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ARTICLE

EEG reveals that dextroamphetamine improves cognitive
control through multiple processes in healthy participants
Savita G. Bhakta1, James F. Cavanagh2, Jo A. Talledo1, Juliana E. Kotz1, Lindsay Benster1, Benjamin Z. Roberts1, John A. Nungaray1,
Jonathan L. Brigman3, Gregory A. Light1,4, Neal R. Swerdlow1 and Jared W. Young 1,4✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2022

The poor translatability between preclinical and clinical drug trials has limited pro-cognitive therapeutic development. Future pro-
cognitive drug trials should use translatable cross-species cognitive tasks with biomarkers (1) relevant to specific cognitive
constructs, and (2) sensitive to drug treatment. Here, we used a difficulty-modulated variant of a cross-species cognitive control task
with simultaneous electroencephalography (EEG) to identify neurophysiological biomarkers sensitive to the pro-cognitive effects of
dextroamphetamine (d-amp) (10 or 20 mg) in healthy adults (n= 23), in a randomized, placebo-controlled, counterbalanced,
double blind, within-subject study, conducted across three test days each separated by one week. D-amp boosted d-prime, sped
reaction time, and increased frontal P3a amplitude to non-target correct rejections independent of task difficulty. Task difficulty did
however, moderate d-amp effects on EEG during target performance. D-amp suppressed frontal theta power during easy target
responses which negatively correlated with drug-induced improvement in hit rate while d-amp-induced changes in P3b amplitude
during hard target trials strongly correlated with drug-induced improvement in hit rate. In summary, d-amp affected both
behavioral and neurophysiological measures of cognitive control elements. Under low-demand, d-amp diminished cognitive
control by suppressing theta, yet under high-demand it boosted control in concert with higher P3b amplitudes. These findings thus
appear to reflect a gain-sharpening effect of d-amp: during high-demand processes were boosted while during low-demand
processes were neglected. Future studies will use these neurophysiological measures of cognitive control as biomarkers to predict
d-amp sensitivity in people with cognitive control deficits, including schizophrenia.

Neuropsychopharmacology (2022) 47:1029–1036; https://doi.org/10.1038/s41386-021-01257-2

INTRODUCTION
Despite decades-long efforts to develop cognitive enhancing
treatments for patients with neuropsychiatric disorders including,
schizophrenia (SZ), no Food and Drug Administration-approved
pro-cognitive drugs exist. Numerous pro-cognitive drug trials have
been successful in animals and healthy humans, yet these drugs
have failed to improve cognition in patients [1]. This failure of pro-
cognitive drug trials has underscored the need to identify
biomarkers of treatment sensitivity. To this end, several initiatives
have sought to develop cross-species tests with tightly defined
behaviors and neurobiological underpinnings [2, 3], to identify
biomarkers that can be translated across species and predict
treatment sensitivity.
As part of our ongoing studies of translational biomarkers, we

developed several cross-species paradigms with consistent electro-
encephalogram (EEG)-based biomarkers of specific cognitive domains
for use in both mice and humans [4]. One candidate domain was
cognitive control, defined as the ability to optimally bias attention,
perception, and actions, in the service of a mental and behavioral
goal while inhibiting a prepotent response. We quantified cognitive
control using a difficulty-modulated version of the reverse-translated
cross-species 5-choice continuous performance test (5C-CPT; [5, 6]).

The validity of the 5C-CPT paradigm to measure cognitive
control has been reported in humans, rats, and mice [7–11].
Importantly, the response inhibition component of the 5C-CPT
enables cognitive control assessment, which is separable from the
motoric impulsivity measure, premature responses [12]. Further-
more, the 5C-CPT can be combined with EEG recording to identify
brain regions involved in different elements of the cognitive
control construct, including the fronto-parietal brain regions that
are critical for goal maintenance and updating, response inhibition
and performance monitoring [13–17].
Previously, in a proof-of-concept study, we demonstrated that

