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Abstract 

Background:   Deficits in cognitive control are implicated in numerous neuropsychiatric disorders. However, relevant pharmacological 
treatments are limited, likely due to weak translational validity of applicable preclinical models used. Neural indices derived from 
electroencephalography may prove useful in comparing and translating the effects of cognition-enhancing drugs between species. In 
the current study, we aimed to extend our previous cross-species results by examining if methylphenidate (MPH) modulates behav-
ioral and neural indices of cognitive control in independent cohorts of humans and rats.

Methods: We measured continuous electroencephalography data from healthy adults (n = 25; 14 female) and Long Evans rats (n = 22; 8 
female) and compared both stimulus- and response-locked event-related potentials and spectral power measures across species, and 
their MPH-related moderation following treatment with vehicle (placebo) or 1 of 2 doses of MPH.

Results:  Across both species, linear mixed effects modeling confirmed the expected Flanker interference effect on behavior (eg, 
accuracy) and response-related event-related potentials. Unexpectedly, in contrast to past work, we did not observe any task-related 
effects on the spectral power of rodents. Moreover, MPH generally did not modulate cognitive control of either species, although some 
species-specific patterns offer insight for future research.

Conclusions:  Collectively, these findings in independent human and rodent subjects replicate some of our previously reported 
behavioral and neurophysiological patterns partly consistent with the notion that similar neural mechanisms may regulate cognitive 
control in both species. Nonetheless, these results showcase an approach to accelerate translation using a coordinated between-
species platform to evaluate pro-cognitive treatments.

Keywords: cross-species, electrophysiology, dopamine, cognitive control, cingulate

Significance Statement

EEG-based neurophysiological indices may enable the comparison and translation of the effects of pro-cognitive drug treatments 
across species. Using a modified Flanker task, we replicated and extended previously reported effects in humans and rats, observ-
ing the expected behavioral and neurophysiological indices and responses. Moreover, in both species, these indices were generally 
not modulated by methylphenidate, a cognition-enhancing drug. These results are partly consistent with the notion that similar 
neural mechanisms may regulate cognitive control in both species. Furthermore, our results highlight that EEG indices can be used 
to establish a coordinated between-species platform for evaluating cognition-enhancing drugs, and such a platform may enhance 
across-species translation.

INTRODUCTION
Cognitive control refers to the ability to regulate one’s thoughts 
and actions in accordance with internally directed goals (Braver, 

2012; Friedman and Miyake, 2017). While deficits in cognitive 
control are observed across neuropsychiatric disorders (Millan et 
al., 2012), the development of effective drugs to treat these defi-
cits has been limited. This is due, in part, to weak translational 
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validity of preclinical models relevant to the cognitive effects of 
drugs (Blokland et al., 2015) and psychiatric disorders (Barroca et 
al., 2022). EEG may be useful in evaluating cognition-enhancing 
drugs (Blokland et al., 2015), and recent efforts have focused on 
identifying translationally valid EEG markers of cognitive control 
(Cavanagh et al., 2021; Robble et al., 2021).

Cognitive control can be evaluated using the Eriksen Flanker 
task, which probes attention and response inhibition (Eriksen and 
Eriksen, 1974). In addition, when combined with EEG, the Flanker 
task offers the ability to evaluate the neural activation associated 
with cognitive control processes including discrimination (eg, 
incongruent/congruent trials) and error monitoring (eg, error/cor-
rect trials). For example, midfrontal theta activity may index the 
need for cognitive control, while event-related potentials (ERPs) 
including the negative frontocentral N2 and the error-related 
negativity (ERN) components (Cavanagh and Frank, 2014) index 
conflict and error monitoring, respectively. More specifically, the 
N2 is elicited by incongruency effects and tracks the need to 
inhibit incorrect responses (Folstein and Van Petten, 2008), while 
the ERN indexes the preconscious detection of committed errors 
(Nieuwenhuis et al., 2001). Both components have been localized 
to the anterior cingulate cortex (ACC) (Bekker et al., 2005; Yeung 
and Cohen, 2006), a region critically implicated in cognitive con-
trol (Cole and Schneider, 2007).

We recently developed a modified Flanker task for use with 
EEG in rats and humans (Kangas et al., 2021; Robble et al., 2021) 
and evaluated several neurophysiological metrics, including 
theta activity, the N2, the ERN, and the error positivity (Pe; an ERP 
indexing conscious awareness of error commission in humans 
(Wessel et al., 2011)). In both species, the task elicited an inter-
ference effect on accuracy (ie, greater accuracy for congruent 
vs incongruent trials), increased target-locked theta power for 
incongruent trials, and increased ERN and Pe following errors, 
suggesting that similar neural mechanisms may regulate cog-
nitive control across species. However, while humans exhibited 
greater error-related theta power, rats displayed a suppression of 
ACC delta power. We postulated that this discrepancy may point 
to species-specific metrics and represent a functional and neu-
ral divergence. Both instrumental responding for reward and free 
access to food increases delta power in the rodent brain (Fu et 
al., 2008; Fujisawa and Buzsáki, 2011), suggesting that rats are 
driven by reward, whereas humans are driven by error avoid-
ance and exhibit associated theta activation. Moreover, contrary 
to prediction, modafinil, a drug shown to improve human cog-
nitive performance (Turner et al., 2003; Müller et al., 2013) and 
rodent inhibitory control (Morgan et al., 2007), did not modulate 
any neurophysiological measure. These findings provide a basis 
for further investigations to determine whether other cognition-
enhancing drugs modulate these processes across species.

Here, we aimed to replicate our previous work (Robble et 
al., 2021) by using the same Flanker task to examine cogni-
tive control in new cohorts of rats and humans. We predicted 
that we would observe greater midfrontal theta power and N2 
amplitude in incongruent vs congruent trials, and greater theta 
power (humans), reduced delta power (rats), and greater ERN 
amplitude (both species) following erroneous versus correct 
responses. We then sought to extend this work by examining if 
methylphenidate (MPH) modulates these metrics. MPH blocks 
dopamine transporter and increases synaptic dopamine (DA) 
(Volkow et al., 2001, 2002). Previous research has found that 
MPH significantly increases Flanker accuracy and ERN ampli-
tude (Barnes et al., 2014), as well as dorsal ACC activation in 

healthy adults (Hester et al., 2012). Thus, we expected that MPH 
would promote cognitive control across species and hypothe-
sized that MPH would dose-dependently reduce Flanker effects, 
increase midfrontal theta power and N2 amplitude for incon-
gruent trials, and increase error-related theta power and ERN 
amplitude.

