21].
Similar difference waves in the response-locked ERP emerged in
rats in the ACC local field potential (F(1,9)= 48.66, p < 0.001, η2p=
0.844, BF10= 168.37; Fig. 5B, D). Relative negativity in the
difference between incorrect and correct responses was present
in nearly all subjects (binomial p(10/11) < 0.006) and was
significantly different in the vehicle condition (t(30)= 3.32, p <
0.001, Cohen’s d= 1.21). While the relative negativity in rats,
unlike in humans, was driven by an increased positivity on correct

Fig. 4 Stimulus-locked wavelets. Color plot data are plotted as the difference between incongruent and congruent target stimulus
presentation. Data are presented as percent change from baseline. Target stimulus presentation occurred at time 0. A Human FCz placebo
condition. Increased frontal theta power (4.09–6.53 Hz) from 300 to 500ms post target stimulus presentation. B Rat frontal EEG vehicle
condition. Increased frontal theta power (3.61–7.31 Hz) from 50 to 250ms post target stimulus presentation. C Human theta power across
drug treatment. D Rat theta power across drug treatment. Modafinil had no effect on conflict-induced changes in theta power in either
species. E Cross-species comparison of conflict-evoked theta power. Data were normalized as percent change [(incongruent−congruent)/
(incongruent+ congruent)] for cross-species comparison. The task elicited a trending (p= 0.052) larger conflict-evoked frontal theta signal in
humans than rats, indicated by “#”. The significant main effect of congruency indicated by figure legend “*”. Boxes indicate time-frequency
ranges exported for analysis.
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responses and occurred slightly later, the cross-species qualitative
similarity in difference waves, an essential consideration in ERPs
[38], is notable. Modafinil did not affect the error-related response
in humans (F < 2.7, p > 0.07, BF10= 0.13) or in rats (F < 0.2, p > 0.8,
BF10= 0.36). Because both species showed response-locked
negativity in the difference between incorrect and correct
responses in the placebo/vehicle conditions, we compared them
directly. We found a significant effect of Species (F(1,33)= 10.85,
p= 0.002, η2p= 0.247), indicating that, while both species
showed a negative difference between incorrect and correct
responses, this difference was larger in humans (Fig. 5E). To
determine a potential source of the human ERN, we used
sLORETA. As expected, errors were associated with significant (p
< 0.05, corrected for multiple comparisons) activation in the
medial frontal gyrus (BA 9, BA 6; Supplemental Fig. 3A–C,
Table S2).
In humans, immediately following the ERN, incorrect responses

were associated with a larger positive deflection (i.e., Pe)
compared to correct responses across treatment conditions (F
(1,24)= 22.61, p < 0.001, η2p= 0.485, BF10= 6.42 × 108; Fig. 5A). In
the placebo condition, the Pe (which is thought to reflect
attention allocation to the error; [39]) was significantly larger
following errors (t(50)= 5.86, p < 0.001, Cohen’s d= 1.66) and was
observed in the majority of subjects (binomial p(19/26) < 0.01).
Rats also exhibited a positive deflection in the error minus correct
difference wave, although this was driven by a large negative
deflection in the correct response across treatment conditions
(F(1,9)= 57.68, p < 0.001, η2p= 0.865, BF10= 8.47 × 107; Fig. 5B). In
the vehicle condition, the Pe was significantly larger following

errors (t(30)= 6.70, p < 0.001, Cohen’s d= 2.45), and this effect
was observed in nearly all subjects (binomial p(10/11) < 0.006).
Modafinil treatment did not affect the Pe humans (F < 0.6, p > 0.5,
BF10= 0.09) or rats (F < 0.6, p > 0.6, BF10= 0.12). Because both
species exhibited a significant Pe in the placebo/vehicle condition,
we compared them directly. We found a significant effect of
Species (F(1,33)= 8.826, p= 0.006, η2p= 0.211), indicating
that, while the task elicited a Pe-like deflection in both species,
the effect was larger in rats. Together, these results
demonstrate that the Flanker task elicited similar difference wave
components to response-locked ERPs, although the timing and
constituent deflections to error and correct trials differed between
species.

