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The off-label use of prescription psychostimulants in healthy individuals is becoming 

more prevalent, particularly in college populations, prompting the new label “Generation 

Adderall”. Although these drugs have been shown to improve cognition in children with 

attention-deficit disorder (ADHD), the efficacy of stimulant medications for cognitive 

enhancement in healthy adults has not been definitively shown, with some research 

indicating positive effects on cognition, others indicating negative effects, and still others 

showing no effects of stimulant interventions. Further, discrepant results have been 

reported between, but also within cognitive domains, suggesting more research is needed 

to carefully illuminate and replicate these effects. I propose that one of the primary 

outcomes of psychostimulants, namely decreased sleep, may play an important, and as of 

yet, unacknowledged role in the effect of these drugs on cognition. Sleep, a basic 
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biological need, has been shown to be important for cognitive processing, including 

learning, memory and attention. Remarkably, however, the interaction between 

stimulants, sleep and cognition in healthy adults has received little scientific attention. 

Here, I first present experimental evidence from two different within-subjects, crossover, 

double-blind, placebo-controlled studies where I examine the immediate and long-term 

impact of psychostimulants on two different cognitive domains; sustained attention, 

which has previously shown stimulant-related performance enhancement, and emotional 

memory, which has reliably been shown to benefit from sleep. Next, in light of these two 

studies’ novel contributions, I review the existing literature on stimulant cognitive 

enhancement and propose a theoretical model that includes sleep as the missing link in 

the story of psychostimulant cognitive enhancement.  
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Introduction.  

 The human pursuit of cognitive enhancement has dominated science and popular 

culture throughout human history, as people have sought various means to increase 

individual performance capacities. Amphetamine stimulants, such as methylphenidate 

and mixed-salt amphetamines, known for their therapeutic treatment of Attention Deficit 

Hyperactivity Disorder (ADHD), are among some of the most commonly abused drugs to 

pursue this end. Conservative estimates suggest over 11 million people [1] in the United 

States alone may be using psychostimulant medications off-label, with a 10-fold increase 

over the past 2 decades [1-3]. Studies suggests that these healthy individuals have been 

turning to these so-called “smart pills” due to the impression that these drugs promote 

cognitive performance [4]. Commentaries in prominent journals like Nature have 

expressed considerable support for this growing trend [5], though few empirical studies 

definitively support this assumption [6].  

One reason for these mixed findings may be the most common reason individuals 

are turning to these stimulant medications, namely the obstruction of sleep [7-8]. 

Increased wakefulness and alertness is a primary reason for off-label stimulant use in 

healthy subjects, with current users or those with a history of nonmedical stimulant use, 

reporting considerable nighttime sleep disruptions [9]. This is despite a large body of 

work that has shown sleep is vital for healthy cognition. Studies have shown that after 

partial sleep deprivation (i.e. 3-6 hours of sleep at night), executive functioning tasks, like 

sustained attention, are some the first cognitive abilities to suffer [10]. Additionally, 

studies have shown that there are considerable increases in variability of performance on 



 2 

attention tasks as a function of time awake, with increased errors of omission and 

commission after sleep loss [11].  

A long history of research has also shown that sleep is important for the 

maintenance and enhancement of declarative memories. Studies have shown that specific 

stages of sleep, particularly non-rapid eye movement (NREM) sleep, yields less 

declarative memory forgetting than a comparable period of wake or rapid eye movement 

(REM) sleep [12-15]. Additionally, slow oscillatory activity, a feature of NREM sleep, 

has been associated with better post-sleep memory performance. Studies also report that 

memory for emotional stimuli are preferentially consolidated during sleep compared with 

non-emotional stimuli [16-18] ; and both slow wave activity during NREM sleep [19] 

and minutes in REM sleep [16] are correlated with post-sleep emotional memory 

improvement. While daytime administration of psychostimulants (compared to placebo) 

produces substantial nighttime sleep disturbances [20-21], the impact of stimulant-

induced sleep deterioration on subsequent cognitive health has been relatively ignored. 

In the following sections, I present two studies in which I examine the 

dissociative role of sleep and psychostimulants for two cognitive domains. In the first 

study, I investigate the stimulant x sleep interaction for sustained attention. Sustained 

attention is an executive functioning task that has previously shown significant stimulant-

related performance enhancements (Chapter I), but is also susceptible to performance 

decreases after sleep loss. In the second study, I explore the role of stimulants for 

emotional memory, a cognitive domain shown to be dependent on sleep for both 

maintenance and enhancement (Chapter II). Lastly, I place these new findings in the 
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context of the existing stimulant cognitive enhancement literature and put forth a 

theoretical model that considers sleep-dependent memory as a potential mediator in 

psychostimulant cognitive enhancement (Chapter III). Together, these findings will 

provide substantive answers to the direct and indirect consequences of stimulant 

enhancement and will address the complexity and multi-faceted nature of this growing, 

public health concern. 
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Chapter I 

 

Abstract. The off-label use of psychostimulants is a growing trend in healthy adults with 

many turning to these medications to increase alertness, attentional focus, and to help 

them study. However, the empirical literature on the efficacy of these medications for 

cognitive enhancement is controversial and the longer-term impact of these drugs on 

health and cognitive processing has not been thoroughly examined. Specifically, sleep 

supports daytime alertness, vigilance, and sustained attention, yet stimulants significantly 

disrupt sleep. Here, using a double-blind, placebo-controlled, crossover design, we tested 

the impact morning administration of psychostimulants (dextroamphetamine; DEX) had 

on: 1) tests of attention 75-min and 12-hr after drug ingestion 2) nighttime sleep and 3) 

post-sleep attention in healthy, young adults. We found that stimulants, compared to 

placebo, provided a boost to attentional processing 75-mins post-drug that persisted to the 

delayed test 12-hrs after drug administration. Additionally, morning stimulant 

administration resulted in robust nighttime sleep disruptions, yet post-sleep sustained 

attention was equivalent in the stimulant and placebo conditions, indicating that the initial 

boost to performance dissipated at 24hrs, but the decrease was not significantly worse 

than placebo. Together, these results suggest that stimulants provide a boost to selective 

attention across a 12-hour period of wake that subsides after 24-hrs independent of 

significant nighttime sleep disruption. 
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Introduction. 

 Amphetamine stimulants have been used effectively to treat neurobehavioral 

disorders (e.g. Attention Deficit Hyperactivity Disorder) and sleep/wake disruptions (e.g. 

excessive daytime sleepiness, narcolepsy) since the early twentieth century. However, 

more recently, these stimulant medications have been increasingly used off-label by 

healthy students and young professionals [1-3] with the hope that these substances will 

enhance cognitive performance (4, 22]. While some academic commentaries have 

embraced a positive association between stimulants and cognition [5], empirical studies 

have yet to show conclusive findings, with differential effects both within and across 

cognitive domains [4, 6, 23-25].  

 One cognitive domain that has been the focus of several studies is attention— the 

sustained allocation of processing resources to relevant stimuli. Off-label users 

consistently endorse attentional-related benefits as a main reason for stimulant use [8, 

22], however the literature is inconclusive.  For example, several studies have shown 

positive associations for both vigilance and attention [26], whereas a meta-analysis of 10 

cognitive enhancement studies examining an array of attentional tasks (e.g. simple and 

choice reaction time, selective and divided attention) found no benefit to attention from a 

single dose or repeated administration of stimulants [(vs. placebo); 6]. Interestingly, most 

of the existing literature has used short-term experimental paradigms geared toward 

exploring the acute impact of stimulants on cognitive performance, while little has 

focused on the longer-term consequences of off-label stimulant use. However, 

considering the growing trend in the use of stimulant medications by healthy young 
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adults [1, 3], understanding subsequent health and cognitive consequences associated 

with non-medically necessary stimulant use is becoming more essential.  

The obstruction of sleep (i.e. prolonged wakefulness) is a primary reason for off-

label stimulant use in healthy adults [3, 7-8]. Accordingly, one group of researchers 

reported that college students currently using or with a history of nonmedical 

psychostimulant use had decreased subjective sleep quality, increased sleep disturbance, 

and worse Pittsburg Sleep Quality Index scores when compared to non-users [9]. 

Importantly, adequate nighttime sleep has been widely shown to support cognitive 

fitness, specifically daytime alertness, vigilance and sustained attention [10, 27]. Further, 

the daytime administration of psychostimulants (compared to placebo) has resulted in 

substantial nighttime sleep disruption [20, 21]. However, the impact of stimulant-induced 

sleep deterioration on subsequent cognitive processing has not been explored. This lack 

of research is surprising considering it has been established that psychostimulants may 

differentially impact cognitive performance depending on previous sleep quality [28]. In 

particular, one study showed that stimulants disproportionately benefit performance on a 

divided attention task when participants received less sleep (4 vs 8 hours) the night before 

testing [29]. Still, the effect of stimulant’s corrosion of nighttime sleep and the long-term 

impact on subsequent cognitive processes has not been carefully examined, which is the 

goal of the current study. 

Here, we examined the acute (75-min post-drug ingestion) and delayed (12 and 24 

–hr post-drug ingestion) impact of stimulants on attentional processing and sleep. We 

used a within subjects, double-blind, placebo-controlled, crossover design, to examine the 
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impact of morning administration of psychostimulants (dextroamphetamine; DEX) 

compared to placebo (PBO) on three testing conditions: 1) 75-mins post-drug, 2) 12-hrs 

post-drug and 3) 24-hrs post-drug. We also measured brain activity during the night with 

electroencephalography (EEG) to examine the effect of stimulants on sleep architecture. 