MATERIALS AND METHODS
Humans
Twenty-five right-handed nonsmoking adults were recruited 
from the Greater Boston area. Data from 1 participant with 
less than 6 artifact-free ERP trials were excluded (Olvet and 
Hajcak, 2009), leaving a final sample of 24 adults (14 female) 
aged 27.66 ± 5.69 years (range: 18-40 years). Participants 
were psychologically healthy as assessed by the Structured 
Clinical Interview for DSM-V (First et al., 2016), had normal or 
corrected-to-normal vision, and no history of use of methylphe-
nidate or other drugs with DA effects in the last 6 months or ≤5 
lifetime uses. Participants abstained from caffeine for 12 hours 
before testing and were confirmed to have no current drug use 
(eg, cannabinoids, opiates, benzodiazepines, barbiturates, etc.) 
via urine screening before each session. Written informed con-
sent was obtained in the presence of a physician who described 
the potential risks of taking MPH. The Mass General Brigham 
Institutional Review Board approved all human-related study 
procedures. Participants were compensated $50 USD for the 
diagnostic interview session, $75 USD per EEG session, and an 
additional $75 USD for completing all 3 EEG sessions for a pos-
sible total of $350 USD.

Human EEG Data Acquisition and Task Procedure
Continuous EEG data were recorded using a 96-channel equidis-
tant spherical actiCAP and actiChamp amplifier (Brain Products 
GmbH, Gilching, Germany) digitized at 500 Hz using BrainVision 
Recorder Software. Data were referenced online to a vertex chan-
nel with a ground electrode located approximately at AFz, and 
impedances were maintained below the manufacturer recom-
mended 25 KΩ.

Participants completed 3 EEG sessions, separated by at least 
3 non-test days as part of a double-blind, placebo-controlled 
cross-over design. Two hours before each session, participants 
received either a placebo (0 mg), low (15 mg), or high (30 mg) 
dose of MPH. These doses were selected because they produce 
approximately 50% and 65% occupancy of striatal dopamine 
transporter, respectively, 2 hours after oral administration 
(Volkow et al., 1998). Moreover, in a prior human ERP Flanker 
study, a 30-mg dose improved accuracy and increased ERN 
amplitude (Barnes et al., 2014).

Each session began with recording 8 minutes of resting EEG data 
in 1-minute segments (4 minutes with eyes open, 4 minutes with 
eyes closed, with counterbalanced randomized order), followed 
by the modified Flanker task (Figure 1B; see Supplement for more 
detail) (Schroder et al., 2020, 2022) and a Probabilistic Reversal 
Learning task in an order counterbalanced across participants; the 
present study reports only the data from the Flanker task.

To encourage task engagement participants were told that 
they would receive additional compensation of 5 cents for each 
correct response. However, regardless of their performance, all 
participants were paid the full amount ($27 USD per session for a 
possible additional $81 USD).
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Human EEG Preprocessing
EEG data were processed offline using BrainVision Analyzer (ver-
sion 2.2, Brain Products GmbH, Gilching, Germany). Raw EEG data 
were first visually inspected to remove gross muscle artifacts and 
data collected during task breaks and identify artifactual chan-
nels. Data were then filtered (0.1-30 Hz) using a second-order 
Butterworth zero-phase IIR filter. Next, independent component 
analysis was used to remove components identified as artifact 
(eg, eyeblinks and movements, cardiac and muscle signals). 
Artifactual channels were interpolated using spherical splines 
(Perrin et al., 1989), and data were re-referenced to the common 
average. Finally, data were segmented −1500 to 1500 milliseconds 
around the time-locking event, and epochs were rejected as arti-
fact if any of the following conditions were met: (1) a voltage step 
≥50 µV between datapoints, (2) a voltage difference >150 µV in 
200-millisecond time intervals, (3) activity <0.5 µV for longer than 
100 milliseconds, or (4) a maximum/minimum voltage exceeding 
±75 µV.

Human ERPs
Using processed EEG data, target-locked epochs for correct 
congruent and incongruent trials were extracted (−250 to 700 
milliseconds), baseline-corrected (−250 to 0 milliseconds) and 
averaged; only correct trials were extracted to align with past 
work investigating the N2 (Yeung et al., 2004). Using these data, 
the N2 component was derived as the mean amplitude 230 to 
290 milliseconds post stimulus at channel 2 (approximating 
FCz). However, as this component was not presently or previ-
ously identified in rodents, these data are presented in the 
Supplement.

Response-locked epochs for correct and erroneous incongru-
ent trials were also extracted (−800 to 700 milliseconds), base-
line corrected (−800 to −700 milliseconds), and averaged; only 
incongruent trials were evaluated to avoid potential conflation 
of error- and congruency-related effects. ERN mean amplitudes 
were derived between 0 and 100 milliseconds post response and 
Pe mean amplitudes between 120 and 270 milliseconds post 
response from channel 9 (approximating Fz). Notably, for both 
target-locked and response-locked data, the selected epoch 
lengths, baseline correction periods, and measurement windows 
were selected to match those used in our previous study (Robble 
et al., 2021).

Human Time-Frequency Decomposition
Following artifact detection, power spectra from 1 to 30 Hz were 
computed in 30 logarithmic frequency steps by applying a com-
plex Morlet wavelet transformation to both target- and response-
locked epochs (−1500 to 1500 milliseconds) using a Morlet 
parameter of 3.5. We then calculated a percentage change base-
line correction (BrainVision Analyzer 2.0 Solution by Dr. Ingmar 
Gutberlet; see Supplement for details) by averaging activity in 
the −500 to −300 millisecond prestimulus period and preresponse 
period for the target- and response-locked epochs, respectively. 
To examine changes in theta band activity, we extracted and 
averaged wavelet layers with center frequencies of 4.09, 4.59, 
5.17, 5.81, and 6.53 Hz. Theta power values were exported from 
channels that align with our previous work (Robble et al., 2021); 
more specifically, between 300 and 500 milliseconds from chan-
nel 2 (approximating FCz) for target-locked data and between 
0 and 200 milliseconds from channel 9 (approximating Fz) for 

Figure 1.  Task design. (A) Trial design for the rodent version of the modified Flanker task. In each trial, flankers were presented first for 1000 
milliseconds, after which the target stimulus and 2 response boxes (shown in blue) were presented, and the rat had the opportunity to respond. 
Immediately following a response, a tone was presented for 1000 milliseconds to indicate accuracy, and correct responses were rewarded. (B) Trial 
design for the human version of the modified Flanker Task. After a short delay, flankers were presented for 100 milliseconds and then the target 
stimulus was presented for 50 milliseconds. After this time, the full stimulus complex was removed, and subjects had 1850 milliseconds to respond. 
Following the response period, there was jittered inter-stimulus interval which preceded the presentation of visual feedback to indicate accuracy and 
reward. (Reprinted with permission from Robble et al., 2021).