Response-locked spectral power. In human subjects, frontal theta
power was significantly increased following incorrect compared to
correct responses on incongruent trials across treatment condi-
tions (F(1,24)= 67.518, p < 0.001, η2p= 0.738, BF10= 3.52 × 1026;
Fig. 6A, C). In the placebo condition, theta power was significantly
larger following incorrect responses (t(50)= 11.83, p < 0.001,
Cohen’s d= 3.35). Such error-related increases in frontal theta
are commonly detected in Flanker tasks [8] and were observed in
nearly all subjects (binomial p(25/26) < 0.001). In contrast, rats did
not exhibit error-related theta power but did exhibit a
pronounced response-locked change in delta power, such that
delta power in the ACC local field potential was greater following
correct than incorrect responses across treatment conditions (F
(1,9)= 16.79, p= 0.003, η2p= 0.651, BF10= 2.19 × 105; Fig. 6B, D).
In the vehicle condition, the suppression of delta power was

Fig. 5 Response-locked event-related potentials. Correct responses are shown in blue, incorrect responses in red, and the difference wave
(incorrect−correct) in black. The response occurred at time 0 as indicated by the vertical line. A Human FCz placebo condition (n= 26). Errors
and correct responses were compared in the 0–100ms time window as indicated by the shaded box. B Rat ACC LFP vehicle condition (n= 11).
In rats, errors and correct responses were compared in the 115–265ms time window as indicated by the shaded box. C Human amplitudes
across drug treatment. D Rat amplitudes across drug treatment. Modafinil had no effect on response-locked ERPs in either species. E Cross-
species comparison of the difference between incorrect and correct responses. Data were normalized using the ratio of trial type-specific
standard deviations between the species to enable cross-species comparison. The task elicited a difference between incorrect and correct
responses in humans than rats. The significant main effect of accuracy indicated by figure legend “*”.
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significantly greater following errors (t(30)= 4.78, p < 0.001,
Cohen’s d= 1.53) and was observed in all subjects (binomial
p(11/11) < 0.001). Modafinil treatment did not affect response-
locked changes in spectral power in humans (F < 0.4, p > 0.7,
BF10= 0.07) or rats (F < 1.1, p > 0.3, BF10= 0.12). Because the two
species show different changes in response-locked spectral
power, they were not directly compared. These data indicate
that, while the task elicited response-evoked changes in spectral
power in both species, these effects had species-specific
characteristics.

DISCUSSION
The overarching goals of this work were to (1) develop a novel
cross-species task to probe cognitive control and (2) assess
similarities in neurophysiological responses during this task
between humans and rats. We used prior work in humans to
develop a novel version of the Eriksen Flanker task that rats could
perform via touchscreen and validated this new procedure in
humans to ensure that it produced the same general outcomes as
traditional versions. We then used these procedures to collect
task-aligned endpoints in rats and humans. We found that, in both
humans and rats, the task elicited an interference effect on
accuracy, conflict-induced increases in frontal theta power, and
relative negativity and subsequent positivity in the ERP following
errors. By comparing task effects observed in each species directly,
we found that the task elicited larger effects on Flanker
interference (accuracy), and relative negativity following
responses in humans, and a larger post-error positivity in rats
(driven by the large negative deflection following correct
responses). Collectively, the current data suggest that the neural
mechanisms that regulate cognitive control in rats may overlap
with those in humans.
A cross-species Flanker task enables the systematic testing of

hypotheses about basic cognitive control function, as well as the
ways in which alterations in neurotransmitter signaling affect
specific cognitive domains. For example, dopamine has been
consistently implicated in midfrontal cortex-mediated cognitive
control [40, 41], suggesting that increases in dopamine might

influence these measures. We tested this possibility with
modafinil, a dopamine reuptake inhibitor that has been shown
to increase extracellular levels of dopamine [22]. Based on a large
literature [42, 43], we had predicted that modafinil would dose-
dependently increase several signals, including N200, ERN, and
frontal theta power. Surprisingly, none of these signals were
modulated with modafinil in either species, though we observed a
trend in stimulus-locked theta power in rats (p= 0.08) that may
bear out in future studies. While modafinil has pro-cognitive
effects in humans [23], there are no reports describing modafinil
effects on conflict and response monitoring; as such, our data
suggest that that the drug might affect cognitive domains other
than conflict and response monitoring. Further evaluation of how
other, more efficacious dopaminergic drugs modulate these
activities will provide a critical context for the present results
with modafinil.
We found that both humans and rats exhibited increases in