the catechol-O-methyltransferase inhibitor, tolcapone, enhanced
the frontal P2 during correct non-target trials, and that this effect
was directly correlated with tolcapone-reduced false alarm rate
(FAR) in healthy subjects [18]. This finding was evident when
these healthy subjects were stratified based on their 5C-CPT
performance at baseline, yet this was obscured by ceiling levels of
5C-CPT performance. To raise this ceiling, other CPTs have
incorporated visual discriminability, e.g., degraded stimulus CPT
[19, 20], a memory component (e.g., CPT-Identical Pairs), or a
working memory component (e.g., AX-CPT) [21, 22]. In the present
study, we developed a ‘masking’ visual discrimination challenge to
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increase cognitive effort during the 5C-CPT target/non-target trials
that remained selective to the cognitive control domain [23]. Here,
we tested whether this new difficulty manipulation altered the
pharmacological sensitivity of the EEG markers.
While the interpretation of EEG signals are continually defined,

the 5C-CPT elicits some of the best-known EEG features of cognitive
control. Frontal midline theta is elicited during demanding
performance, and it is a reliable marker that signals the need for
cognitive control [24]. The P3a is closely associated with the
novelty-evoked instantiation of response selection [25], and P3b
reflects later decision making [26–30]. Theta and P3a occur earlier
and reflect a lower level of awareness than later decision variables
like the P3b, which relies on slow and deliberative accumulation
of available evidence leading to a decision [24, 29]. Both these
event-related potential (ERP) components and frontal midline theta
are sensitive to pharmacological interventions [31] and can serve
as candidate biomarkers to predict treatment sensitivity. We chose
dextroamphetamine (d-amp) as the pro-cognitive “test” drug
because of its known mechanism of action, and well-established
neurocognitive and neurophysiological cross-species effects [8].
Pharmacological studies using d-amp, a dopamine/norepinephr-

ine transporter inhibitor and indirect dopamine agonist, reported
improved performance on cognitive control-requiring tasks in both
healthy controls and stable SZ patients [32–34]. D-amp also
improved standard 5C-CPT performance in humans, mice, and rats
by increasing hit rate (HR), signal detection, and speeding hit
reaction time (RT) [7, 8]. However, d-amp effects on the EEG
correlates of cognitive control remain unknown. We hypothesized
that d-amp would improve this cross-species 5C-CPT performance
by increasing HR (target detection) and speeding hit RT, as well as
by enhancing frontal activation during correct rejections (CRs) on
non-target trials and enhancing theta during difficult target trials.
We also hypothesized that neural signals of cognitive control would
correlate with relevant behavioral performance.

MATERIALS AND METHODS
This study was conducted at the UCSD Medical Center, with approval from
the UCSD Human Subject Institutional Review Board.
Subjects: psychiatrically and medically healthy men and women between

the ages 18–35 years were recruited from the community via public
advertisements and compensated monetarily for study participation. First,
subjects underwent phone screening to assess current and past medical and
psychiatric history, medication and recreational drug use and family history
of psychosis. Subjects who passed the phone screen were invited for a screen
day. During the screening visit, subjects first signed the consent form and
then completed the following assessments: (1) structured clinical interview
(SCID-NP; [35]); (2) self-reporting questionnaires about caffeine intake and
handedness; (3) a hearing test; (4) physical examination; (5) an electro-
cardiogram (EKG); (6) urine toxicology screen; (7) urine pregnancy test for
females as per our established screening protocol [36]; (8) a Wide Range
Achievement Test for IQ assessment [37]; and (9) a Measurement and
Treatment Research to Improve Cognition in Schizophrenia Cognitive Battery
[38]. Study inclusion criteria are described in Supplementary Table 1.
Study design: this study used a double blind, randomized, placebo-

controlled, counterbalanced, within-subject design. Participants received
either placebo or one of two active doses of d-amp (10 or 20mg) orally on
each of the three test days separated by 1 week. The test day schedule is
shown in Supplementary Table 2. Briefly, subjects arrived at 8:30 a.m. after
overnight fasting with exception of water, completed a urine toxicology
screen and a urine pregnancy test in females, and ate a standardized
breakfast. Vital signs and subjective symptom rating scale (SRS) scores [39]
were obtained at specific intervals pre- and post-pill. Subjects completed
the 5C-CPT with simultaneous EEG recording 120min after pill adminis-
tration, when these doses of d-amp are known to be bioactive [39, 40].