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/27/11/pyae050/7840289 by H

ealth Sciences Library user on 27 N
ovem

ber 2024

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyae050#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyae050#supplementary-data


4  |  International Journal of Neuropsychopharmacology, 2024, Vol. 27, No. 11

response-locked data. As with our ERP analyses, the time win-
dows and channels selected for the time-frequency decomposi-
tion were identical to those used in our prior study (Robble et 
al., 2021).

Rats
Twenty-two Long-Evans rats (14 males weighing 226-250 g and 8 
females weighing 176-200 g) were purchased from Charles River 
Laboratories (Wilmington, MA, USA). During training some ani-
mals experienced damage or disconnection of their electrodes, 
leading to EEG data missingness (n = 2-7 depending on the var-
iable). Rats were maintained on a 12-hour light cycle (lights on 
7:00 am to 7:00 pm) with ad libitum access to water. During visual 
discrimination training (see Supplement for details) and Flanker 
task testing (Robble et al., 2021), the rats were food restricted, to 
motivate responding, via post-session feedings of either 7-10 g of 
rodent chow for females or 10-15 g of chow for males. Initially 
housed in groups of 3, the rats were singly housed following 
electrode implantation. All rodent-related procedures were con-
sistent with the 2010 National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and approved by the McLean 
Hospital Institutional Animal Care and Use Committee.

Electrode Implantation
After training was successfully completed (see Supplement for 
details), rats underwent stereotaxic surgery to implant recording 
electrodes. For the procedure, rats were anesthetized with isoflu-
rane (1.5%) and skull screw electrodes were bilaterally lowered to 
dura at a frontal site (AP: +3.7, ML: ±2.6) approximating the orb-
itofrontal cortex (OFC), and a single stainless-steel wire electrode 
was implanted unilaterally to record local field potentials from 
the ACC (AP: +2.7, ML: +0.8, DV: −2.1). Two skull screw electrodes, 
which served as reference and ground electrodes, were implanted 
at cerebellar sites. All electrodes were connected to an EIB-16 
electrode interface board (Neuralynx, Bozeman, MT, USA) that 
was secured to the skull using dental acrylic. Electrode place-
ment was confirmed post testing (see Supplement for details).

Rat Task Procedure
Once stable performance (minimum 70% accuracy for 2 consec-
utive sessions) was re-established post-surgery (see Supplement 
for details), rats were pretreated (10 minutes; s.c.) with either 
saline or 0.5 mg/kg or 1.0 mg/kg of MPH and completed test 
sessions that occurred in a mixed order across subjects using a 
within-subject Latin-square design. In rats, 1 mg/kg methylphe-
nidate produces approximately 65% DAT occupancy 30 minutes 
after IP administration (Shimizu et al., 2019), which is equivalent 
to the 30-mg human dose, with peak occupancy occurring 2 min-
utes after administration. Between each testing session, rats were 
required to demonstrate successful discrimination performance 
(ie, at least 70% accuracy for 2 consecutive sessions); accordingly, 
MPH tests occurred no more than once per week.

Continuous electrophysiological recordings were obtained 
using the RHD-2000 recording system and supporting software 
(Intan Technologies, Los Angeles, CA, USA). Signals were locally 
digitized via a 16-channel headstage and continuously sampled 
at 1 kHz with a bandwidth range of 0.1-300 Hz for the duration 
of the session. The task consisted of 300 trials (Figure 1A) with 
no limited hold on responding (see Supplement for more detail). 
Correct responses resulted in the delivery of the previously paired 
correct tone and a sweetened condensed milk reward (30%; 

0.1 mL/reinf). Incorrect responses were followed by the previously 
paired incorrect tone and no reward delivery.

Rat EEG Preprocessing
Signal analysis was performed using BrainVision Analyzer 2.0. 
Data were referenced offline to a cerebellar screw electrode and 
filtered using a Butterworth zero-phase IIR filter at 0.1 Hz (sec-
ond order) and 30 Hz (eighth order). Trials were rejected if they 
exceeded an amplitude threshold of ±300 µV.

Rat ERPs
Target- (−1000 to 700 milliseconds) and response-locked (−500 
to 2000 milliseconds) epochs were extracted, baseline-corrected 
(−500 to 0 milliseconds), and then averaged; response-locked 
epochs were only valid if responses occurred within 10 seconds of 
target onset. After averaging, no clear target-locked ERP compo-
nent was observed (see Figure S1). However, from response-locked 
data we extracted ERN-like mean amplitudes between 115 and 
265 milliseconds and Pe-like mean amplitudes between 300 and 
600 milliseconds post response from the ACC channel for correct 
and erroneous incongruent trials. These epoch lengths, measure-
ment windows, and channels were identical to those used in a 
previously published reported in an independent group of rats 
(Robble et al., 2021).

Rat Time-Frequency Decomposition
Power spectra were also derived from the rodent EEG data via 
complex Morlet wavelet transformation. Using a Morlet param-
eter of 3.5, power spectra from 0.5 to 30 Hz in 30 logarithmically 
distributed frequency steps were computed for both target- 
(−1000 to 1000 milliseconds) and response-locked (−500 to 1500 
milliseconds) epochs. A percentage change baseline correction 
was implemented by averaging the amplitude in a −300 to −100 
milliseconds prestimulus and preresponse windows. Changes 
in target-locked theta band activity were examined by extract-
ing and averaging wavelet layers with center frequencies of 3.61, 
4.16, 4.79, 5.51, 6.35, and 7.31 Hz between 50 and 250 milliseconds 
from the right frontal screw for correct congruent and incongru-
ent trials. Changes in response-locked delta band activity were 
evaluated by extracting and averaging wavelet layers with center 
frequencies of 1.01, 1.17, 1.34, 1.55, 1.78, and 2.05 Hz between 200 
and 600 milliseconds from the ACC channel for correct and erro-
neous incongruent trials. Again, the selected time windows and 
channels were identical to those used in our recent study (Robble 
et al., 2021).

Statistical Analyses
Power Analysis
The present sample sizes were informed by power calculations 
estimated using the average effect sizes previously observed 
(Robble et al., 2021). In humans and rats, respectively, the aver-
age ηp2 value for behavioral task effects were 0.89 and 0.97, and 
the average neural effect was 0.68 and 0.79. As pharmacological 
effects were not previously observed (Robble et al., 2021), we used 
a ηp2 value of 0.5 in our estimation. Using these effect sizes, the 
present cohorts of n = 24 humans and n = 22 rats estimate a power 
≥.99 for detecting both task and pharmacological effects.