theta power after high-conflict (incongruent) trials, with rats
showing earlier differentiation in the theta band than humans.
These findings align with earlier human source localization studies
indicating that these conflict-related signals originate in the ACC
[36], as well as with rodent studies demonstrating conflict-evoked
increases in ACC activity [44]. Indeed, we found the ACC to be a
source of conflict-induced ERPs in humans (Fig. 5E and Table S1).
Frontal theta power has emerged as an important index of
cognitive control after incorrect responses, increased conflict, and
negative feedback suggesting that it reflects a common mechan-
ism of cognitive control [8, 45]. Conflict-potentiated theta power
in humans, like the corresponding N200, reflects successful
inhibition of prepotent responses or the resolution of competing
response choices [32]. A prior study demonstrated increases in
frontal theta power in rats following correct trials after premature
errors in a time-estimation task [16]. While time estimation tasks
provide important insights on cognitive function, they are not
widely used to study cognitive deficits in human clinical
populations. Our observation of conflict-evoked frontal theta
power in both rats and humans extends this prior work and
further underscores the utility of frontal theta power in the study
of healthy behavior and psychopathology.

Fig. 6 Response-locked wavelets. All data are plotted as the difference between incorrect and correct responses on incongruent trials. Data
are presented as percent change from baseline. The response occurred at time 0. A Human Fz placebo condition. Increased frontal theta
power (4.09–6.53 Hz) from 0 to 200ms post response. B Rat ACC LFP vehicle condition. Reduced delta power (1.01–2.05 Hz) 200–600ms post
response. C Human theta power across drug treatment conditions. D Rat delta power across drug treatment conditions. The significant main
effect of accuracy indicated by figure legend “*”. Boxes indicate time-frequency ranges exported for analysis.
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Though we observed differences in magnitude and timing
across species, the presence of ERN-like and Pe-like signals in
rodent ACC extends models of ACC function and suggests that
response-monitoring signals are fundamental and evolutionarily
conserved aspects of cognitive control. We note that the
individual ERP waveforms differed from rodents to humans; in
contrast to the well-established initial negativity and subsequent
positivity after errors, rodents demonstrated an initial positivity
and subsequent negativity on correct trials. Although the
components differed, the ERP difference waves appeared similar
between the species. In addition, we cannot rule out the
possibility that the post-response negativity in rats was driven
by immediate auditory feedback indicating response accuracy.
Though few studies have examined post-response negativity in
rats and compared these signals to humans, post-response
negativity has been observed in the rat ACC local field potential
in a probabilistic reward task [46]. Consistent with our findings, the
onset of this signal was delayed in rats relative to humans in an
analogous task [47]. While further research is required to fully
understand timing differences in error-related ERPs between
humans and rats, it has been shown that other ERPs, such as
auditory responses, have a more rapid onset in rodents [48].
Despite timing differences between the species, auditory ERPs
have been previously shown to be delayed by a similar amount in
human pathology and rodent models of pathology [49]. Though
the present study did not find modulation of the post response
negativity with modafinil, future studies will use other pharma-
cological and nonpharmacological challenges to further assess
potential similarity across species.
Unlike the observed similarity in response-locked ERPs,

response-locked spectral changes diverged between species. As
expected, humans exhibited a well-characterized error-evoked
increase in frontal theta power. However, rats showed an error-
evoked suppression of delta power in the ACC local field potential
(i.e., increased delta power for correct responses). Such species-
specific features of spectral data are not surprising, based on prior
studies in rats. For example, instrumental responding for reward
has been shown to increase delta power in the prefrontal cortex,
ventral tegmental area, and CA1 region of the hippocampus in
rats [50], and free access to food has been shown to increase delta
power in the orbitofrontal cortex [51]. Thus, it is most likely that
the current data represent a point of functional divergence
between humans and rats, whereby responses are processed
through the engagement of distinct neural circuitry underlying
conditions that maintain behaviors (e.g., rewards in rats, the
proclivity to avoid mistakes in humans). Understanding such
species-specific characteristics, as well as cross-species similarities,
of neural responses should improve the translational utility of
response-locked spectral power changes in studies of cognitive
function.
While humans showed the expected Flanker interference effect