Masked 5-choice continuous performance task (5C-CPT) with
simultaneous EEG recording
As reported previously [9], the participants were given a brief practice on
the task before performing the full task. The practice session consisted of

12 trials (10 target and 2 non-target stimuli randomly presented). The
participants had to perform the practice block correctly before moving on
to the full task. For target trials, participants responded by moving the
joystick in the direction of a circle that turned white one at a time, and they
inhibited from responding when all 5 circles turned white simultaneously
(non-target trials). We used a modified version of the 5C-CPT with two
different conditions of target and non-target stimuli. Consistent with
previous studies, unmasked condition or “easy” stimuli were presented for
100ms, and masked condition or “hard” stimuli were presented for 10ms.
The stimuli presented in masked condition were identical in appearance to
unmasked conditions, except that a solid white mask was presented over
the stimulus array for 90ms after initial stimulus presentation (100ms total,
consistent with standard trails; Fig. 1). All target and non-target stimuli,
whether masked or unmasked, were presented in a pseudorandom order
to ensure that no more than 3 of the same trial types appeared
consecutively, with a 1 s response window available for all trials and a
variable inter-trial interval (ITI; 500, 1000, or 1500ms). All participants
understood the task and correctly performed the practice block prior to
initiating the session. The full task consisted of 216 trials, 108 unmasked
(90 target and 18 non-target stimuli), and 108 masked (90 target and 18
non-target stimuli) trials.
Responses were recorded and included hits and misses to target trials,

and false alarms (FAs) and CRs to non-target trials. Composite metrics of
task performance were used in the analysis of performance, including HR,
FAR, and task accuracy, hit RT as indicated in our previous work [11], but
this time compiled by trial condition (unmasked or “easy” vs. masked or
“hard”). The d-prime and responsivity indices (measures of vigilance and
bias respectively) were also calculated using signal detection theory
[41, 42], the former measures appropriate responding [43], the latter
provides a measure of the tendency to respond (bias) for each difficulty
condition.

EEG recording and pre-processing
Continuous EEG data were recorded in DC mode from 64 scalp leads using
a BioSemi Active Two system (www.biosemi.com). During data acquisition
the electrode offsets were kept below 25mV and all channels were
referenced to the system’s internal loop (CMS/DRL electrodes). Four
electrooculograms recorded at the superior and inferior orbit of the left
eye and outer canthi of each eye, and one nose and two mastoid
electrodes were used for offline re-referencing. All data were collected
using a 1048 Hz sampling rate utilizing a first-order anti-aliasing filter. Data
were epoched around the imperative stimuli, average referenced, and
down-sampled to 500 Hz. Bad channels and bad epochs were identified
using a conjunction of the FASTER algorithm [44] and pop_rejchan from
EEGLab [45] and were subsequently interpolated and rejected, respec-
tively. Eye blinks were removed following independent components
analysis in EEGLab.

EEG post-processing
Time frequency measures were computed by multiplying the fast Fourier
transformed (FFT) power spectrum of single trial EEG data with the FFT
power spectrum of a set of complex Morlet wavelets defined as a
Gaussian-windowed complex sine wave: ei2πtfee−t^2/(2 × σ^2), where t is time,
f is frequency (which increased from 1–50 Hz in 50 logarithmically spaced
steps) and the width (or “cycles”) of each frequency band were set to
increase from 3/(2πf) to 10/(2πf) as frequency increased. Then, the time
series was recovered by computing the inverse FFT. The end result of this
process is identical to time-domain signal convolution, and it resulted in
estimates of instantaneous power taken from the magnitude of the
analytic signal. Each epoch was then cut in length (stimuli: −500 to +1000
ms; responses: −1000 to +500ms). Averaged power was normalized by
conversion to a decibel (dB) scale (10 × log10[power(t)/power(baseline)]),
allowing a direct comparison of effects across frequency bands. The
baseline consisted of averaged power −300 to −200ms before all stimuli.
A 100ms duration is often used as an effective baseline since pixel-wise
time frequency data points have already been resolved over smoothed
temporal and frequency dimensions with the wavelets.
Statistical differentiation followed an a priori approach, where each task