Modeling
Across species, linear mixed effects models were used to exam-
ine between-condition differences in measures of cognitive 
control. Models were estimated separately for each measure in 
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2 analyses focusing on target- or response-locked parameters. 
Models focused on target-locked parameters (ie, accuracy, RT, N2 
amplitude, and theta activity) and estimated each measure as 
a function of congruency (ie, congruent vs incongruent), treat-
ment condition (ie, placebo, low-dose, high-dose), and the con-
gruency × treatment condition interaction, while accommodating 
overall individual differences via individual-level random effects. 
Models focused on response-locked parameters (ie, the ERN, Pe, 
and either theta or delta activity) used the same structure but 
replaced congruency with response (ie, correct vs error). Posthoc 
comparisons of the estimated marginal means probed any signif-
icant effects identified in both series of models (see Supplement 
for control analyses considering sex).

All models were estimated in R using the lme4 package (Bates 
et al., 2015), and omnibus tested and evaluated using the stats 
package (R Core Team, 2013). Post hoc Holm-adjusted compari-
sons were performed using the emmeans package (Lenth, 2022). 
Notably, as spectral power was quantified as a percentage change, 
these data were log-transformed before model estimation to help 

with distributional assumptions. Statistical significance was eval-
uated at P < .05.

Results
Behavior
Human accuracy and RT data are presented in the left column 
of Figure 2A and Figure 2B respectively. With respect to accuracy, 
the mixed effects model yielded a significant main effect of con-
gruency (F(1,112.14) = 265.39, P < .001, ηp

2 = 0.70), with higher accuracy 
for congruent than incongruent trials. Similarly, the model eval-
uating RT also revealed a significant main effect of congruency 
(F(1,112.39) = 224.11, P < .001, ηp

2 = 0.67), with faster RTs for congruent 
than incongruent trials. Contrary to our hypotheses, there was no 
significant main effect or interaction term with treatment condi-
tion in either model (ts ≥ .280), indicating that Flanker interference 
effect was observed in all treatment conditions and not affected 
by any dose of MPH. Follow-up probes confirmed that individuals 
were between 23.0% and 28.8% less accurate (ts ≥ 8.00, Ps < .001) 
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Figure 2.  Behavioral Flanker data for humans and rats. (A) Both humans and rats were more accurate during congruent vs incongruent target trials 
across all treatment conditions. (B) Humans were faster to respond to congruent vs incongruent target trials across all treatment conditions. As in 
Robble et al. (2021), rats showed no congruency effect for response time (RT); rats were slower overall to respond in the high methylphenidate (MPH) 
condition. **P < .01, ***P < .001.
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and 65.5 and 71.7 milliseconds slower (ts ≤ −8.37, Ps < .001) on 
incongruent than congruent trials.

In turn, the right columns of Figure 2A and Figure 2B, respec-
tively, present the rodent accuracy and RT data. Similar to humans, 
we observed a significant effect of congruency (F(1,97.44) = 194.54, 
P < .001, ηp

2 = 0.67), with rats exhibiting an estimated 13.9%-15.4% 
greater accuracy for congruent versus incongruent trials across 
all treatment conditions (ts ≥ 7.52, Ps ≤ .001). In the RT model, we 
observed a significant effect of treatment condition (F(1,99.13) = 8.54, 
P < .001, ηp

2 = 0.15). Posthoc tests indicated that across trial-types 
average RTs were slower in the high-dose MPH condition com-
pared with both the low-dose (t = −3.864, P < .001) and vehicle 
conditions (t = −3.276, P = .003). Interestingly, no significant main 
effect or interaction with congruency (Ps ≥ .870) was observed, 
suggesting that, on average, RT did not differ between trial type 
regardless of treatment condition.

Response-Locked ERPs
Grand average response-locked ERPs waveforms for humans and 
rats are presented in Figure 3A and 3C, respectively. In humans, 
the ERN peaked at around 50 milliseconds and was followed by 
the Pe peaking around 200 milliseconds. For rats, negativity was 
observed around 200 milliseconds in error trials relative to cor-
rect trials (ie, an ERN-like component), and this was followed by 
an extended positivity from 300 to 600 milliseconds in error tri-
als compared with correct trials (ie, a Pe-like component). While 
these components differ in appearance between species, the 
waveforms of both groups closely resemble those of our previous 
study (Robble et al., 2021).

For humans, the model examining ERN amplitude showed a 
significant effect of response (F(1,112.47) = 239.25, P < .001, ηp

2 = 0.68), 
with more negative amplitudes for error versus correct tri-
als (Figure 3B). A similar effect was observed in the Pe model, 
where the response effect was significant (F(1,112.70) = 61.82, P < .001, 
ηp

2 = 0.35) (Figure 3B). Posthoc contrasts confirmed that the ERN 
was an estimated 6.59-7.20 µV more negative (ts ≥ 8.48, Ps ≤ .001), 
and the Pe was an estimated 2.58-3.45 µV more positive (ts ≤ 3.81, 
Ps < .001) for error than correct trials regardless of dose.

For rats, the main effect of response was trending (F(1,76.16) = 3.28, 
P = .074, ηp

2 = 0.03) in the model examining the early negativ-
ity (ie, ERN analogue; Figure 3D), while the treatment condition 
(F(2,77.22) = 0.22, P = .804) and interaction effect (F(2,76.16) = 1.25, P = .292) 
were not significant. Probing this a priori trending effect revealed 
a response-related difference in the placebo condition (t = 2.36, 
P = .021), with the average ERP amplitude for error trials being 
7.33 µV more negative than correct trials. Regarding the later 
response-locked component (Figure 3D), our model showed a sig-
nificant main effect of response (F(1,76.02) = 9.97, P = .002, ηp

2 = 0.12) 
such that, on average, error trials had more positive waveforms 
than correct trials. Post hoc contrasts confirmed that the late 
response-locked component was more positive for error trials 
versus correct trials in the placebo (t = −2.27, P = .03) and low-dose 
MPH conditions (t = −2.34, P = .022) but not the high-dose MPH con-
dition (P = .366). Despite this, the main effect of treatment con-
dition (F(2,76.29) = 0.92, P = .402) and interaction effect (F(2,76.02) = 0.57, 
P = .569) were not significant.

Target-locked Theta Activity
Grand average target-locked spectral power for humans 
and rats are presented in Figure 4A and 4B, respectively. The 
human model yielded a significant main effect of congru-
ency (F(1,113.12) = 42.52, P < .001, ηp

2 = 0.27), whereas both treatment 

condition (F(2,113.48) = 0.15, P = .858) and congruency × treatment 
condition (F(2,113.12) = 0.32, P = .724) were nonsignificant. As hypothe-
sized, posthoc comparisons estimated that change in theta power 
was between 188% and 245% (ts ≤ −3.20, Ps ≤ .002) higher for incon-
gruent vs congruent trials (Figure 4B). Contrary to our hypotheses, 
analogous rodent model observed no significant effects for con-
gruency (F(1,98.05) = 1.36, P = .246), treatment condition (F(2,100.72) = 1.32, 
P = .272), or their interaction (F(2,98.05) = 0.98, P = .378), indicating 
that neither the task nor MPH moderated stimulus-related theta 
power in rodents (Figure 4D).