on reaction time (reflected in longer response latencies on
incongruent compared to congruent trials), the task did not elicit
the expected effect on reaction time in rats. One possible
explanation for these dissimilar results may lie in important
differences in timing between the two versions of the task. While
humans were required to respond within a limited time, no such
requirement was in effect for rats. Further, while humans can be
instructed to pay close attention and, indeed, were prompted to
speed up if response latencies increased to the maximum
allowable time, the conditions required to instruct or train rats
to attend to response latency likely would have resulted in
considerable divergence between cross-species task structure.
Whereas this initial version of the rat task was not specifically
designed to quantify differences in reaction time between
incongruent and congruent trial types—in fact, accuracy was our
benchmark while developing, piloting, and optimizing the rodent
task—further task development to align response latencies across

species might yield additional important points of comparison
and insight.
We also did not detect differences in ERPs between

incongruent and congruent target stimulus presentation in rats.
One potential explanation for this null finding may be related to
the limitations of the rat visual system. Although the observa-
tion of increases in target-locked theta power suggests that the
rats are indeed capable of detecting the presence of the
stimulus, it is possible that the punctuated presentation of the
target stimulus did not drive a consistent (time-locked)
difference in ERPs. Theta power may be more sensitive to this
type of stimulus presentation in rats. Alternatively, it is possible
that the effect was not detected due to a lack of electrode
coverage. While we have the capability to record from human
subjects using 96 separate electrodes, the size and contour of
the rat skull substantially reduce the maximum number of
implantable surface electrodes, which were used in this study to
maximize translational relevance. Future studies of stimulus-
locked ERPs in the rat would benefit from increased electrode
coverage of the forebrain area and, potentially, the use of
multichannel local field potential probes.
In summary, cross-species comparisons of neurophysiological

activity during cognitive tasks may enable advances in the
understanding of common mechanisms of neural processing.
Here, we developed a novel Flanker task to assess similarities in
humans and rodents in neurophysiological responses to cognitive
control. Similarities across species include not only
behavioral responses but extend to discrete neural events and
oscillatory patterns that index cognitive control and decision
making. The observation of neurophysiological responses in rats
that are qualitatively similar to well-characterized effects in
humans serves as validation for this novel task and highlights its
potential utility going forward. Investment in translationally-
relevant models, like the Flanker task, may enhance the utility of
laboratory animals in the context of psychiatric illness, enabling
novel insights into the neural basis of healthy and aberrant
behavior and thereby hastening the development of innovative
treatments.

FUNDING AND DISCLOSURE
This project was supported by UH2 MH109334 and UH3
MH109334 (to DAP) and R01MH063266 (to WAC) from the
National Institute of Mental Health. The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health. The funding
organization had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the data;
preparation, review, or approval of the manuscript; and decision to
submit the manuscript for publication.
Over the past 3 years, DAP has received consulting fees from

BlackThorn Therapeutics, Boehringer Ingelheim, Compass Path-
way, Concert Pharmaceuticals, Engrail Therapeutics, Neurocrine
Biosciences, Otsuka Pharmaceuticals, and Takeda Pharmaceuticals;
one honorarium from Alkermes, and research funding from
Millennium Pharmaceuticals. In addition, he has received stock
options from BlackThorn Therapeutics. WAC has served as a
consultant for Psy Therapeutics. AD-A holds equity ownership in
PAASP US, LLC. The remaining authors have nothing to disclose.
No funding from these entities was used to support the current
work, and all views expressed are solely those of the authors. The
authors declare no competing interests.

ACKNOWLEDGEMENTS
We would like to acknowledge the members of our scientific advisory board, Dr.
Cindy Ehlers, Dr. Stan Floresco, Dr. Patricio O’Donnell, and Dr. Steven Siegel, for their
assistance in the development and execution of these studies. We would also like to

Concordant neurophysiological signatures of cognitive control in humans. . .
MA Robble et al.