We used a multiple object tracking (MOT) task; a well-validated task of sustained 

attention, whereby subjects are asked to track a subset of moving circles among moving 

distractors [30, 31]. We examined both unilateral tracking performance, in which target 

objects were presented to either the left or right visual hemifield, and bilateral 

performance, where target objects were presented in both visual fields, simultaneously. 

We hypothesized, compared to placebo, stimulants would have an acute benefit on both 

unilateral and bilateral attentional tracking, but that these effects would not be present at 

a 12-hr delay test due to the acute cognitive-arousing properties of the stimulant 

dissipating across the day. However, we did predict stimulants would disrupt nighttime 

sleep, and as a result, also reduce post-sleep MOT performance.  

 

Materials and Methods 

 Subjects. Forty-three, non-smoking participants between the ages of 18 to 35 

(Mage = 20.60 ± 2.64 years, 22 Females) with no personal history of neurological, 

psychological, or other chronic illness provided informed consent, which was approved 

by the Western Institutional Review Board and the University of California, Riverside 

Human Research Review Board. Participants received monetary compensation. 

Individuals were excluded from participation if they reported: irregular sleep/wake 
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cycles; a sleep disorder; personal or familial history of diagnosed psychopathology; 

substance abuse/dependence; loss of consciousness greater than 2 minutes or a history of 

epilepsy; current use of psychotropic medications; and any cardiac or respiratory illness 

that may affect cerebral metabolism, which was determined during an in-person 

psychiatric assessment with trained research personnel. Additionally, all participants 

underwent a medical history and physical appointment with a staff physician. All subjects 

were naïve to (or had limited contact) with either of the active medications in the study 

(<2 lifetime use and no use in last year). No adverse events were reported by participants 

throughout the study.  

 Pharmacology. We used a single 20-mg dose of immediate release d-

amphetamine (DEX) which was prepared by the MDMX Corona Research Pharmacy. 

Immediate release DEX is a sympathomimetic amine with CNS stimulant activity [32] 

that reaches peak plasma concentrations at 3-hrs and has a mean elimination half-life 

between 4 to 6 hrs [33]. DEX powders were encapsulated and visually indistinguishable 

from the placebo capsules, which were made of microcrystalline cellulose and contained 

no active medications.  

 

Experimental Design and Protocol. 

 Experimental Design. This study employed a double-blind, placebo-controlled, 

within-subject, cross-over design. The order of drug conditions was randomized and 

counterbalanced. There was at least a one-week interval between each experimental visit 

to allow for drug clearance.  
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 Procedure. All participants wore an actigraph and completed daily sleep diaries 

for one week prior to each in-lab visit to ensure participants were not sleep-deprived, 

received an average of 8 hours of sleep per night, and spent at least 7 hours in bed the 

night prior to each experimental visit. Subjects reported to the laboratory at 8:00AM. 

After compliance with sleep procedures was verified, subjects began the morning session 

where baseline speed thresholds were calculated. Shortly after, at 9:00AM, either DEX or 

PBO was administered. Seventy-five minutes after drug ingestion (10:15AM), 

participants were re-tested on the MOT task (Test I) After this testing period, subjects 

remained in the lab and were monitored by research assistants for four hours; after this 

monitoring period, subjects were permitted to leave the lab. During their time away, 

subjects were asked not to exercise, sleep, or consume drug substances. To ensure 

compliance, subjects wore their actigraph watch to monitor their sleep/wake activity and 

were given a salivary assay upon their return to the lab which they were told would be 

used to verify they did not consume any drug substances during their break from the lab. 

At 9:00PM, all subjects returned to the lab for another testing session, Test II. After task 

completion, subjects were prepared for nighttime sleep. A 32-channel electrode cap was 

attached to each participant followed by lights out at 11:00PM. Each night, participants 

were provided 10 hours of time in bed and were awoken at 9:00AM. After being 

provided a standardized breakfast, subjects were retested on the MOT at 10:30AM (Test 

III) before they were permitted to leave the lab.  
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 Multiple Object Tracking (MOT) Task. Stimuli were presented using the 

psychophysical toolbox PsychoPy. As depicted in Figure 1, all trials began with a black 

fixation point (a black circle, radius = 0.15 degrees) on a gray background. At the start of 

the trial, eight small, white circles (radius = 0.3 degrees) were displayed on a computer 

screen, four on either side of a centered fixation. As the trial began, a subset of either 2 or 

4 of the white circles began to flash at 2Hz for 2 seconds, indicating them as targets. 

Once the target circles stopped flashing, they became indistinguishable from the other 

circles. Next, all circles moved on the screen in random, independent directions for 5 

seconds, within a 6 x 6-degree region and centered 2 degrees to the left and right of the 

fixation. During each trial, items did not cross the midline, moved at a constant speed, 

repelled each other to maintain center-to-center spacing of 1.5 degrees and bounced off 

the invisible edges of the square region in which they moved. When the motion stopped, 

two of the circles were highlighted red and participants were asked if the circles were or 

were not initial targets. Subjects were prompted to respond using predetermined keys on 

the keyboard. There were two distinguishable trial types in each session, unilateral and 

bilateral. For the unilateral trials, two targets were flashed on one side (left or right) of the 

fixation, however for the bilateral trials, four targets were indicated, two targets on each 

side of the fixation cross. This resulted in 4 trial types: unilateral left (UniLeft), unilateral 

right (UniRight), bilateral left [(whereby the target will be tested in the left hemifield 

only, BiLeft) and bilateral right (BiRight; Figure 1b, for more details see 31)] and 

subjects completed 16 trials per condition.  
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 Baseline Speed Thresholds. To accurately assess each participant’s attentional 

ability, we calculated individualized speed thresholds for the MOT task at the start of 

each experimental day. Thresholds were calculated for each task condition, UniLeft, 

UniRight, BiLeft, BiRight, as the speed at which participants performed the task at 80% 

accuracy. Speed thresholds (cm/sec) were calculated separately and for each task 

condition (UniLeft UniRihgt, BiLeft, BiRight). Participants completed eight interleaved 

3/1 staircases to assess their individual speed thresholds. The staircases increased the 

speed after three correct trials and reduced it following a single incorrect response. Two 

staircases (one for the left visual field and one for the right visual field) started from a 

speed value of 2cm/sec, the other two staircases started from a speed value of 5 cm/sec. 

The staircases terminated after a combined 16 reversals, with threshold parameters 

estimated from the last 3 reversals. Speed was adjusted to yield 80% accuracy in the 

target/distractor judgments. In order to prevent participants from inferring the appearance 

of the red circle from the speed at which the circles moved, (that could be different for 

the left and the right visual fields) we included two types of catch trials: 1) for 25% of the 

trials target circles moved at the same speed in the left and right visual fields; 2) to 

prevent the two left and right visual fields’ staircase to end off phase (e.g. trials would be 

presented on one side only), the program continued to also present stimuli on the side 

where the threshold had been already estimated. Participants took, on average, 45 

minutes to complete the task. Subjects first completed a series of practice trials (5) in 

which the circles moved at 2 deg/sec.  
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 Polysomnography (PSG). EEG data were acquired using a 32-channel cap 

(EASYCAP GmbH) with Ag/AgCI electrodes placed according to the international 10-20 

System (Jasper, 1958). 22 out of 32 electrodes were passive scalp recordings. The 

remaining electrodes were used for electrocardiogram (ECG), electromyogram (EMG), 

electrooculogram (EOG), ground, an online common reference channel (at FCz location, 

retained after re-referencing) and mastoid (A1 & A2) recordings. The EEG was recorded 

with a 1000 Hz sampling rate and was re-referenced to the contralateral mastoid (A1 & 

A2) post-recording. High pass filters were set at .3 Hz and low pass filters at 35 Hz for 

EEG and EOG. Only eight scalp electrodes (F3, F4, C3, C4, P3, P4, O1, O2), the EMG 

and EOG were used in the scoring of the nighttime sleep data. Raw data were visually 

scored in 30-sec epochs into Wake, Stage 1, Stage 2, Slow Wave Sleep (SWS; Stages 3 

and 4) and rapid eye movement sleep (REM) according to the Rechtschaffen & Kales’ 

(1968) manual [34].  Minutes in each sleep stage were calculated. Additionally, wake 

after sleep onset (WASO) was calculated as total minutes awake after the initial epoch of 

sleep and sleep efficiency (SE) was computed as total time spent asleep after lights out 

(~11:00PM) divided by the total time spent in bed (~11:00PM-9:00AM). 

 Data Reduction. Three subjects completed only one of the necessary visits due to 

scheduling conflicts and are excluded from both performance and sleep analyses. For two 

subjects, their morning behavioral performance was not properly recorded by the 

computer, so their data is not included in Test III’s behavioral analyses. For six subjects, 

their nighttime sleep recording was corrupted and as such, they were not included in the 

sleep analyses. For two males and one female weight was not assessed during their initial 
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interview. To maintain these subjects, the mean weight (by sex) was calculated and 

inserted as their values.  