Response-locked Delta/Theta Activity
Grand average response-locked spectral power for humans and 
rats are presented in Figure 5A and 5B, respectively. In humans 
there was a significant main effect of response (F(1,112.88) = 237.70, 
P < .001, ηp

2 = 0.68), indicating greater change from baseline in 
theta power for erroneous versus correct trials, as hypothesized 
(Figure 5B). The main effect for treatment condition (F(2,113.36) = 0.17, 
P = .842) and the interaction term (F(2,112.88) = 0.91, P = .405) were 
nonsignificant. Posthoc tests confirmed that this effect was pres-
ent for all doses (ts ≤ −7.87, Ps ≤ .001). The analogous model exam-
ining response-locked delta power in rats showed no significant 
effects for response (F(1,76.80) = 0.41, P = .525), treatment condition 
(F(2,79.52) = 0.57, P = .570), and their interaction term (F(2,76.79) = 1.24, 
P = .294), indicating that neither the task nor MPH moderated 
response-related delta power of rodents (Figure 5D).

Discussion
The primary goals of this study were to replicate our previous 
work examining cognitive control in rats and humans using a 
modified Flanker task (Kangas et al., 2021; Robble et al., 2021) and 
extend this work by examining putative modulatory effects of 
the DA-enhancing drug MPH (Volkow et al., 2001, 2002). We suc-
cessfully replicated all previous behavioral and EEG findings in 
humans, as well as the Flanker effect on accuracy and response-
locked ERPs, observing greater ERN-like and subsequent Pe-like 
components following errors in rats. While these ERPs differ in 
appearance between species, their presence aligns with research 
implicating the ACC in cognitive control across species (Yeung et 
al., 2004; Newman et al., 2015; Warren et al., 2015). Moreover, we 
also replicated the absence of task-related RT effect in rodents. As 
previously suggested (Robble et al., 2021), this most likely reflects 
choices made to ensure the task’s cross-species validity (eg, a pri-
mary focus on accuracy over response latency) and rodent train-
ing (eg, no imposed limited hold for responses).

In contrast to our prior report (Robble et al., 2021), we did 
not observe any task-related changes in target-locked theta or 
response-locked delta power in rats. It is worth noting that while 
the delta effect (ie, greater delta power in correct trials) was 
observed across treatment conditions, the theta effect (ie, greater 
theta power in incongruent trials) only emerged in the vehicle 
condition, perhaps limiting its robustness. Not observing either 
effect in a larger sample (n = 19 for theta activity and n = 15-17 for 
delta activity) under identical conditions was unexpected, espe-
cially given that task effects were observed in humans. It could 
be that frequency band definitions are not analogous across spe-
cies and should be tailored to individual species. Alternatively, as 
processes underlying response-locked indices may differ between 
species, that is, error avoidance in humans and reward in rodents 
(Robble et al., 2021), and it could be that rodent response pro-
cessing is unaffected by the task and hence delta power does 
not change. Nonetheless, further study into what general and 
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Figure 3.  Response-locked event-related (ERP) data from error and correct Flanker trials in humans and rats. In both species, responses were made 
at time 0. (A) Grand-average response-locked ERP waveforms for human participants across all 3 treatment conditions at channel Fz. (B) Human 
participants exhibited significantly greater error-related negativity (ERN) and error-positivity (Pe) responses following error vs correct trials across all 3 
treatment conditions (P < .001). (C) Grand-average response-locked ERP waveforms for rats across all 3 treatment conditions for the anterior cingulate 
cortex (ACC) local field potential electrode. (D) Rats exhibited a nonsignificant difference in early response-locked negativity that trended toward 
significance (P = .074) and exhibited significantly greater late response-locked negativity on correct versus error trials (P = .002). Gray shaded regions 
highlight the time windows used to measure mean amplitudes for ERP components. *P < .05, ***P < .001.
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Figure 4.  Target-locked spectral power, plotted as the difference between incongruent and congruent target trials. Target stimuli were presented 
at time 0. Data were calculated as percent change from baseline. (A) Target-locked spectral power for human participants across all 3 treatment 
conditions at channel FCz. (B) Target-locked spectral power for rats across all 3 treatment conditions at the anterior cingulate cortex (ACC) local 
field potential (LFP) electrode and the right orbitofrontal (OFC) screw. (C) Human participants exhibited significantly greater theta power (θ; 4.09-6.53 
Hz) from 300 to 500 milliseconds post-target presentation for incongruent vs congruent trials across all 3 treatment conditions (P < .001). (D) Rats 
exhibited nonsignificant changes in rOFC theta power (θ; 3.61-7.31 Hz) 50 to 250 milliseconds post-target presentation for incongruent vs congruent 
trials across all 3 treatment conditions. ***P < .001.
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Figure 5.  Response-locked spectral power, plotted as the difference between error and correct trials. Responses were made at time 0. Data were 
calculated as percent change from baseline. (A) Response-locked spectral power for human participants across all 3 treatment conditions at channel 
Fz. (B) Response-locked spectral power for rats across all 3 treatment conditions at the anterior cingulate cortex (ACC) local field potential electrode. 
(C) Human participants exhibited significantly greater theta (θ) power (4.09-6.53 Hz) from 0 to 200 milliseconds post response for error versus correct 
trials across all 3 treatment conditions (P < .001). (D) Rat delta power (δ; 1.01-2.05 Hz) from 200 to 600 milliseconds post response did not differ for 
error versus correct trials, and there was no effect of treatment condition. ***P < .001.
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species-specific factors might moderate these measures and lead 
to these discrepancies is needed.