1260

Neuropsychopharmacology (2021) 46:1252 – 1262



thank Dr. Jennifer Evans for her comments on the manuscript and Dr. David P. Olson
for assistance with the medical components of the study. Finally, we would like to
acknowledge Dr. Boyu Ren for his assistance with statistical analyses.

AUTHOR CONTRIBUTIONS
MAR—design of the work. Acquisition, analysis, and interpretation of data. Drafting of
manuscript. HSS—design of the work. Acquisition, analysis, and interpretation of
data. Drafting of manuscript. BDK—design of the work. Interpretation of data.
Revision of the manuscript. SN—design of the work. Acquisition, analysis, and
interpretation of data. MB—acquisition and analysis of data. AMI-M—analysis and
interpretation of data. SP—acquisition of data. EC—acquisition of data. AD-A—
design of work. Interpretation of data. Revision of the manuscript. SAB—
interpretation of data. Revision of the manuscript. SL—design of work. Interpretation
of data. VBR—design of work. Interpretation of data. Revision of the manuscript. GV
—acquisition of data, medical evaluations. Revision of the manuscript. JB—design of
work. Interpretation of data. Revision of the manuscript. WAC Jr.—design of work.
Interpretation of data. Revision of the manuscript. DAP—design of work. Analysis and
interpretation of data. Revision of the manuscript. Secured funding.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41386-021-00998-4.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Substance Abuse and Mental Health Services Administration. (2018) Key sub-

stance use and mental health indicators in the United States: results
from the 2017 National Survey on Drug Use and Health (HHS Publication No.
SMA 18-5068, NSUDH Series H-53). Rockville, MD: Center for Behavioral Health
Statistics and Quality, Substance Abuse and Mental Health Services
Administration.

2. Deacon BJ. The biomedical model of mental disorder: a critical analysis of its
validity, utility and effects on psychotherapy research. Clin Psych Rev.
2013;33:846–61.

3. Bale TL, Abel T, Akil H, Carlezon WA Jr, Moghaddam B, Nestler EJ, et al. The critical
importance of basic animal research for neuropsychiatric disorders. Neu-
ropsychopharmacology. 2019;44:1349–53.

4. Hyman SE. Revitalizing psychiatric therapeutics. Neuropsychopharmacology.
2014;39:220–9.

5. Insel TR, Cuthbert BN, Garvey MA, Heinssen RK, Pine DS. Research domain criteria
(RDoC): toward a new classification framework for research on mental disorders.
Am J Psychiatry. 2010;167:748–51.

6. Eriksen BA, Eriksen CW. Effects of noise letters upon the identification of a target
letter in a nonsearch task. Percept Psychophys. 1974;16:143–9.

7. Gehring WJ, Liu Y, Orr JM, & Carp J. The error-related negativity (ERN/Ne). In: Luck
SJ, Kappenman ES, editors. The oxford handbook of event-related potential
components. Oxford: Oxford University Press; 2012. p 231–91.

8. Cavanagh JF, Frank MJ. Frontal theta as a mechanism for cognitive control.
Trends Cogn Sci. 2014;18:414–21.

9. Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD. Conflict monitoring and
cognitive control. Psychol Rev. 2001;108:624–52.

10. Bush G, Luu P, Posner MI. Cognitive and emotional influences in anterior cin-
gulate cortex. Trends Cogn Sci. 2000;4:215–22.

11. Holroyd CB, Yeung N. Motivation of extended behaviors by anterior cingulate
cortex. Trends Cogn Sci. 2012;16:122–8.

12. Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ. The
integration of negative affect, pain, and cognitive control in cingulate cortex. Nat
Rev Neurosci. 2011;12:154–67.

13. Holmes AJ, Pizzagalli DA. Spatiotemporal dynamics of error processing dys-
functions in major depressive disorder. Arch Gen Psychiatry. 2008;65:179–88.

14. Bates AT, Kiehl KA, Laurens KR, Liddle PF. Error-related negativity and
correct response negativity in schizophrenia. Clin Neurophysiol. 2002;
113:1454–63.