had a predicted ERP component or temporal and frequency range for the
contrast of interest. The time frequency region of interest was defined by a
prior study of this same task [4]: response-locked theta power: 4–8 Hz from
−500 to 0 ms pre-response. The time-locked event for non-target
condition was set to the end of RT deadline. These data are shown in
Supplementary section as they provide important analogs for future
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translational investigations but were not statistically analyzed. Stimulus-
locked theta power was also investigated for the first time here (3–5.5 Hz
from 200 to 400ms poststimulus).
ERP components were quantified based on specific hypotheses. For non-

target conditions, components were quantified as the average activity at the
fronto-central midline scalp electrode (FCz) in a temporal window around
the peak (P3a: 400ms ± 50). For target conditions, the P3b (450ms ± 100ms)
was quantified as the average activity at the parietal midline scalp electrode
(Pz). These electrodes were chosen in-part due to our earlier biomarker
observations in humans, and enabling future mouse testing at these same
locations as we described [4].

Statistical analysis
Mixed linear models (MLMs) were run using MIXED command in SPSS 26 to
analyze individual differences in 5C-CPT performance and EEG measures
across drug conditions. MLMs used restricted maximum likelihood
estimation with fixed effects for task difficulty (binary: easy, hard), drug
(continuous: placebo, 10mg, 20mg), and the difficulty*drug interaction.
Participants were modeled with random intercepts and the default
diagonal covariance matrix. Correlations between individual differences
on 5C-CPT behavioral performance and neural signals across drug
conditions were analyzed using Pearson’s correlation. Alpha for all
hypotheses was set at 0.05. Here we report linear trends, which had the
best fit to the data. We also report on quadratic models in the Supple-
mentary Material; conclusions were very similar to linear fits.

RESULTS
Subjects
Of the 36 healthy participants enrolled in the study, 23
participants (Table 1) completed all three test days. Those
disqualified from the study are shown in Supplementary Table 3.
Study participants were mostly young, college educated men
and women. D-amp was well tolerated except one study
participant experienced elevated heart rate and blood pressure
that lasted for more than 8 h after pill administration before
resolving. Out of precaution, this participant was subsequently
excluded from the study.

Physiological and psychological effects
D-amp significantly increased heart rate and blood pressure but
had no significant effects on subjective ratings of fear, drowsiness
or happiness measured using the SRS. For details see Supplemen-
tary Material.

5C-CPT behavior
For hit RT, there were significant main effects of d-amp (F1,52.36=
11.06, p= 0.002; Fig. 1B) and task difficulty (F1,46.44= 16.98, p <
0.001), but no drug*difficulty interaction (F < 1). Post hoc t-test
contrasts revealed a significant effect of d-amp 10mg dose (p=
0.007) compared to placebo for hard target trials. There
was neither a significant effect of 20mg d-amp compared to
placebo nor differences between the two d-amp doses. There
was a significant main effect of drug for d prime (F1,70.46= 4.23,

Table 1. Clinical demographics (N= 23).

Age (Mean(SD)) 22 (4.82)

Race (%)

Caucasian 39

Asian 26

Pacific Islander/Native Hawaiian/Alaskan 17

Mixed race 15

Gender

M:F 12:11

Education (Mean (SD)) 14.26 (1.74)

Smokers: nonsmokers 0:23

WRAT score (Mean (SD)) 108.13 (11.61)

Caffeine intake in mg/day (Mean (SD)) 165 (231.6)

MCCB composite score (Mean (SD)) 48.17 (9.06)

Participants were young, racially diverse, educated, men and women.