Contrary to our hypothesis, MPH did not modulate any behav-
ioral or EEG measure in humans. These null findings contrast 
with prior reports indicating that MPH potentiates ERN amplitude 
of adults (Barnes et al., 2014) and ERN/Pe amplitude in children 
with attention-deficit/hyperactivity disorder (Groom et al., 2013), 
as well as improves behavioral response inhibition (Nandam et 
al., 2014). Instead, our findings are consistent with our previous 
study (Robble et al., 2021) that observed that modafinil, a drug 
known to inhibit striatal DA transporter (Madras et al., 2006; 
Volkow et al., 2009; Kim et al., 2014) and improve cognitive per-
formance in humans and inhibitory control in rats (Turner et al., 
2003; Morgan et al., 2007; Müller et al., 2013; Pringle et al., 2013), 
also did not moderate behavioral or EEG measures. Furthermore, 
the absence of MPH effects in the present study also aligns with 
the lack of modulation of human ERPs by methamphetamine 
(Haggarty et al., 2024), which similarly acts on DA transporter to 
increase cortical DA (Xie and Miller, 2009). Alternatively, it may 
be that the absence of MPH effects reflects limiting features of 
the current study. First, behavioral performance was high, par-
ticularly in humans, and so there may have been a limit to how 
much MPH could further improve performance. This is especially 
relevant as MPH effects may be moderated by task performance 
such that lower performance accompanies greater effects (Agay 
et al., 2014). Similarly, it may be that the DA levels of our healthy 
cohorts were already optimal, and hence any possible MPH effect 
was minimized. Last, it could be that the specific MPH doses used 
in humans were too subtle to affect brain and behavior; while 
some past work has used similar doses (eg, Groom et al., 2013), 
others have used higher doses (eg, Clatworthy et al., 2009). As 
such, future studies could focus on replications with increased 
task difficulty, controlling baseline performance, participants 
who are hypothesized to have reduced DA signaling (eg, depressed 
individuals), and/or with different doses of MPH to further inves-
tigate where effects may emerge.

Interestingly, some MPH modulation was observed in rats. 
Behaviorally, on average, RT was slower following the higher 
dose of MPH compared with both the vehicle and the lower 
dose of MPH. While this effect might reflect impairment related 
to altered DA signaling due to MPH exposure, given the lack of 
congruency effect for rats’ RT, the results should be interpreted 
cautiously. Future studies should consider using higher MPH 
doses to probe if there is a threshold dose at which effects may 
emerge. Additionally, it appears that MPH may modulate between 
trial-type differences (ie, error vs correct) in response-locked 
ERP amplitude, with this difference being significant only in 
the vehicle condition for the early ERN-like component and in 
the vehicle and low-dose condition for the late Pe-like compo-
nent. ERN- and Pe-like components are often invoked as indices 
of error detection (Nieuwenhuis et al., 2001; Folstein and Van 
Petten, 2008) and awareness (Wessel et al., 2011), and while MPH 
may potentiate error processing (Groom et al., 2013; Barnes et al., 
2014), the present results, where error versus correct differences 
in amplitude are diminished post-MPH exposure, are consistent 
with a DA-related blunting of error processing. It has been postu-
lated that MPH’s effect on performance might follow an inverted 
U-shape function (Repantis et al., 2010), and thus, it may be that 
our doses for rodents were outside the range that improves error 
processing and instead impaired performance.

There were several challenges associated with this cross-
species work. First, there were considerations regarding how to 

best align cross-species measurements, for example, frequency 
range and time window selection. While using difference wave-
forms to identify peaks and select measurement windows pro-
vides a robust analysis, the extension of methods like collapsed 
localizers and global field power peaks/troughs across species 
would provide additional precision in future research. Second, 
while human participants remained seated throughout the 
task, the rats’ movements were not restricted. This meant that 
movement-related activity was present in the rodent recordings 
and likely added noise to the EEG data. It is also worth noting that 
while independent component analysis based artifact removal is 
common in human EEG studies, comparable approaches in rodent 
research are rare. Future research extrapolating independent 
component analysis procedures for artifact detection/removal to 
rodent electrophysiology could prove extremely beneficial to 
cross-species studies, improving data quality and potentially 
enhancing their translational utility. Last, while rodent behavioral 
accuracy was high, the rats required an extensive training period 
to successfully complete the Flanker task. Specifically, training 
sessions of rats in this study ranged from 123 to 290 days, which 
may present logistical and resource challenges.

Despite limitations, the current study successfully used a mod-
ified Flanker task to examine behavioral and EEG indices of cog-
nitive control in humans and rats. We replicated several effects, 
including the expected Flanker interference effect on accuracy, 
response time, and response-locked ERPs in response to errors, 
providing continued support that similar neural mechanisms 
regulate cognitive control in both species. Interestingly, while 
we observed that MPH did not modulate behavioral and neural 
indices in humans, there were dose-specific effects on the RTs of 
rodents. Moreover, trial-type differences in the rodent ERN- and 
Pe- like components were observed in the vehicle condition and 
not after MPH exposure, although these effects should be inter-
preted cautiously. Finally, the null task effects on the spectral 
activity of rats identifies challenges to using these EEG measures 
as cross-species markers of neural activation that remain to be 
addressed.
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Supplementary data are available at International Journal of 
Neuropsychopharmacology (IJNPPY) online.

Acknowledgments
None.

Author Contributions
Samantha Linton (Data curation [Equal], Formal analysis 
[Equal], Visualization [Equal], Writing—original draft [Equal], 
Writing—review and editing [Equal]), Ty Lees (Formal analysis 
[Equal], Visualization [Equal], Writing—original draft [Equal], 
Writing—review and editing [Equal]), Genevieve Nowicki 
(Data curation [Equal], Investigation [Equal], Writing—review 
and editing [Equal]), Rachel Lobien (Data curation [Equal], 
Investigation [Equal], Writing—review and editing [Equal]), 
Gordana Vitaliano (Investigation [Equal], Writing—review and 
editing [Equal]), Jack Bergman (Conceptualization [Equal], 
Methodology [Equal], Writing—review and editing [Equal]), Diego 
Pizzagalli (Conceptualization [Equal], Funding acquisition [Equal], 
Methodology [Equal], Project administration [Equal], Supervision 

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/27/11/pyae050/7840289 by H

ealth Sciences Library user on 27 N
ovem

ber 2024



Behavioral and neurophysiological signatures of cognitive control in humans and rats  |  11

[Equal], Writing—original draft [Equal], Writing—review and edit-
ing [Equal]), Ann Iturra‑Mena (Data curation [Equal], Investigation 
[Equal], Writing—review and editing [Equal]), Brian Kangas 
(Conceptualization [Equal], Data curation [Equal], Investigation 
[Equal], Methodology [Equal], Resources [Equal], Writing—review 
and editing [Equal]), and William Carlezon (Conceptualization 
[Equal], Methodology [Equal], Writing—review and editing 
[Equal]).

Funding
This work was supported by the National Institute of Mental 
Health (UH2 MH109334 and UH3 MH109334) awarded to D.A.P. 
The content is solely the responsibility of the authors and does 
not necessarily represent the official views of the National 
Institutes of Health.