15. Paulus MP, Feinstein JS, Simmons A, Stein MB. Anterior cingulate activation in
high trait anxious subjects is related to altered error processing during decision
making. Biol Psychol. 2004;55:1179–87.

16. Narayanan NS, Cavanagh JF, Frank MJ, Laubach M. Common medial frontal
mechanisms of adaptive control in humans and rodents. Nat Neurosci.
2013;16:1888–95.

17. Abram SV, Breton YA, Schmidt B, Redish AD, MacDonald AW. The web-surf task: a
translational model of human decision-making. Cogn Aff Behav Neurosci.
2016;16:37–50.

18. Hyman JM, Holroyd CB, Seamans JK. A novel neural prediction error found in
anterior cingulate cortex ensembles. Neuron. 2017;95:447–56.

19. Bussey TJ, Holmes A, Lyon L, Mar AC, McAllister KAL, Nithianantharajah J, et al.
New translational assays for preclinical modelling of cognition in schizophrenia:
the touchscreen testing method for mice and rats. Neuropharmacology.
2012;62:1191–203.

20. Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD. Conflict monitoring versus
selection-for-action in anterior cingulate cortex. Nature. 1999;402:179–81.

21. Gehring WJ, Goss B, Coles MG, Meyer DE, Donchin E. A neural system for error
detection and compensation. Psychol Sci. 1993;4:385–90.

22. Zolkowska D, Jain R, Rothman RB, Partilla JS, Roth BL, Steola V, et al. Evidence for
the involvement of dopamine transporters in behavioral stimulant effects of
modafinil. J Pharm Exp Ther. 2009;329:738–46.

23. Minzenberg MJ, Carter CS. Modafinil: a review of neurochemical actions and
effects oncognition. Neuropsychopharmacology. 2008;33:1477–502.

24. Olvet DM, Hajcak G. The stability of error-related brain activity with increasing
trials. Psychophysiology. 2009;46:957–61.

25. First MB, Williams JBW, Karg RS, & Spitzer RL. Structured clinical interview for
DSM-5 Research version (SCID-5 for DSM-5, research version; SCID-5-RV).
Arlington, VA: American Psychiatric Association: 2015. p. 1–94.

26. Robertson P, Hellriegel ET. Clinical pharmacokinetic profile of modafinil. Clin
Pharmacokinet. 2003;42:123–37.

27. Schroder HS, Nickels S, Cardenas E, Breiger M, Perlo S, Pizzagalli DA. Optimizing
assessments of post-error slowing: a neurobehavioral investigation of a flanker
task. Psychophysiology. 2020;57:e13473.

28. Peirce JW. PsychoPy—psychophysics software in Python. J Neurosci Methods.
2007;162:8–13.

29. Carlezon WA, Beguin C, DiNieri JA, Baumann MH, Richards MR, Todtenkopf MS, et al.
Depressive-like effects of the κ-opioid receptor agonist salvinorin A on behavior and
neurochemistry in rats. J Pharm Exp Ther. 2006;316:440–7.

30. Nemeth CL, Paine TA, Rittiner JE, Béguin C, Carroll FI, Roth BL, et al. Role of kappa-
opioid receptors in the effects of salvinorin A and ketamine on attention in rats.
Psychopharmacology. 2010;210:263–74.

31. Paxinos G, Watson C. The rat brain in stereotaxic coordinates, 6th ed. Elsevier;
2006.

32. Yeung N, Botvinick MM, Cohen JD. The neural basis of error detection: conflict
monitoring and the error-related negativity. Psychol Rev. 2004;111:931.

33. Cohen, MX. Analyzing neural time series data: theory and practice. Cambridge,
MA: MIT Press; 2014.

34. Tsano M, Chah E, Vann SD, Reilly RB, Erichsen JT, Aggleton JP, et al. Theta-
modulated head direction cells in the rat anterior thalamus. J Neurosci.
2011;31:9489–502.

35. Martínez‐Bellver S, Cervera‐Ferri A, Luque‐García A, Martínez‐Ricós J, Valverde
Navarro A, Bataller M, et al. Causal relationships between neurons of the nucleus
incertus and the hippocampal theta activity in the rat. J Physiol.
2017;595:1775–92. (2017)

36. Van Veen V, Carter CS. The anterior cingulate as a conflict monitor: fMRI and ERP
studies. Physiol Behav. 2002;77:477–82.