 Statistical Analyses. To assess differences in MOT performance between DEX 

and PBO at all three tests, we used Repeated Measures ANOVA’s (RM ANOVA) with 

drug condition as a within-subjects factor and accuracy (proportion of trials correct at set 

80% speed threshold) as the dependent variable for both Uni and Bi trials. Additionally, 

we entered weight (mean centered) as a covariate in each of these models. To examine 

the impact of stimulants on nighttime sleep we again utilized RM ANOVAs. Here, we 

entered each nighttime sleep variable (total sleep time (TST), minutes in each stage 

(Stage 1, Stage 2, SWS, REM), wake after sleep onset (WASO), sleep latency (time from 

lights out to first epoch of sleep) and sleep efficiency (SE; total sleep time / time in bed 

(lights out – lights on * 100) as dependent variables and drug condition (DEX vs. PBO) 

as the within subject factor. In line with the performance models, we also included weight 

(mean centered) as a covariate.  
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Figure 1.1 Protocol & Multiple Object Tracking Task. a. Study day protocol is depicted. b. For the 
MOT task, all trials began with a white fixation cross on a gray background. At the start of the trial, eight 
small, white circles, were displayed on a computer screen, four on either side of a centered fixation cross. 
As the trial began, a subset of the white circles (either 2 or 4) began to flash, indicating them as targets. 
Once the objects stopped flashing, the targets became indistinguishable from the other objects. Next, all 
objects moved in random, independent directions (indicated by arrows) for 5 seconds. When motion 
ceased, two of the small, white circles were highlighted red and participants responded (using 
predetermined keys on a keyboard) if the circles were or were not two of the original flashing targets. 
Subjects were provided feedback via the center fixation, with a green cross indicating correct responses and 
a red cross indicating incorrect responses. 

 

Results 

 Baseline MOT Thresholds: MOT baseline speed averages were as follows: 

UniLeft M = 11.99, SD = 2.16; UniRight M = 11.79, SD =2.86; BiLeft M = 7.83, SD = 

1.89; BiRight M = 7.32, SD = 1.98. We averaged accuracy responses at each Session (2-

4) across visual fields for both UniLateral (Uni) and BiLateral (Bi) conditions. As 

2�sec

2�sec

2�sec

5 sec

b.
Unilateral 

2�sec

2�sec

5 sec

2�sec
Bilateral 

Test�II

9:00AM8:00AM 10:15AM 11:00PM�- 9:00AM 10:30AM9:00PM

DEX PBO

Drug�
Administration�

Speed�
Thresholds

Test�I Sleep�w/�PSG Test�III

… …
a.



 15 

expected, we found that participant’s speed thresholds were higher in the Uni task 

compared to the Bi task (p < .001), as such, all analyses were done for the Uni and Bi 

conditions independently.   

What is the immediate impact of stimulants on sustained attention? 

 To examine the impact of DEX on immediate attentional processing, we utilized 

RM ANOVA’s to examine performance for both Uni and Bi trials 75 minutes after drug 

ingestion. Here, for the Uni trials, we found a significant effect of Drug (p = 0.04; η2
p = 

0.11) with subjects performing better after DEX (∆ = 4.1%; p = 0.03) compared to PBO 

(Figure 2a). For Bi performance, a significant Drug effect also emerged (p = .05; η2
p = 

0.10), with subjects again performing better after DEX compared to PBO (∆ = 4.4%; p = 

0.056; Figure 2b). Together, these results suggest that stimulants may provide an 

immediate boost to both unilateral and bilateral attentional processing abilities.   

Is there a delayed impact of stimulants on sustained attention?  

 Our next goal was to unpack any delayed effects that DEX may have on 

attentional processing during the extended post-drug administration period. To achieve 

this, we tested the impact of DEX 12 hours after drug ingestion (2-3 DEX half-lives; 

Figure 2c and d). Here, we found no impact of stimulants on Uni performance (Drug: p 

= 0.79; η2
p = 0.006), however for Bi performance, a significant Drug effect emerged (p = 

0.04; η2
p = 0.11) with performance after DEX remaining enhanced compared to PBO (∆ = 

5.5%; p = 0.05). This suggests, that contrary to predictions, the initial benefit stimulants 

afforded to attentional processing at Test I persisted to an extended post-drug testing 

period, but only in the more resource demanding bilateral condition. 
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Figure 1.2. Stimulants enhance immediate and delayed attentional processing. Performance on a 
multiple object tracking task with both UniLateral (a,c) and BiLateral (b,d) trials at short-term (75 min post 
drug), and delayed (12 hours post drug) testing intervals. After stimulant ingestion (gray violin plots), 
performance on the unilateral (Uni) task was enhanced at the short-term delay and performance on the 
BiLateral task (Bi) was increased at both short and delayed testing intervals, compared to placebo (white 
violin plots). Center box plots feature diamonds as the median, thick, black rectangles as the interquartile 
range and extended thin black lines represent the 95% confidence intervals of the median. The violin plots 
visualize the data distribution with the thickness of the outline depicting subject density across different 
performance levels. Asterisks represent significance at the p < .05 level 

 

What is the impact of stimulants on nighttime sleep?  

 Nighttime sleep results are displayed in Table 1. After DEX, subjects showed 

significant reductions in total sleep time (TST; p > 0.001; η2
p = 0.43), SWS (p = 0.013; 

η2
p = 0.19) and REM (p > 0.001; η2

p = 0.42), along with marginal reductions in Stage 2 

sleep (p > 0.06; η2
p = 0.11) compared to PBO. Additionally, subjects had increased Stage 

1 sleep (p = 0.003; η2
p = 0.26) WASO (p = 0.001; η2

p = 0.30), longer sleep latencies (p = 

0.006; η2
p = 0.23), and decreased sleep efficiency (p > 0.001; η2

p = 0.52) after a day with 
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DEX compared to PBO. These results suggest that, in line with predictions, morning 

administration of DEX substantially decreases nighttime sleep, reducing total time spent 

asleep as well as minutes spent in each sleep stage.  

 

Table 1. Nighttime sleep descriptive statistics. 

  Placebo Stimulant Significance 
TST 537.22 (45.38) 486.59 (70.21) <0.001 

Stage 1  13.89 (8.39) 20.17 (10.32) 0.003 
Stage 2  284.72 (50.10) 267.41 (54.18) 0.06 
SWS 109.37 (35.96) 98.2 (33.66) 0.013 
REM 129.22 (32.17) 100.81 (35.97) <0.001 

WASO 31.44 (27.12) 52.89 (35.15) 0.001 
SL 6.73 (5.85) 16.00 (18.65) 0.006 

SE % 92.44 (5.44) 84.44 (9.69) <0.001 
Note: Table represents mean and the standard deviation, in parantheses, of each sleep parameter; TST = 
Total Sleep Time; SWS = Slow Wave Sleep; REM = Rapid Eye Movement sleep; WASO = Wake After Sleep 
Onset (calculated as the minutes of wake after first epoch of sleep); SL = Sleep Latency (calculated as the 
time to first epoch of sleep); SE = Sleep Efficiency. All stats are represented in minutes besides SE which is 
in percentage 

 

Does the erosion of nighttime sleep by DEX impact post-sleep attentional processing? 

 To understand the impact morning administration of stimulants may have on 

attentional processing after 24 hours, we again utilized RM ANOVAs to examine 

performance at Test III. No differences between the two drug conditions for Uni 

performance were found (p = 0.18; η2
p = 0.05). For Bi performance, subjects maintained a 

nominal boost in DEX compared to the PBO condition (∆ = 4.4%), however this 

enhancement did not reach significance thresholds (p = 0.08; η2
p = 0.08). Thus, the 

benefit of the stimulant was no longer evident at the 24-hr test.  
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Fig 3 Post-sleep attentional processing.  a. No differences emerged between drug conditions for the 
unilateral (Uni) multiple object tracking nor b. the bilateral (Bi) task post sleep 

 

Discussion 

 The goal of the current study was to understand the impact of psychostimulants 

on selective attention and sleep in healthy, young adults. In line with our predictions, we 

found that stimulants provided incremental boosts to both unilateral and bilateral 

selective attention in the short-term; and for bilateral processing, attentional enhancement 

persisted for up to twelve hours after drug ingestion, suggesting a prolonged benefit for 

tasks with higher attentional demand. Additionally, daytime stimulant administration 

came at a substantial cost to nighttime sleep, however, when comparing DEX to PBO 24-

hrs post-ingestion, we saw a non-significant increase in attentional enhancement. This 

suggests that dextroamphetamine’s extended impact on both cognitive and physiological 

processing, evident by the stimulant’s continued boost of performance at 12-hrs post drug 

administration and its negative impact on sleep, may be due to stimulant metabolites 
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influence well past their known half-life [(4 – 6 hours; 33)]. Together, these results 

indicate that psychostimulant medications, typically utilized off-label for cognitive 

enhancement, may provide boosts to selective attention in the short-term; and despite the 

damaging impact these stimulants have on nighttime sleep, in healthy, well-rested adults, 

their usage comes at little cost to next-day attentional processing. 

 One of the main aims of this study was to understand stimulants impact on sleep 

and post-sleep attentional abilities. Studies have shown that partial sleep deprivation can 

lead to notable lapses in attention [10, 35] and that a midday nap, paired with training, 

can improve selective attention in an attentional blink task [36]. Studies have also shown 

that short, 15-minute daytime naps can result in boosts to attentional abilities [37], 

suggesting that small bouts of sleep may be adequate to recover basic attentional skills. 

Remarkably, in the current study, stimulant-induced sleep disruption did not manifest as a 

substantial attentional deficit the next day, though the boosts observed at earlier tests of 

attention were not evident at 24-hrs. Notably, although significant sleep disruption after 

stimulants was observed, all subjects were allotted 10 hours in bed, and with DEX they 

received ~8 hours of sleep, compared to ~9+ hours after PBO. In more naturalistic 

settings, where people do not have extended time in bed, this hour of sleep reduction 

would likely have much larger consequences. One potential interpretation of these 

findings is that while a complete lack of sleep will decrease attentional functioning, 

sustained attentional processing may be resilient to small variations in sleep. This stands 

in contrast with other cognitive domains, like memory, that require sleep for performance 
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improvement [38, 39]. Therefore, future studies investigating long-term effects of 

psychostimulant usage should investigate a wider range of cognitive domains. 