Conflict of Interest
Over the past 3 years: D.A.P. has received consulting fees from 
Boehringer Ingelheim, Compass Pathways, Engrail Therapeutics, 
Neumora Therapeutics (formerly BlackThorn Therapeutics), 
Neurocrine Biosciences, Neuroscience Software, Sage Therapeutics, 
Sama Therapeutics, and Takeda; he has received honoraria from 
the American Psychological Association, Psychonomic Society, 
and Springer (for editorial work) and Alkermes; he has received 
research funding from the Bird Foundation, Brain and Behavior 
Research Foundation, Dana Foundation, DARPA, Millennium 
Pharmaceuticals, the National Institute of Mental Health, and 
Wellcome Leap; he has received stock options from Compass 
Pathways, Engrail Therapeutics, Neumora Therapeutics, and 
Neuroscience Software. B.D.K. has had sponsored research agree-
ments with BlackThorn Therapeutics, Compass Pathways, Delix 
Therapeutics, Engrail Therapeutics, Neurocrine Biosciences, and 
Takeda Pharmaceuticals. W.A.C. has received consulting fees 
from Psy Therapeutics and has sponsored research agreements 
with Cerevel and Delix. No funding or any involvement from 
these entities was used to support the current work, and all views 
expressed are solely those of the authors. All other authors have 
no conflicts of interest or relevant disclosures.

Data Availability
The data used in the present work are available at: https://nda.
nih.gov/edit_collection.html?id=2567

References
Agay N, Yechiam E, Carmel Z, Levkovitz Y (2014) Methylphenidate 

enhances cognitive performance in adults with poor baseline 
capacities regardless of attention-deficit/hyperactivity disorder 
diagnosis. J Clin Psychopharmacol 34:261–265.

Barnes JJM, O’Connell RG, Nandam LS, Dean AJ, Bellgrove MA (2014) 
Monoaminergic modulation of behavioural and electrophysio-
logical indices of error processing. Psychopharmacology (Berl) 
231:379–392.

Barroca NCB, Della Santa G, Suchecki D, García-Cairasco N, Umeoka 
EH de L (2022) Challenges in the use of animal models and per-
spectives for a translational view of stress and psychopatholo-
gies. Neurosci Biobehav Rev 140:104771.

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48.

Bekker EM, Kenemans JL, Verbaten MN (2005) Source analysis of the 
N2 in a cued Go/NoGo task. Brain Res Cogn Brain Res 22:221–231.

Blokland A, Prickaerts J, van Duinen M, Sambeth A (2015) The use of 
EEG parameters as predictors of drug effects on cognition. Eur J 
Pharmacol 759:163–168.

Braver TS (2012) The variable nature of cognitive control: a dual 
mechanisms framework. Trends Cogn Sci 16:106–113.

Cavanagh JF, Frank MJ (2014) Frontal theta as a mechanism for cog-
nitive control. Trends Cogn Sci 18:414–421.

Cavanagh JF, Gregg D, Light GA, Olguin SL, Sharp RF, Bismark 
AW, Bhakta SG, Swerdlow NR, Brigman JL, Young JW (2021) 
Electrophysiological biomarkers of behavioral dimensions from 
cross-species paradigms. Transl Psychiatry 11:482.

Clatworthy PL, Lewis SJG, Brichard L, Hong YT, Izquierdo D, Clark 
L, Cools R, Aigbirhio FI, Baron J-C, Fryer TD, Robbins TW (2009) 
Dopamine release in dissociable striatal subregions predicts the 
different effects of oral methylphenidate on reversal learning 
and spatial working memory. J Neurosci 29:4690–4696.

Cole MW, Schneider W (2007) The cognitive control network: inte-
grated cortical regions with dissociable functions. Neuroimage 
37:343–360.

Eriksen BA, Eriksen CW (1974) Effects of noise letters upon the 
identification of a target letter in a nonsearch task. Percept 
Psychophys 16:143–149.

First MB, Williams JBW, Karg RS, Spitzer RL (2016) Structured clini-
cal interview for DSM-5 — research version (SCID-5 for DSM-5, 
research version; SCID-5-RV).

Folstein JR, Van Petten C (2008) Influence of cognitive control 
and mismatch on the N2 component of the ERP: a review. 
Psychophysiology 45:152–170.

Friedman NP, Miyake A (2017) Unity and diversity of executive func-
tions: individual differences as a window on cognitive structure. 
Cortex 86:186–204.

Fu Y, Chen Y, Zeng T, Peng Y, Tian S, Ma Y (2008) Delta EEG activity 
in left orbitofrontal cortex in rats related to food reward and 
craving. Zool Res 29:260–264.

Fujisawa S, Buzsáki G (2011) A 4 Hz oscillation adaptively synchro-
nizes prefrontal, VTA, and hippocampal activities. Neuron 
72:153–165.

Groom MJ, Liddle EB, Scerif G, Liddle PF, Batty MJ, Liotti M, Hollis CP 
(2013) Motivational incentives and methylphenidate enhance 
electrophysiological correlates of error monitoring in children 
with attention deficit/hyperactivity disorder. J Child Psychol 
Psychiatry 54:836–845.

Haggarty CJ, Glazer JE, Nusslock R, Lee R, de Wit H (2024) Lack of 
effect of methamphetamine on reward-related brain activity in 
healthy adults. Psychopharmacology (Berl) 241:181–193.

Hester R, Nandam LS, O’Connell RG, Wagner J, Strudwick M, 
Nathan PJ, Mattingley JB, Bellgrove MA (2012) Neurochemical 
enhancement of conscious error awareness. J Neurosci 
32:2619–2627.

Kangas BD, Iturra-Mena AM, Robble MA, Luc OT, Potter D, Nickels 
S, Bergman J, Carlezon WA, Pizzagalli DA (2021) Concurrent 
electrophysiological recording and cognitive testing in a rodent 
touchscreen environment. Sci Rep 11:11665.

Kim W, Tateno A, Arakawa R, Sakayori T, Ikeda Y, Suzuki H, Okubo 
Y (2014) In vivo activity of modafinil on dopamine transporter 
measured with positron emission tomography and [18F]FE-PE2I. 
Int J Neuropsychopharmacol 17:697–703.

Lenth R V. (2022) Estimated marginal means, aka least-squares 
means. [Computer software]. R package, https://rvlenth.github.
io/emmeans/

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/27/11/pyae050/7840289 by H

ealth Sciences Library user on 27 N
ovem

ber 2024

https://nda.nih.gov/edit_collection.html?id=2567
https://nda.nih.gov/edit_collection.html?id=2567
https://rvlenth.github.io/emmeans/
https://rvlenth.github.io/emmeans/


12  |  International Journal of Neuropsychopharmacology, 2024, Vol. 27, No. 11

Madras BK, Xie Z, Lin Z, Jassen A, Panas H, Lynch L, Johnson R, 
Livni E, Spencer TJ, Bonab AA, Miller GM, Fischman AJ (2006) 
Modafinil occupies dopamine and norepinephrine transporters 
in vivo and modulates the transporters and trace amine activity 
in vitro. J Pharmacol Exp Ther 319:561–569.