Fig. 1 D-amphetamine improved performance of the reverse-translated masked challenge 5C-CPT. Consistent with the mouse 5C-CPT,
participants must respond to target trials (single circle), but inhibit from responding to non-target trials (five circles). Standard 100ms stimulus
duration trials are presented as the unmasked (easy; blue diamonds) condition, while masked (hard; red circles) conditions are presented
where a solid white mask is presented over the stimulus array 10ms after the initial stimulus, for 90ms, for a total of 100ms (A). The impact of
d-amp (10 or 20mg), on healthy participant performance of this masked challenge 5C-CPT was assessed. D-amp (10mg), sped hit reaction
time (RT) for hard trials (*p= 0.002; C), while both 10 (*p= 0.03), and 20mg (*p= 0.05), d-amp increased overall performance (d prime)
independent of trial type (D), driven by increased target detection (B), without affecting bias of responding (E). Data presented as mean ±
standard error of mean (SEM).
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p= 0.044; Fig. 1C), but no significant effect of difficulty or
drug*difficulty interaction (F’s < 1). Post hoc comparisons revealed
significant differences between 10mg (p= 0.03) and 20mg
d-amp dose (p= 0.057) compared to placebo but no difference
between the two d-amp doses. There were no main or interaction
effects for response bias, nor for independent measures of hits or
FA (Fig. 1D, E and Supplementary Fig. 1). In summary, the masked
5C-CPT trials were significantly more difficult than the standard
trials, while d-amp sped RT and increased signal detection
irrespective of trial type.

Masked 5C-CPT related ERPs
Our ERP analysis was focused on frontal central (FCz), and parietal
(Pz) electrodes given the consistency of effects across mice and
humans in our earlier 5C-CPT work [4], confirming our a priori
hypotheses here. There was a significant main effect of drug on
non-target (CR) P3a (F1,59.64= 16.89, p < 0.001), where d-amp
increased P3a amplitude at FCz regardless of task difficulty (Fig. 2).
This finding remained significant when the P3a was quantified

as the difference between the P3a peak and the N2 trough
(F1,64.70= 15.43, p < 0.001). There were no significant effects for
target (hit) P3b (difficulty F1,42.05= 2.20, p= 0.15, drug or
difficulty*drug interaction F < 1; Fig. 3A).
We investigated how drug-induced changes in performance

related to drug-induced changes in ERPs. Due to trial count
limitations, this analysis was restricted to correct target (hit) trials
and the associated P3b component. Drug-induced increases in HR
significantly correlated with drug-induced increases in P3b
amplitudes on hard target trials across three different contrasts:
10 mg-placebo, 20 mg-placebo, and 20mg–10mg (p= 0.04, p=
0.01, and p= 0.05, respectively; Fig. 3B).

Theta power
There was no significant effect of d-amp on stimulus-locked theta
power. However, analyses of response-locked theta power for
target trials detected a significant difficulty*drug interaction
(F1,72.33= 5.95, p= 0.02) in the absence of main effects (Fs < 1;
Fig. 4A, B). Planned comparisons split by task difficulty showed a
significant decrease in theta power with increasing d-amp dose
for easy target responses (F1,34.26= 8.34, p= 0.007), but the
corresponding increase in power with increasing d-amp dose for
hard target responses was not significant (F1,29.59= 1.51, p= 0.23).
We investigated how drug-induced changes in performance
related to drug-induced changes in response-locked theta power.
Again, this analysis was restricted to correct target (hit) trials and
the associated theta activity on easy (hit) responses. Drug-induced
increases in HR were significantly correlated with drug-induced

increases in response-locked theta power on easy target trials
across two of the three different contrasts: 10 mg-placebo, 20mg-
placebo and 20mg–10mg (p= 0.01, p= 0.02 and p= 0.08,
respectively; Fig. 4C). No such correlations were observed during
hard target trials (Supplementary Fig. 3).