 To truly understand the implication of these results, it is important to contrast how 

individuals may use these substances in practice and the application provided in the 

current study. Specifically, we utilized one morning administration of the stimulant and 

tested the impact across 24+ hours. However, in practice, students may take these 

medications at varying times across the circadian day. Additionally, we utilized one 20-

mg dose of DEX, which because of individual differences in metabolic rate, this 

approach may not have had optimal cognitive or behavioral effects for all participants. 

Though this approach is ecologically-valid, and in line with how students and young 

adults use stimulant medications off-label [22, 40], it is important for future 

investigations to vary both drug dose as well as administration times to understand the 

range of potential effects on and interactions with circadian rhythms, sleep and cognition. 

Also, to understand heterogeneity in drug responses, future studies should measure 

biomarkers (e.g. blood, saliva) to determine metabolic breakdown of the drug over time. 

 In summary, stimulant medications, commonly used off-label for cognitive 

enhancement, provide significant boosts to sustained attention that last for up to twelve 

hours after drug ingestion. Additionally, these medications substantially disrupt nighttime 

sleep; which while coming at little cost to next-day attentional processing, these sleep 

deficits may have steeper consequences for other cognitive domain.
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Chapter II 

 

Abstract. The off-label use of prescription psychostimulants in healthy 

individuals is becoming more prevalent, particularly in young professionals and college 

populations. However, the efficacy of stimulant medications for cognitive enhancement 

in healthy, well-rested adults has not been definitively shown, with outcomes ranging 

from positive, to null, and even to negative results. Sleep has been shown to be vital for 

cognitive processing, including memory for neutral and emotional experiences, however 

remarkably, the interaction between stimulants, sleep and cognition in healthy adults has 

received little scientific attention. Here, we present experimental evidence from a within-

subject, double-blind, placebo-controlled, crossover drug study in which subjects were 

administered a morning dose of dextroamphetamine (DEX) or placebo (PBO). 75 

minutes later (peak plasma), subjects encoded both neutral and emotional pictures, and 

were given recognition tests after 12 hours of wake, and after 24 hours that included 

nighttime sleep. We also directly probed whether the cognitive impairment from DEX 

was caused by psychostimulant-induced sleep loss by adding a drug condition in which 

subjects received DEX during the day and the hypnotic zolpidem (ZOL), or PBO, during 

the night to restore sleep. Thus, all subjects experienced four in-lab, counterbalanced 

visits with four day-night drug combinations: PBO-PBO; DEX-PBO; DEX-ZOL; PBO-

ZOL. Results show that DEX provided a 6% enhancement for neutral, but not negative, 

pictures at Test 1 (12-hrs post-encoding), compared with PBO. However, the stimulant 

also resulted in significant decreases to total sleep time, minutes in slow wave sleep 
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(SWS), as well as reduced post-sleep memory performance for neutral, but not emotional, 

stimuli, compared with placebo. Critically, DEX-ZOL restored total sleep time, minutes 

in SWS, and memory performance compared with DEX-PBO. Together, these findings 

suggest that though stimulants may provide short-term boosts to cognition, these benefits 

are fleeting and lead to worse long-term retention compared with placebo. Furthermore, 

stimulant induced performance decreases are likely due to their deleterious effects on 

sleep and sleep-dependent cognitive processes, such as long-term memory formation. 

These findings have important public health implications that impact the growing trend of 

stimulant use in healthy populations. 
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Introduction. 

The off-label use of psychostimulant medications, such as methylphenidate and 

mixed-salt amphetamines, to increase cognitive performance has increased in popularity 

among students and young professionals in the US [4]. Estimates suggest that these 

medications, which are traditionally prescribed for the treatment of Attention Deficit 

Hyperactivity Disorder (ADHD), are used by 5 – 35% of healthy, young adults [3-4]. 

While some academic commentaries have embraced the positive association between 

stimulants and some basic cognitive functions (i.e. vigilance, sustained attention, working 

memory) [5], empirical studies have yet to show conclusive findings [6]. However, given 

that the reported end-goal of using psychostimulants as “smart pills” extends beyond 

brief moments of increased vigilance or attention; and instead, most students are taking 

these drugs to boost studying [3, 8], with the hope that they are storing studied 

information for a later test; it is important to consider the impact of these drugs on a 

range of complex cognitive domains, such as memory and emotional processing. Yet, the 

majority of studies investigating the effect of these drugs examine simple cognitive 

processes; and the few empirical studies in non-sleep-deprived, healthy adults show 

conflicting findings both within and across cognitive domains [4, 6, 23-25], underscoring 

the need for further research.  

 Moreover, human and animal studies on the effect of psychostimulants on 

cognition do not paint a consistent picture. On the one hand, animal research supports a 

role for norepinephrine, a primary neurotransmitter in psychostimulants, in memory 

consolidation (i.e. the process by which newly acquired information is transformed into 



 

 24 

long-term memory) of both emotional [41] and neutral experiences [42]. It is 

hypothesized that stimulants, compared to placebo, increase the availability of 

norepinephrine in the baso-lateral amygdala immediately after a learning event, which 

tags the new experience for extra-ordinary processing, and as a result, leads to memory 

improvement [41]. One the other hand, human studies examining stimulant memory 

effects are few and the results are inconclusive, with both positive [43 - 47], negative [23, 

47 – 48] or null effects [23, 25, 49]. For example, one study reported a dose-dependent 

(10, 20, or 40mg) benefit of stimulants on declarative memory [44], whereas another 

study showed no stimulant-related improvement on a similar declarative memory task 

with 10 and 20mg [49]. Discrepancies across these results can be due to a range of 

factors, including type of stimulant, time of drug administration, and subject 

demographics, as well as indirect effects of these drugs on biological factors that have not 

been controlled.  

 Sleep is one biological factor critical to the debate on psychostimulant cognitive 

enhancement that receives little attention. Increased wakefulness is the primary outcome 

of stimulants [7-8], and daytime administration of psychostimulants (compared to 

placebo) results in substantial sleep deterioration [20]. However, the impact of stimulant-

induced sleep deterioration on cognition has not been explored. This gap in research is 

surprising considering the mounting empirical evidence supporting sleep’s role for 

complex cognitive processing, such as memory and emotion. A large corpus of studies 

has demonstrated that sleep after an encoding event can boost memory, compared to no 

sleep [50,51]. Additionally, the amount of time in each sleep stage and the number of 
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individual electrophysiological events during these sleep stages have been shown to 

contribute to this improvement [52]. Non-rapid eye movement sleep (NREM), comprised 

of Stages 2 and 3 [(Stage 3 also known as slow wave sleep (SWS)] increases after 

encoding [53] and the magnitude of memory improvement correlates with minutes in 

these sleep stages [54, 55]. Furthermore, NREM sleep spindles (transient neural events in 

the sigma frequency range: 9-16 Hz) and slow wave activity (.5-4Hz) have been 

identified to support hippocampal-cortical communication during sleep [53, 56], a neural 

process critical for sleep-dependent memory consolidation [50]). Studies have also shown 

that emotionally charged experiences are preferentially consolidated during sleep, with 

minutes in REM sleep [57] and theta frequency activity during REM playing a potentially 

important role [16]. Given the profound negative impact of psychostimulants on sleep, 

and the growing adoption of these drugs in mainstream culture, it is vital to investigate 

their impact in the context of sleep and long-term memory. 

The aim of the current study was to determine the impact of morning 

administration of a commonly used off-label stimulant on memory formation and 

nighttime sleep in healthy, non-sleep-deprived adults. To this end, we used a double-

blind, placebo-controlled, crossover design, in which subjects received the drug 

(dextroamphetamine; DEX vs. placebo; PBO) in the morning 75 minutes before memory 

encoding. Memory retrieval was tested twice: in the evening and in the morning after 

subjects slept overnight in the lab with polysomnography (PSG). We utilized an 

emotional picture task that had both neutral and negative, arousing images (adapted from 

the International Affective Picture System), which allowed for an assessment of stimulant 
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interventions on both negative, arousing information as well as neutral information. 

Further, we tested the hypothesis that stimulant-induced memory deficits were mediated 

by their negative impact on sleep, by testing whether a hypnotic drug (zolpidem; ZOL) 

might ameliorate the cognitive and sleep deficits. This double-drug protocol resulted in 4 

in-lab, counterbalanced visits in which subjects received a different drug combination 

(day-night) on each visit: PBO-PBO; DEX-PBO; DEX-ZOL; PBO-ZOL. We 

hypothesized that stimulants, compared to PBO, would provide a short-term boost to 

memory for both neutral and emotional images. Furthermore, stimulants would disrupt 

NREM sleep, specifically slow wave sleep, which will lead to reduced long-term memory 

retention the next morning. Lastly, recovery of NREM sleep, by the hypnotic, would also 

recover next day memory performance.  
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Figure 2.1. Protocol & Task Figure 
Protocol: At 9:00AM, subjects were administered either a 20mg dose of dextroamphetamine (DEX) or 
placebo (PBO). Seventy-five minutes later, subjects encoded negative and neutral pictures in an emotional 
picture task (EPT).  At 9:00PM, subjects’ recognition memory was tested at Retrieval Test I. Subjects slept 
overnight in the sleep lab with 32-channel PSG recording. At night, subjects were administered either 10mg 
of zolpidem (ZOL) or PBO. Subjects were woken at 9:00AM, ate a standardized breakfast, and were given 
Retrieval Test II at 10:30AM. 