37. Pascual-Marqui RD. Standardized low-resolution brain electromagnetic tomo-
graphy (sLORETA): technical details. Methods Find Exp Clin Pharmacol.
2002;24:5–12.

38. Luck SJ. An introduction to the event-related potential technique, 2nd ed. Bos-
ton, MA: MIT Press; 2014.

39. Overbeek TJ, Nieuwenhuis S, Ridderinkhof KR. Dissociable components of error
processing: on the functional significance of the Pe vis-à-vis the ERN/Ne. J Psy-
chophysiol. 2005;19:319–29.

40. Holroyd CB, Coles MGH. The neural basis of human error processing: reinforce-
ment learning, dopamine, and the error-related negativity. Psychol Rev.
2002;109:679–709.

41. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu Rev
Neurosci. 2001;24:167–202.

42. Minzenberg MJ, Gomes GC, Yoon JH, Watrous AJ, Geng J, Firl AJ, et al. Modafinil
augments oscillatory power in middle frequencies during rule selection. Psy-
chophysiology. 2014;51:510–9. (2014)

43. Minzenberg MJ, Yoon JH, Cheng Y, Carter CS. Modafinil effects on middle fre-
quency oscillatory power during rule selection in schizophrenia. Neuropsycho-
pharmacology. 2014;39:3018.

44. Marx C, Lex B, Calaminus C, Hauber W, Backes H, Neumaier B, et al. Conflict
processing in the rat brain: behavioral analysis and functional μPET imaging
using [18F] fluorodeoxyglucose. Front Behav Neurosci. 2012;6:4.

45. Cohen MX. A neural microcircuit for cognitive conflict detection and signaling.
Trends Neurosci. 2014;37:480–90. (2014)

Concordant neurophysiological signatures of cognitive control in humans. . .
MA Robble et al.

1261

Neuropsychopharmacology (2021) 46:1252 – 1262

https://doi.org/10.1038/s41386-021-00998-4


46. Warren CM, Hyman JM, Seamans JK, Holroyd CB. Feedback-related negativity
observed in rodent anterior cingulate cortex. J Physiol-Paris. 2015;109:87–94.

47. Holroyd CB, Krigolson OE, Baker R, Lee S, Gibson J. When is an error not a
prediction error? An electrophysiological investigation. Cogn Aff Behav Neurosci.
2009;9:59–70.

48. Sambeth A, Maes JHR, Luijtelaar GV, Molenkamp IB, Jongsma ML, Rijn CMV.
Auditory event–related potentials in humans and rats: Eeffects of task manip-
ulation. Psychophysiology. 2003;40:60–68.

49. Gandal MJ, Edgar JC, Ehrlichman RS, Mehta M, Roberts TP, Siegel SJ. Validating γ

oscillations and delayed auditory responses as translational biomarkers of autism.
Biol Psychol. 2010;68:1100–6.

50. Fujisawa S, Buzsáki G. A 4 Hz oscillation adaptively synchronizes prefrontal, VTA,
and hippocampal activities. Neuron. 2011;72:153–65.

51. Fu Y, Chen YM, Zeng T, Peng YP, Tian SH, Ma YY, et al. Activity in left
orbitofrontal cortex in rats related to food reward and craving. J Zoo Res.
2008;3:260–4.

Concordant neurophysiological signatures of cognitive control in humans. . .
MA Robble et al.

1262

Neuropsychopharmacology (2021) 46:1252 – 1262


	Concordant neurophysiological signatures of cognitive control in humans and rats
	Introduction
	Materials and methods
	Humans
	Procedure
	Rats
	Electrode implantation surgery
	Procedure
	Histology
	Cross-species data analysis
	Experimental design and statistical analyses

	Results
	Behavior
	Electrophysiological results
	Stimulus-locked ERPs
	Stimulus-locked spectral power (theta)
	Response-locked ERPs
	Response-locked spectral power


	Discussion
	Funding and disclosure
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