Millan MJ, et al (2012) Cognitive dysfunction in psychiatric disorders: 
characteristics, causes and the quest for improved therapy. Nat 
Rev Drug Discov 11:141–168.

Morgan RE, Crowley JM, Smith RH, LaRoche RB, Dopheide MM (2007) 
Modafinil improves attention, inhibitory control, and reaction 
time in healthy, middle-aged rats. Pharmacol Biochem Behav 
86:531–541.

Müller U, Rowe JB, Rittman T, Lewis C, Robbins TW, Sahakian BJ 
(2013) Effects of modafinil on non-verbal cognition, task 
enjoyment and creative thinking in healthy volunteers. 
Neuropharmacology 64:490–495.

Nandam LS, Hester R, Bellgrove MA (2014) Dissociable and com-
mon effects of methylphenidate, atomoxetine and citalopram 
on response inhibition neural networks. Neuropsychologia 
56:263–270.

Newman LA, Creer DJ, McGaughy JA (2015) Cognitive control and the 
anterior cingulate cortex: How conflicting stimuli affect atten-
tional control in the rat. J Physiol Paris 109:95–103.

Nieuwenhuis S, Ridderinkhof KR, Blom J, Band GPH, Kok A (2001) 
Error-related brain potentials are differentially related to 
awareness of response errors: evidence from an antisaccade 
task. Psychophysiology 38:752–760.

Olvet DM, Hajcak G (2009) The stability of error‐related brain activity 
with increasing trials. Psychophysiology 46:957–961.

Perrin F, Pernier J, Bertrand O, Echallier JF (1989) Spherical 
splines for scalp potential and current density mapping. 
Electroencephalogr Clin Neurophysiol 72:184–187.

Pringle A, Browning M, Parsons E, Cowen PJ, Harmer CJ (2013) Early 
markers of cognitive enhancement: developing an implicit 
measure of cognitive performance. Psychopharmacology (Berl) 
230:631–638.

R Core Team (2013) A language and environment for statistical com-
puting. Vienna, Austria, ISBN 3-900051-07-0 [Computer soft-
ware], R Package, http://www.R-project.org/.

Repantis D, Schlattmann P, Laisney O, Heuser I (2010) Modafinil and 
methylphenidate for neuroenhancement in healthy individu-
als: a systematic review. Pharmacol Res 62:187–206.

Robble MA, Schroder HS, Kangas BD, Nickels S, Breiger M, Iturra-Mena 
AM, Perlo S, Cardenas E, Der-Avakian A, Barnes SA, Leutgeb S, 
Risbrough VB, Vitaliano G, Bergman J, Carlezon WA, Pizzagalli 
DA (2021) Concordant neurophysiological signatures of cogni-
tive control in humans and rats. Neuropsychopharmacology 
46:1252–1262.

Schroder HS, Nickels S, Cardenas E, Breiger M, Perlo S, Pizzagalli DA 
(2020) Optimizing assessments of post‐error slowing: a neu-
robehavioral investigation of a Flanker task. Psychophysiology 
57:e13473.

Schroder HS, Iturra-Mena AM, Breiger M, Linton SR, Robble MA, 
Kangas BD, Bergman J, Nickels S, Vitaliano G, Der-Avakian A, 
Barnes SA, Carlezon WA, Pizzagalli DA (2022) Error-related 
alpha suppression: scalp topography and (lack of) modulation 
by modafinil. J Cogn Neurosci 34:864–876.

Shimizu R, Horiguchi N, Yano K, Sakuramoto M, Kanegawa 
N, Shinohara S, Ohnishi S (2019) Pharmacokinetic-
pharmacodynamic modeling of brain dopamine levels based on 
dopamine transporter occupancy after administration of meth-
ylphenidate in rats. J Pharmacol Exp Ther 369:78–87.

Turner DC, Robbins TW, Clark L, Aron AR, Dowson J, Sahakian BJ 
(2003) Cognitive enhancing effects of modafinil in healthy vol-
unteers. Psychopharmacology (Berl) 165:260–269.

Volkow ND, Wang G-J, Fowler JS, Gatley SJ, Logan J, Ding Y-S, 
Hitzemann R, Pappas N (1998) Dopamine transporter occupan-
cies in the human brain induced by therapeutic doses of oral 
methylphenidate. Am J Psychiatry 155:1325–1331.

Volkow ND, Wang G-J, Fowler JS, Logan J, Gerasimov M, Maynard L, 
Ding Y-S, Gatley SJ, Gifford A, Franceschi D (2001) Therapeutic 
doses of oral methylphenidate significantly increase 
extracellular dopamine in the human brain. J Neurosci 
21:RC121–RC121.

Volkow ND, Fowler JS, Wang G, Ding Y, Gatley SJ (2002) Mechanism of 
action of methylphenidate: insights from PET imaging studies. J 
Atten Disord 6:31–43.

Volkow ND, Fowler JS, Logan J, Alexoff D, Zhu W, Telang F, Wang G-J, 
Jayne M, Hooker JM, Wong C, Hubbard B, Carter P, Warner D, King 
P, Shea C, Xu Y, Muench L, Apelskog-Torres K (2009) Effects of 
modafinil on dopamine and dopamine transporters in the male 
human brain. JAMA 301:1148–1154.

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

Wessel JR, Danielmeier C, Ullsperger M (2011) Error awareness revis-
ited: accumulation of multimodal evidence from central and 
autonomic nervous systems. J Cogn Neurosci 23:3021–3036.

Xie Z, Miller GM (2009) A receptor mechanism for methampheta-
mine action in dopamine transporter regulation in brain. J 
Pharmacol Exp Ther 330:316–325.

Yeung N, Botvinick MM, Cohen JD (2004) The neural basis of error 
detection: conflict monitoring and the error-related negativity. 
Psychol Rev 111:931–959.

Yeung N, Cohen JD (2006) The impact of cognitive deficits on conflict 
monitoring. Psychol Sci 17:164–171.

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/27/11/pyae050/7840289 by H

ealth Sciences Library user on 27 N
ovem

ber 2024

http://www.R-project.org/

	Behavioral and neurophysiological signatures of cognitive control in humans and rats
	INTRODUCTION
	MATERIALS AND METHODS
	Humans
	Human EEG Data Acquisition and Task Procedure
	Human EEG Preprocessing
	Human ERPs
	Human Time-Frequency Decomposition

	Rats
	Electrode Implantation
	Rat Task Procedure
	Rat EEG Preprocessing
	Rat ERPs
	Rat Time-Frequency Decomposition

	Statistical Analyses
	Power Analysis
	Modeling


	Results
	Behavior
	Response-Locked ERPs
	Target-locked Theta Activity
	Response-locked Delta/Theta Activity

	Discussion
	Supplementary Materials
	Acknowledgments
	References