 

Materials and Methods. 

 Subjects. Thirty-six healthy, non-smoking participants between the ages of 18 to 

30 (Mage = 21.00 ± 2.97 years, 19 Females) with no personal history of neurological, 

psychological, or other chronic illness provided informed consent, which was approved 

by the Western Institutional Review Board and the University of California, Riverside 

Human Research Review Board. Participants received monetary compensation and/or 

course credit. Individuals were excluded from participation if they reported: irregular 

sleep/wake cycles; a sleep disorder; personal or familial history of diagnosed 

psychopathology; substance abuse/dependence; loss of consciousness greater than 2 

minutes or a history of epilepsy; current use of psychotropic medications; and any cardiac 
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or respiratory illness that may affect cerebral metabolism, which was determined during 

an in-person psychiatric assessment with trained research personnel. Additionally, all 

participants underwent a medical history and physical appointment with a staff physician. 

All subjects were naïve to or had limited contact with (<2 lifetime use and no use in last 

year) either of the active medications in the study. Even with this requirement, no adverse 

events were reported by participants throughout the study.  

 Pharmacology. We used a single 20-mg dose of immediate release DEX and 

single 10-mg dose of ZOL, which were prepared by the MDMX Corona Research 

Pharmacy. Immediate release dextroamphetamine is a sympathomimetic amine with 

central nervous system stimulant activity (FDA, 2007) that reaches peak plasma 

concentrations at 3 hours and has a mean elimination half-life between 4 to 6 hours [32, 

33]. ZOL, a positive allosteric modulator at GABAa receptors, has a half-life of 

approximately 1.5-3.2 hours and peak plasma concentration 1.6 hours after ingestion and 

has been shown to boost non-rapid eye movement sleep and associated cognitive 

processes [56]. Both ZOL and DEX powders were encapsulated and visually 

indistinguishable from the placebo capsules, which were made of microcrystalline 

cellulose and contained no active medications.  

 Emotional Picture Task. All images were selected from the International 

Affective Picture System (IAPS) [58]. The standardized arousal and valence ratings 

provided by IAPS were utilized to create stimuli. The rating system ranges from 1 to 9 

with lower numbers representing unpleasant and non-arousing stimuli and higher 

numbers representing more pleasant, highly arousing stimuli. In the current study, 
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neutral, low arousing (valence: M= 5.13; SD =1.44; arousal: M = 3.87; SD =2.02) and 

negative, highly arousing (valence: M= 2.88; SD =1.57; arousal: M = 5.52; SD =2.19) 

stimuli were chosen to maximize the difference between the images. During the encoding 

session, subjects viewed a fixation marker for 1000ms before an image (20 negative and 

28 neutral; 8 neutral images were used to control for primacy and recency effects) would 

appear on the center of the screen for 500ms. Once the image disappeared, subjects were 

given 2000ms to respond whether the image was taken indoors or outdoors. Images 

remained on the screen for 500ms regardless of subject’s response. No feedback was 

provided.  

 Retrieval Test: Each test included 20 of the pictures previously viewed at 

encoding (10 negative; highly-arousing; 10 neutral) and 20 novel images (10 negative; 

highly-arousing; 10 neutral), with Test 1 and Test 2 having a unique subset of the original 

40 images. Subjects were shown a fixation for 1000ms before an image would appear on 

the screen. The subjects were then prompted by the computer to respond if they 

remember seeing the image before on a 1 to 6 confidence scale with 1 = “very confident 

the image was present”, 3 = “not sure, but think the image was present”, 4 = “not sure, 

but think the image was not present”, and 6 = “very confident the image was not present. 

Participants were required to provide a response for each image at retrieval without a 

response time limit. We assessed both accuracy (% of images correct at each Retrieval 

session) and d’ as performance outcomes. Additionally, we calculated accuracy and d’ 

difference scores between Retrieval Tests (Test 2 – Test 1) to assess performance change. 
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Experimental Design and Protocol. 

 Experimental Design. This study employed a double-blind, placebo-controlled, 

within-subject, cross-over design, in which every subject experienced all four day-night 

drug conditions: PBO-PBO; DEX-PBO; DEX-ZOL; PBO-ZOL. The order of drug 

conditions was randomized and counterbalanced. There was at least a one-week interval 

between each experimental visit to allow for drug clearance.  

 Procedure. All participants wore an actigraph and completed daily sleep diaries 

for one week prior to each in-lab visit to ensure participants were not sleep-deprived, 

received an average of 8 hours of sleep per night, and spent at least 7 hours in bed the 

night prior to each visit. Subjects reported to the laboratory at 8:00AM. At 9:00AM, after 

compliance with sleep procedures was verified, subjects were administered either a 20mg 

dose of dextroamphetamine (DEX) or placebo (PBO). Seventy-five minutes later subjects 

began the Encoding Session on the emotional picture task (EPT). After encoding, 

subjects remained in the lab and underwent monitoring (blood pressure, heart rate and 

subjective reports) until 2:00PM when they were permitted to leave if cleared by study 

personnel. All subjects returned to the lab at 9:00PM for Retrieval Test 1. After testing, 

subjects were prepared for nighttime sleep, which included a 32-channel 

electroencephalographic recording. Once in bed and directly before lights out, subjects 

ingested either 10mg of zolpidem (ZOL) or placebo. Subjects were woken at 9:00AM the 

next morning and participants were provided a standardized breakfast. At 10:30AM, 

subjects completed Retrieval Test 2, and were permitted to leave the lab after being 

cleared by study personnel (Figure 2.1).  
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 Polysomnography (PSG). EEG data were acquired using a 32-channel cap 

(EASEYCAP GmbH) with Ag/AgCI electrodes placed according to the international 10-

20 System (Jasper, 1958). 22 out of 32 electrodes were active scalp recordings. The 

remaining electrodes were used for electrocardiogram (ECG), electromyogram (EMG), 

electrooculogram (EOG), ground, an online common reference channel (at FCz location, 

retained after re-referencing), and mastoid (A1 & A2) recordings. The EEG was recorded 

with a 1000 Hz sampling rate and was re-referenced to the contralateral mastoid (A1 & 

A2) post-recording. Only eight scalp electrodes (F3, F4, C3, C4, P3, P4, O1, O2), the 

EMG and EOG were used in the scoring of the nighttime sleep data. High pass filters 

were set at .3 Hz and low pass filters at 35 Hz for EEG and EOG. Raw data were visually 

scored in 30-sec epochs into Wake, Stage 1, Stage 2, Slow Wave Sleep (SWS; Stages 3 

and 4) and rapid eye movement sleep (REM) according to the Rechtschaffen & Kales’ 

(1968) manual. Prior to sleep scoring, data were pre-processed using BrainVision 

Analyzer 2.0 (BrainProducts, Munich Germany) and all epochs with artifacts and 

arousals were identified by visual inspection and rejected. Minutes in each sleep stage 

were calculated and sleep latencies (SL) were calculated as the number of minutes from 

lights out until the initial epoch of sleep, Stage 2, SWS and REM.  Additionally, wake 

after sleep onset (WASO) was calculated as total minutes awake after the initial epoch of 

sleep and sleep efficiency (SE) was computed as total time spent asleep after lights out 

(~11:00PM) divided by the total time spent in bed (~11:00PM-9:00AM) * 100.  

 Data Reduction. 8 subjects (6F) did not complete all the four necessary visits due 

to scheduling conflicts. For these subjects, we utilized their behavioral and sleep data, 
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when applicable, but as a result 28 subjects were included in all the memory analyses and 

27 subjects were included for all the sleep analyses. For two men and one woman, weight 

was not assessed during their initial interview. To maintain these subjects, the mean 

weight (by sex) was calculated and inserted as their values. 

 Statistical Analyses.  

 Memory performance. To assess memory performance on the EPT across 

stimulant and placebo days, we used 2X2 repeated measures ANOVA’s (RM ANOVA) 

with drug (DEX-PBO vs PBO-PBO) and emotion (Neutral vs Negative) as within-subject 

factors and accuracy (proportion of pictures correct) and d’ as the dependent variable for 

both Test 1 and Test 2. Additionally, we used 2X4 RM ANOVA’s to examine the impact 

of all four visit conditions, DEX-PBO, PBO-PBO, PBO-ZOL, and DEX-ZOL on 

memory performance (Negative vs Neutral) at Test 2. To assess performance change, we 

calculated the Retrieval difference score (Test 2– Test 1) for both accuracy and d’ and 

conducted 2X2 RM ANOVAs with DEX-PBO vs PBO-PBO and emotion (Neutral vs 

Negative) as the within-subject factors. Again, utilizing a 2X4 RM ANOVA’s we also 

assessed performance change in all four drug groups with DEX-PBO, PBO-PBO, PBO-

ZOL, DEX-ZOL and emotion (Neutral vs Negative) as within subject factors. To control 

for differential drug absorption rates across our subjects due to weight, we entered weight 

(mean centered) as a covariate in each of these models. For all behavioral comparisons, 

we report η2
p for effect size 

 Sleep. To examine the impact of stimulants on nighttime sleep we again utilized 

RM ANOVAs. Here, we examined the impact of DEX vs PBO on sleep by entering each 
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nighttime sleep variable: TST, minutes in each stage (Stage 1, Stage 2, SWS, REM), 

WASO, sleep latency (time from lights out to first epoch of sleep) and SE as dependent 

variables and drug condition (DEX vs. PBO) as the within subject factor. Additionally, 

we examined the impact of ZOL on nighttime sleep using a 2X4 RM ANOVA with PBO-

PBO, DEX-PBO, PBO-ZOL and DEX-ZOL as the within subject factors and the same 

sleep variables described above as the dependent variables. In line with the performance 

models, we also included weight (mean centered) as a covariate and report η2
p for effect 

size. For correlations between sleep features and performance indicators, Pearsons R 

(two-tailed; alpha= 0.05) with Bonferroni corrections were used. 