DISCUSSION
This study investigated the acute effects of d-amp on the
behavioral phenotypes and neural mechanisms of cognitive
control using a cross-species reverse-translated masked challenge
5C-CPT task with simultaneous EEG recording in healthy adults.
Both 10 and 20mg doses of d-amp significantly enhanced 5C-CPT
performance by increasing d prime and reducing hit RT. D-amp
also activated frontal brain regions during CRs on non-target trials
and suppressed frontal theta power during easy target responses.
Interestingly, a series of significant correlations were noted
between: (1) d-amp-enhanced HR and enhanced parietal P3b
amplitude during hard target trials; and (2) d-amp induced frontal
theta suppression and reduced HR during easy target responses.
These intra-individual changes in parietal P3b amplitude and
frontal theta suppression could serve as biomarkers for future pro-
cognitive control drug trials in patient populations and mechan-
isms underlying these changes could be tested in rodents.
Importantly, both 10 and 20mg doses of d-amp were well

tolerated and biologically active, transiently increasing heart rate,
systolic and diastolic blood pressure. These findings are consistent
with prior reports of d-amp effects in healthy participants [36]. Our
findings of reduced hit RT and enhanced signal detection with
d-amp are also consistent with prior reports of d-amp in healthy
adults and rodents [7, 8]. While d-amp sped responses for both
easy and hard target trials, the hit RT was slower overall for hard
target trials compared to easy target trials, likely reflecting
increased attentional difficulty due to masking. This slowed RT
likely enabled comparable HRs between the two conditions,
suggesting that while masked trials were more challenging, they
remained perceptible, and drove a speed/accuracy trade-off.
While the effect of d-amp on hit or FAR was not statistically

significant, d-amp enhanced overall attention as measured by
d-prime. Similar findings of d-amp effects on cognitive control
measures using Connor’s CPT were reported in healthy adults [46].
The lack of significant effect on response inhibition could in part be
due to the fewer number of non-target trials and sparse FA
reflecting a ceiling effect. It could also suggest that d-amp is
sensitive to attentional measures and vigilance, given its primary
striatal action, but less sensitive to the behavioral measure
of inhibitory control. However, Ilieva and colleagues [47] in their

Fig. 2 D-amp effect on P3a at FCz electrode during non-target trials. Grand average ERP waveforms on the top and topographic contrasts
between d-amp 10 and 20mg doses and placebo at the bottom for both easy (A) and hard (B) non-target trials. The FCz electrode site is
identified on topographic plots with a magenta square. C ±Standard error of mean (SEM) plot showing d-amp increases in P3a amplitude at
FCz during correct response inhibition (non-target trials), regardless of task difficulty (**p < 0.001).
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meta-analysis of 48 studies found that stimulants significantly
improved inhibitory control in non-clinical individuals when
measured using Go/NoGo or Stop Signal task, both of which
include higher numbers of non-target trials. Increasing the NoGo
(non-target) ratio (vs. target trials), in the 5C-CPT could enable
greater sensitivity of this task to observe stimulant-induced effects
on inhibitory outcomes. Given that we observed tolcapone-induced
improved response inhibition and stronger P200 amplitude
(which significantly correlated) previously in the standard 5C-CPT
[18], we are confident this task is sensitive to drug-induced
changes to inhibitory control. Thus, we continue efforts toward
identifying treatment sensitive neurophysiological markers relevant
to behavior.
Interestingly, we found that d-amp significantly activated

frontal P3a during correctly rejected non-target trials independent
of task difficulty. The P3a is associated with the orienting of
response to novel or cognitively demanding events known to
originate from frontal brain region and driven by dopamine
[29, 48, 49]. It has also been linked to the control evoked by the
need for response inhibition [25, 50]. Enhancement of the P3a
suggests that one mechanism by which d-amp contributes to
better performance (higher d-prime) is by facilitating response
inhibition and target detection. The engagement and activation of

appropriate cognitive control neural correlates of response
inhibition in our study suggest a greater d-amp sensitivity of
neurophysiological vs. behavioral measures of response inhibition,
underscoring the potential value of neurophysiological biomarkers
of treatment sensitivity.
Additionally, we found strong and reliable intra-individual effects