Results 

Stimulants increase short-term retrieval of neutral memories.  

 First, to assess the impact of stimulants on the short-term maintenance of negative 

and neutral information, we examined EPT performance at Retrieval Test 1, after 12 

hours of waking consolidation in the PBO-PBO and DEX-PBO drug conditions (Figure 

2.2). Repeated Measures (RM) ANOVA’s revealed a significant Drug X Emotion 

interaction (F (1,27) = 4.52; p = 0.04; η2
p = 0.14) for accuracy (see Appendix A for d’ 

results). In the PBO condition, we replicated the previously reported emotional 

enhancement effect [59], with higher recognition for negative images compared to neutral 

images (p = 0.03). Interestingly, stimulants provided a 6% boost to performance for 

neutral images compared to PBO (p = 0.01), but, opposite to our hypothesis, had no 

impact on emotional pictures (p=0.90). These data evince a short-term (12-hr) memory 

benefit for neutral information and a reduced memory bias for emotional images after 
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DEX, which resulted in equivalent retrieval accuracy between neutral and negative 

information in that drug condition.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Stimulants increase short-term memory for neutral images. Daytime administration of 
stimulants (DEX-PBO) provided a 6% short-term boost to memory recognition for neutral images (gray 
bars) at Test 1, after 12-hrs of waking consolidation. Stimulants increased neutral image recognition to a 
similar rate of retrieval accuracy seen for negative images (black bars). Asterisks represent significance at 
the p < .05 level 

 

Morning administration of stimulants disrupt nighttime sleep. 

 Compared with PBO, morning stimulant administration resulted in vast 

disruptions to nighttime sleep architecture (Figure 2.3a), with decreased TST (F (1,26) = 

17.64; p < 0.001; η2
p = 0.40) and SE (F (1,26) = 23.63; p < 0.001; η2

p =0.48), increased 

WASO (F (1,26) = 10.37; p = 0.003; η2
p =0.28) and a longer nighttime sleep latency (F (1,26) 

= 8.62; p = 0.007; η2
p = 0.25) as well as latency to Stage 2 (F(1,26) = 11.44, p = 0.002; η2
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= 0.32), SWS (F(1,27) = 15.27, p = 0.001; η2
p = 0.38) and REM sleep (F(1,26) = 15.20, p = 

0.001; η2
p = 0.38). Additionally, the stimulant increased Stage 1 sleep (F (1,26) = 12.85; p 

= 0.001; η2
p = 0.33), while also reducing SWS (F (1,26) = 6.48; p = 0.02; η2

p = 0.20) and 

REM sleep (F (1,26) = 14.86; p = 0.001; η2
p = 0.36). No significant reductions in Stage 2 

sleep were detected (p = 0.20; η2
p = 0.06; Figure 2.3a). 

 

Stimulants impair memory retrieval post-sleep. 

 To determine if stimulant-induced changes to nighttime sleep impacted next-day 

memory performance, we examined both Retrieval Test 2 performance and the difference 

score (Test 2 – Test 1 accuracy) across DEX-PBO and PBO-PBO visits for both 

emotional and neutral stimuli using a 2x2 RM ANOVA (see Appendix B for d’ results). 

No main effects or interactions were found for Test 2 performance (all p’s > 0.05), 

however a significant Drug X Emotion interaction emerged for the difference score (F 

(1,26) = 5.50, p = 0.03; η2
p = 0.17). We found that after sleep, stimulants significantly 

impaired recognition of neutral memories compared to placebo (p = 0.03; Figure 2.3b). 

Importantly, the stimulant-driven 6% boost in memory for neutral pictures at Test 1 was 

reversed and subjects experienced roughly a 12% reduction in performance, compared to 

Test 1, across sleep. No other significant differences in performance emerged.  

 Next, we examined if stimulant-dependent changes to sleep were correlated with 

performance post-sleep. Here, we correlated performance in our PBO-PBO and DEX-

PBO conditions for both negative and neutral images (both Test 2 and the difference 

score) with 8 sleep variables that showed significant nighttime sleep disruptions: TST, 
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SE, SWS mins, REM mins, sleep latency and latency to Stage 2, SWS and REM, and 

used a Bonferroni-corrected alpha level of 0.006 (0.05/8). For the PBO-PBO condition, 

no correlations between any of the sleep features and next day performance reached 

significance thresholds (all p’s > 0.11). However, for the DEX-PBO condition, a negative 

correlation with latency to SWS and Test 2 performance did emerge (r = -0.53, p = 

0.002), suggesting stimulants delay of SWS at night may contribute to reduced 

recognition of neutral pictures post-sleep. No other correlations in either conditions 

reached the significance threshold.  

 

 

Figure 2.3. Stimulants impair memory for neutral images post sleep. a. After stimulants significantly 
disrupted sleep, neutral pictures (gray bars) (Test 2 - Test 1 accuracy) were remembered 12% worse 
compared to the PBO-PBO condition. No memory difference was found between drug conditions for 
negative pictures (black bars). b. Slow wave sleep (SWS) latency was negatively correlated with memory 
for Neutral pictures at Test 2 in the stimulant condition only, suggesting stimulants delay of consolidation 
processes occurring during SWS may contribute to the memory impairment. Asterisks represent 
significance at the p < .05 level 
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Figure 2.4 a-f. Drug effects on nighttime sleep. Stimulants disturbed sleep architecture globally, 
excepting Stage 2 sleep. The hypnotic zolpidem (PBO-ZOL, DEX-ZOL) recovered SWS. Asterisks 
represent significance at the p < .05 level 

 

 

Hypnotic restored stimulant-induced nighttime sleep disruption.  

We tested the prediction that the hypnotic would restore stimulant-induced sleep 

deficits using RM ANOVAs to examine the impact of all four drug conditions, PBO-

PBO, DEX-PBO, PBO-ZOL, and DEX-ZOL on nighttime sleep architecture (Figure 

2.4). Zolpidem paired with the stimulant (DEX-ZOL) did not significantly recover 

deficits in TST (p = 0.16), SE (p=0.10), WASO (p=0.08), Stage 1 min (p=0.54), Stage 2 
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min (p = 0.07), REM min (p=0.16), or latency to Stage 2 (p = 0.33), SWS (p = 0.28) or 

REM sleep (p = 0.58), compared to DEX-PBO. However, ZOL did recover SWS (F (3, 75) 

= 11.69; p <0.001; η2
p = 0.32) with subjects receiving about 26 more minutes of SWS in 

the DEX-ZOL compared to DEX-PBO condition (p <0.001). Subjects also had 

significantly faster sleep onset latencies in the DEX-ZOL condition compared to DEX-

PBO (p = 0.05). 

 

 

Figure 2.5. Zolpidem recovered stimulant-induced decreases in SWS and restored sleep-dependent 
memory improvement. Figure 5a. DEX-ZOL condition showed higher recognition for both neutral (grey 
bars) and negative (black bars) images at Test 2 when compared to DEX-PBO and PBO-PBO. Figure 5b. 
DEX-ZOL condition showed less forgetting of neutral images when compared to the DEX-PBO condition 
(Test 2– Test 1 accuracy). Asterisks represent significance at the p < .05 level  

 

Zolpidem’s recovery of NREM sleep can restore stimulant-induced forgetting.  

 Next, we examined long-term memory under all four drug conditions. Here, we 

used 2x4 RM ANOVA’s to examine the effect of the four drug conditions on recognition 

for both negative and neutral information at Test 2 and the difference score (see 
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Appendix C for d’ results). For Test 2, we found a main effect of drug (F (3,72) = 3.48, p 

= 0.02; η2
p = 0.13), whereby DEX-ZOL outperformed both the PBO-PBO (p=0.012) and 

the DEX-PBO (p=0.015) conditions (Figure 2.5a). However, an interaction also emerged 

(F (3,72) = 3.95, p = 0.01; η2
p = 0.14), where zolpidem alone, in the PBO-ZOL condition, 

benefitted negative images over neutral images (p = 0.039). This effect replicates a 

previous study showing zolpidem-enhanced sleep may preferentially boost negative, 

highly-arousing experiences [60]. For the difference score, we found a significant Drug X 

Emotion interaction (F (3,72) = 3.80, p = 0.014; η2
p = 0.14), with greater memory for 

neutral stimuli in the DEX-ZOL condition compared with DEX-PBO (p = 0.015) (Figure 

2.5b). Taken together with the above results that ZOL recovers stimulant-induced 

decreases to NREM sleep, these results point to a sleep mechanism as responsible for 

overnight forgetting in the stimulant condition. Furthermore, these data suggest that 

memory consolidation processes specific to SWS may be specifically blocked by 

stimulants. 

 

Discussion. 

 In the current study, we examined the potential cost to sleep-dependent memory 

processes of off-label use of psychostimulants in healthy, well-rested adults. Using a 

within-subjects, placebo-controlled, crossover design, we found that stimulants 

administered in the morning can provide a short-term (12-hrs post-encoding) boost to 

neutral, but not negative, pictures. Indeed, we witnessed a reduction in emotional 

memory bias, whereas memory for neutral and negative images were equivalent after 
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stimulant administration. Stimulants also induced significant nighttime sleep disruptions, 

which subsequently resulted in reductions to next-day memory performance for the same 

neutral pictures initially enhanced. Importantly, the stimulant-induced memory loss after 

a night of poor sleep was larger than the initial short-term memory benefit. Furthermore, 

the amount of forgetting was correlated with longer delays to slow wave sleep, 

suggesting that the stimulant was blocking a critical memory process that was engaged 

during deep sleep. Additionally, we found that a hypnotic drug that was able to boost 

SWS, also recovered post-sleep memory performance; lending further support to the 

conclusion that the stimulant blocked memory via SWS disruption. Together, these 

findings suggest that though stimulants may provide small and brief benefits for some 

memories, these benefits are likely dwarfed by the substantial stimulant-induced memory 

loss post-sleep.  

 Prolonged wakefulness is one of the main reasons individuals turn to stimulants in 

the hope that evading sleep will increase time on task, and in turn, result in better 

performance outcomes [3; 7-9]. Indeed, stimulants have been shown to increase attention 

and focus [26, memory encoding [61] and long-term memory retrieval [45-46]. 

Specifically, results from both animal and human studies report that administering 

noradrenergic agonists during or directly after a learning event, can lead to better long-

term memory [45-46; see 59 and 61 for review]. However, prolonged wakefulness has 

also repeatedly been shown to reduce cognitive function [10; 27]. We believe the missing 

piece between these two seemingly contradictory outcomes is the role of sleep. To our 

knowledge, our study is the first to explore the relationship between stimulant cognitive 
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enhancement and sleep-dependent cognition. While we do find support that stimulants 

boost neutral information at encoding, this advantage did not persist across a sleep 

period. Instead, loss of sleep, induced by the stimulant, not only eliminated the small 

gains to neutral memories at encoding, but also resulted in increased forgetting compared 

to a night with placebo. This suggests that using psychostimulants off-label for cognitive 

enhancement may come at a substantial cost to long-term memory retention, an outcome 

likely at odds with one of the main reasons people, and especially students, are turning to 

these medications.  

 Psychostimulants likely disrupt memory processes by preventing new memories 

from undergoing critical sleep-dependent consolidation processes that stabilize and 

integrate them into long-term memory stores. After a new memory is encoded during 

wake, it is thought to get repetitively re-activated in both the hippocampus (where 

memories are stored quickly and for a short time period), and in the cortex (where they 

are stored at a slower rate in an overlapping and distributed manner across several 

memory networks) during subsequent sleep periods, specifically SWS [62]. These 

reactivations, through a constant dialogue between the hippocampus and the neocortex, 

mediate the redistribution of information in cortical areas, a process known as “systems 

consolidation” [50]. Several models have been proposed that attempt to illustrate the 

dynamic relationship between key SWS features associated with the hippocampal-

neocortical dialogue characteristic of systems consolidation, e.g., the active system 

consolidation model [50; 63], the synaptic homeostasis hypothesis (SHY) [63-64] and 

more recently a model by Genzel and colleagues [66]. Although each model focuses on a 
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different conformation of parts, it is generally agreed upon that the building blocks of 

sleep-dependent consolidation involve the temporal coupling of SWS neural oscillations 

from several memory-related brain areas, including cortical slow oscillations (SO; large 

amplitude oscillations of 0.5–1Hz), thalamic sleep spindles (i.e., short oscillatory bursts 

of 9–16Hz), and hippocampal sharp-wave ripples (SWR; transient and fast excitatory 

oscillations of about 200Hz). Indeed, SOs appear to provide a temporal framework 

whereby the depolarizing up phases of SO promote the reactivation of information in 

hippocampal networks in parallel with sleep spindles, allowing these oscillations to reach 

the cortical networks at about the same time and in the depolarizing up-state [67-69]. 

This suggests, taken together with the current findings, that psychostimulants’ blockade 

of SWS is associated with overnight forgetting rates and these SWS consolidation 

features maybe key targets of the drug’s negative effect on sleep-dependent memory.  

Several neurotransmitters may be responsible for the prevention of system 

consolidation by psychostimulants. Stimulants primarily increase levels of 

norepinephrine and dopamine, both which stave off sleep and promote arousal [70-72]. 

Interestingly, Berry and colleagues identified a forgetting mechanism that is regulated by 

dopamine and dependent on arousal level—forgetting is suppressed with low levels of 

arousal, such as during sleep, and it is enhanced by activation of sensory pathways [73]. 

This model fits with earlier models of memory that proposed sleep plays a passive role in 

memory consolidation by suppression of plasticity and the retroactive interference that 

causes forgetting [74-75]. A more recent model, the Opportunistic Consolidation model, 

combines aspects of both an active and passive system suggesting that sleep is a low 
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interference condition providing the optimal state for the initiation of active systems 

consolidation, with low plasticity as a prerequisite for sleep-facilitated consolidation [76]. 

Additionally, stimulants also indirectly promote acetylcholine, a neurotransmitter 

implicated in sleep-dependent memory. Specifically, cholinergic transmission increases 

during wake and is thought to promote attention, focus and memory encoding [77], 

whereas during SWS sleep, acetylcholine plummets to its lowest levels. This decrease in 

acetylcholine during SWS is understood to facilitate hippocampal-cortical feedback [50; 

77], and increasing cholinergic transmission during SWS with cholinesterase inhibitors 

blocks hippocampal-dependent memory consolidation [78]. In the current study, 

stimulant’s artificial and prolonged boosts of dopamine, norepinephrine, and 

acetylcholine, may have decreased engagement of SWS consolidation mechanisms and 

resulted in lower memory retention the following day. This is a notable drawback of 

using psychostimulant medications for cognitive enhancement as stimulants enhancement 

of normal fluctuations in these key neurotransmitters, (i.e. norepinephrine, dopamine, and 

acetylcholine), prioritizes encoding capabilities but undermines consolidation, yet both 

are critical for long-term cognitive success.  

 In contrast with several findings implicating that noradrenergic activity can boost 

memory retention for emotionally arousing experiences [59; 61], we did not find 

preferential enhancement of negative memories with stimulants. One alternative view of 

stimulant cognitive enhancement that may help explain these discrepant results considers 

the impact of dopamine on increasing salience and can lead to making boring tasks more 

interesting [24]. In one study, researchers discovered that a single dose of stimulant (20 
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mg methylphenidate) before a mathematics task leads to increased reports of the task as 

interesting, exciting, or motivating, yet performance was not changed. This interpretation 

aligns with our data in that stimulants may have increased the salience of neutral pictures 

at encoding, boosting them to the same recognition level as the naturally salient negative 

images. Additionally, in this methodological design, morning (9AM) drug administration 

occurred when endogenous levels of both norepinephrine and dopamine were high, which 

may have impacted our ability to further boost subject’s memory for the emotional 

images. To dissociate stimulants cognitive enhancing mechanisms, future studies could 

administer stimulants at various times across the circadian day, coinciding with peaks and 

dips in endogenous dopaminergic and noradrenergic cycles, allowing for a more 

systematic investigation of these two neurotransmitters actions on stimulant cognitive 

enhancement. Furthermore, blood assays measuring levels of these specific 

neurotransmitters would illuminate their role. 

 In the current study, we recovered stimulant-induced sleep and memory 

disruption with a hypnotic drug, administered during overnight sleep. While this method 

allowed for a causal test of sleep’s role in stimulant cognitive enhancement, there are 

significant caveats to consider. For one, we noted that the hypnotic, paired with the 

stimulant, was unable to recover all aspects of nighttime sleep, consistent with prior 

research [79-80]. In fact, zolpidem decreased REM sleep over and above stimulant-

related deficits. Considering REM sleep has been associated with a range of important 

cognitive outcomes, this substantial deficit could lead to loss in other cognitive domains, 

including reductions in creativity [81], insight [82-83] or cognitive flexibility [84]. 
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Additionally, zolpidem, both after DEX and PBO increased memory for negative images, 

replicating Kaestner and colleagues [60] which may have important therapeutic 

implications. With the high prevalence of anxiety disorders in adult populations [85] and 

the common coupling of sleep disturbances with anxiety pathology [86], enhancing 

negative and highly arousing memories with hypnotics like zolpidem may confer 

countertherapeutic effects in treating comorbid anxiety and sleep disturbances. In healthy 

young adults, future studies should also explore the impact stimulants, and other 

substances used for cognitive enhancement, have on mood and emotion regulation, a 

research area where little work has been conducted to date.  
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Chapter III.  

Abstract. The off-label use of psychostimulants for cognitive enhancement is 

widespread in healthy individuals, despite the mixed scientific evidence. Sleep benefits 

cognition, yet, the interaction between stimulants, sleep, and cognition in healthy adults 

has received little attention. We propose that one effect of psychostimulants, namely 

decreased sleep may play an important and unconsidered role in the effect of these drugs 

on cognition. In this Opinion, we review the role of sleep for cognition, the alerting 

effects of stimulants in the context of sleep loss, but also the conflicting findings of 

stimulants for complex cognitive processes. Finally, we hypothesize that sleep may be 

one unconsidered factor in the story of psychostimulant cognitive enhancement, and put 

forth a methodological framework to assess this question. 
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Introduction. 

The use of psychostimulant medications, such as methylphenidate and mixed-salt 

amphetamines for off-label, non-clinical purposes is prominent in the US [3]. 

Conservative estimates of off-label use reach over 11 million people [1], with a 10-fold 

increase over the past 2 decades [2 - 3]. Traditionally used for treatment of Attention 

Deficit Hyperactivity Disorder (ADHD), individuals without ADHD have been turning to 

these so-called “smart pills” under the impression that these drugs promote cognitive 

performance [4]. Commentaries support this positive association [5], yet empirical 

studies on the effect of psychostimulants on cognition in healthy adults show mixed 

results [6].  