(i.e., statistical random effects) between d-amp- enhanced HR and
increased P3b amplitude during hard target trials (but not during
easy or unmasked target trials). The P3b is a well-known marker of
the meaning‐ and surprise‐driven updating of cognitive schema
[26–29], particularly when integrating evidence toward a decision
[51–53]. Our findings therefore suggest that P3b amplitude is a
marker of the process by which d-amp boosts rapid and effective
decision making under difficult target detection conditions (but not
during easy or unmasked target trials)
D-amp suppressed frontal theta power during easy target

responses. Moreover, individual differences in d-amp-induced theta
suppression on easy target trials positively correlated with reduced
HR on easy target trials. These findings stand in contrast to the
facilitatory interpretations of enhanced P3a and P3b amplitudes: the
main effect of diminished theta power (Fig. 4B) appears to be
related to poorer performance across individuals (Fig. 4C). This thus
appears to reflect a gain-sharpening consequence of d-amp: more

Fig. 3 D-amp effect on P3b and correlation with hit rate. No effect of d-amp on P3b at Pz electrode for easy and hard target trials seen on
grand average ERP waveform (A), topographic plot (B) and ±SEM plot (C). The Pz electrode site on topographic plot is identified with a
magenta square. D d-amp-induced increases in hit rate directly correlated with d-amp-enhanced P3b during hard trials across three different
contrasts: 10 mg-placebo, 20mg-placebo, and 20mg–10mg (p= 0.04, p= 0.01, and p= 0.05, respectively) within subjects.
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critical processes were boosted while more simple processes were
neglected. Inhibition (P3a) and decision (P3b) processes were
enhanced in the service of better performance particularly on hard
trials, whereas control over simple responses (theta) on easy trials
was diminished to the detriment of performance. Thus, although
d-amp boosted d-prime and RT, better performance came at a cost-
generic performance monitoring processes appear to be diminished
when they are least needed.
We previously reported response-locked theta power for target

and non-target trials for both easy and hard stimuli (non-masked),
in mice using a rodent 5C-CPT paradigm with simultaneous EEG
monitoring [4]. Here, we report similar response-locked theta
power with modified 5C-CPT in healthy adults (Supplementary
Fig. 2). Thus, not only do these findings provide replicability of this
biomarker in healthy human subjects, but they also support the
cross-species translatability of the 5C-CPT paradigm and validate a
task-relevant neural response.
While our study sample is modest, this limitation is mitigated

somewhat by the use of a powerful within-subject design for dose
comparisons across behavioral and brain-based measures.
Although we were able to analyze individual dependent
measures, our design lacked the power needed to use complex
statistical approaches to identify multivariate relationships and
latent factors that might moderate d-amp sensitivity.
In summary, d-amp significantly enhanced neural correlates of

cognitive control construct in addition to behavioral measures of
attention and vigilance in healthy adults using a modified cross-
species 5C-CPT paradigm with simultaneous EEG recording. These
findings demonstrate the feasibility of the study design and the use

of a cross-species paradigm with simultaneous EEG recording and
validates the behavioral and task-relevant EEG measures and their
translatability across species. The scalp-recorded EEG activity reveals
a mixture of frontal orienting/salience detection and parietal
evaluative stimulus processing subcomponents noted as d-amp-
enhanced frontal P3a during non-target trials and frontal theta
suppression during easy target trials. Interestingly, the strong
correlation between d-amp-induced frontal theta suppression and
HR during easy target conditions, and the relationship between
parietal P3b amplitude and d-amp-enhanced HR during difficult
target conditions reflects a non-orthogonal model, wherein co-
occurring processes combine in a weighted fashion depending on
the task difficulty. In other words, d-amp contributes to a
diminishment of control when the task is easy but promotes a
tighter link between brain and behavior when the task is difficult or
requires resolution of conflict. Future studies will focus on using
these neurophysiological measures of cognitive control construct as
biomarkers to predict pro-cognitive control drug sensitivity in
patient populations, as well as mechanistic studies in rodents.

DATA AVAILABILITY
All data and Matlab code to re-create these analyses are available at OpenNeuro.org,
accession #[WILL BE COMPLETED UPON ACCEPTANCE].
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