In this opinion, we suggest that one reason for the mixed findings for 

psychostimulants as cognitive enhancers is due to one of the most common reasons 

healthy individuals are turning to these drugs, namely obstruction of sleep. Increased 

wakefulness and alertness is a primary reason for off-label stimulant use in healthy 

subjects [3,7-8]. Accordingly, one group of researchers reported that college students 

currently using or with a history of nonmedical psychostimulant use had decreased 

subjective sleep quality and increased nighttime sleep disturbance when compared to 

non-users [9]. At this point, a large corpus of studies has demonstrated the importance of 

sleep for cognitive fitness and memory consolidation [50]. Yet, when considering the 

impact of psychostimulants on cognition, the majority of researchers and clinicians 

ignore the impact of sleep loss. It is for this reason that we are writing this review paper.  
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Herein, we make the claim that psychostimulants may differentially affect 

cognitive outcomes across studies due to that fact that sleep may be crucial for some 

forms of cognition and not for others. Disrupting sleep with psychostimulants may 

therefore prevent normal cognitive function in a specific set of cognitive domains. On the 

other hand, for other types of cognition that do not depend on sleep for maintenance, we 

hypothesize that psychostimulants may have a positive effect. We also surmise that 

psychostimulants and sleep impact cognitive fitness through different mechanistic 

pathways, which in some cases, could result in their combination further bolstering 

cognitive enhancement effects.  In the following sections, we will first give an overview 

of the current state of knowledge of sleep’s role in cognition, and briefly outline the use 

of psychostimulants as wakefulness and attention promoters. Since the end-goal of using 

psychostimulants as “smart pills” extends beyond increasing simple vigilance and 

attention abilities, we will follow up with an examination of the effect of 

psychostimulants on a range of complex cognitive domains. Lastly, we will put forth a 

call for research that incorporates sleep as a potential mediator in the psychostimulant 

cognitive enhancement literature with the hopes of inciting promising and novel research 

avenues.  
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Figure 3.1. Sleep basics Sleep, a basic biological drive, is typically described in two parts, rapid 

eye movement (REM) sleep, named after the distinct phasic eye movements particular to this stage, and 
non-rapid eye movement (NREM) sleep. NREM is comprised of Stages 1-3 (Stage 3 also called slow wave 
sleep (SWS). NREM sleep progresses from lighter sleep (Stage 1) to deeper sleep Stages 2 and 3. Stage 1 
sleep is a transitional state from wake to sleep, comprising about 5 – 10 minutes of nocturnal sleep. 
Approximately 50%-60% of the night is spent in Stage 2 sleep, which contains distinct 
electroencephalographic features such as sleep spindles and k-complexes [87]. SWS comprises about 20% 
of a typical night and is considered the most restorative sleep stage, during which time cortical neurons 
synchronize to a slow delta frequency (0.5-4 Hz). About 20% of the night is also spent in REM sleep, 
which is defined by muscle atonia and periodic phasic bursts of activity in the eyes [88] and the prevalence 
of vivid dreams.  

NREM and REM sleep alternate across the night in a 90-minute sleep cycle. The 90-minute cycle 
is a relatively stable phenomenon, however the ratio of NREM to REM within the cycle varies across the 
night of sleep with more NREM (particularly SWS) comprising the first quarter of the night and REM sleep 
encompassing most of the last quarter of the night. Sleep quality is determined by measuring minutes in 
each sleep stage, total sleep time (TST), sleep efficiency (TST/minutes in bed), sleep latency (minutes to 
sleep onset), and wake after sleep onset (number of minutes awake after sleep is initiated), which are 
determined from EEG sleep recordings [87]. 

 

Sleep Supports Cognition. Sleep supports a wide range of health [89-92] and cognitive 

outcomes including attention, learning and memory, creativity and integration of new 

semantic knowledge [12-19]. Studies have shown that thirty hours of sleep deprivation 

following training on a visual learning task blocks memory improvement, and two full 

nights of recovery sleep does not recover these memories [38]. This suggests that sleep 
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after a learning period is necessary for consolidation of new information. After a new 

event is encoded during wake, it is thought to get repetitively re-activated in both the 

hippocampus (where memories are stored quickly and for a short time period), and in the 

cortex (where they are stored at a slower rate in an overlapping and distributed manner 

across several memory networks) during subsequent sleep periods [62]. These 

reactivations, through a constant dialogue between the hippocampus and the neocortex, 

mediate the redistribution of information in cortical areas over a period of weeks and 

years, a process is known as systems consolidation [50]. Specific electrophysiological 

features of sleep (Figure 3.1), minutes in each sleep stage as well as sleep spindles (12-

15Hz) and slow wave activity (.5-4Hz) [18, 21-23] have gained attention for their role in 

systems consolidation whereby slow oscillations appear to provide a temporal framework 

that align with sleep spindles, allowing these oscillations to reach the cortical networks at 

about the same time increasing the potential for memory stabilization [67-69]. Indeed, 

behaviorally, sleep rich in spindles and slow wave activity has been linked to better 

declarative memory improvement [28-31; see Figure 3.2a and 3.2b].  

Sleep also contributes to non-declarative, procedural learning including motor and 

perceptual skills (Figure 3.2d). Improvement on a motor sequence task is greater after an 

episode of sleep compared with an equivalent period of wake [93, 99-100] and is 

correlated with the total amount of Stage 2 sleep [93, 99] as well as Stage 2 sleep spindles 

[16]. Additionally, long-term perceptual learning requires sleep, and both NREM and 

REM sleep are necessary for improved performance [38, 101-105; see Figure 3.2e]. 

Furthermore, a recent study showed that REM sleep and not a quiet wake or NREM sleep 
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episode could rescue perceptual memories lost to interference [106]. REM also plays a 

role in enhancing associative processing [81, 107-108] with studies showing that an 

episode of REM sleep, and not NREM or a quiet wake episode, is necessary to promote 

associative processing on a creative memory task (81,108].  

Along with the oscillatory profile, the specific neuromodulatory profile during 

sleep has been associated with cognitive benefits. At sleep onset, key neurotransmitters 

like acetylcholine, dopamine and norepinephrine, associated with promoting attention, 

focus and learning during wake, drop significantly (Tyree & Lecea, 2017), with 

acetylcholine and dopamine plummeting to their lowest endogenous levels in the 

circadian day [77, 109-110]. Decreases in these neurotransmitters, particularly 

acetylcholine, during SWS is thought to be critical for promoting hippocampal-cortical 

dialogue by releasing cortical networks from cholinergic suppression and allowing an 

increased spread of activity within the hippocampus and to the neocortex [77]. Indeed, 

drugs that increase acetylcholine during sleep have been shown to block learning post-

sleep [78]. Taken together, these results suggest not only sleep, but specific 

characteristics of sleep are associated with improving complex cognitive processing. The 

next section will illustrate the impact of sleep loss and the use of psychostimulants as 

fatigue countermeasures. 
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Figure 3.2. Sleep 
promotes learning. 3.2a. Plihal and Born (1997) demonstrated 

that 

early, slow wave sleep, was critical for declarative memory consolidation, however late sleep, dominated 
by rapid eye movement sleep, was essential for procedural learning (3.2b). 3.2c. Marshall and Born (2007) 
showed experimentally increasing slow wave activity, using transcranial stimulation, also increased long-
term retention of declarative information. 3.2d. Using an experimental nap paradigm, Mednick and 
colleagues (2003) demonstrated that while SWS protected perceptual memories from deterioration, SWS 
and REM sleep were necessary to see perceptual memory enhancement. 

 

Fighting Sleep Loss with Psychostimulants. Psychostimulants are sympathomimetic 

amines that act primarily by blocking the reuptake of norepinephrine (NE) and dopamine 

(DA) at the synapse, resulting in the maintained access of these neurotransmitters at the 

post-synaptic terminal [33]. Increases in NE and DA appear to be localized to frontal-

cortical structures and striatal regions, respectively, resulting in cognitive and behavioral 

arousing effects. Further, psychostimulants target D1 dopamine receptors [111], which 

when agonized, have been shown to promote wakefulness and stave off sleep [112]. A 
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common use for psychostimulants is in special populations undergoing regular sleep-

deprivation or circadian dysregulation, such as military personnel and shift-workers 

(working between the hours of 10:00PM and 6:00AM; e.g. medical personnel, 

firefighters, and law enforcement) [113-116]. These occupational conditions correlate 

with significant cognitive impairments [27, 117]. For example, total sleep deprivation 

(i.e. sleep restriction for 24-72 hours) and partial sleep deprivation (i.e. receiving between 

3 – 6 hours of sleep at night) cause significant impairment in alertness, vigilance, 

attention, perception, emotional processing and memory, and working memory [10, 118 - 

119], increases risk for job-related accidents and injury [120], and sustained wakefulness 

has been recognized as a serious health concern [121]. As such, psychostimulants have 

been used in these populations to effectively stave off the detrimental effects of sleep 

restriction or total sleep deprivation. In sleep-deprived or circadian dysregulated contexts, 

psychostimulants such as dextroamphetamine and modafinil have been shown to decrease 

in-flight and post-flight fatigue reports during combat missions [122] maintain alertness, 

benefit risk perception and judgment, and promote performance in tests of sustained 

visual attention, spatial planning, and spatial working memory [123]. Additionally, 

methamphetamine has been shown to attenuate psychomotor deficits observed during 

experimental night shifts and returns the majority of subjects’ performance back to 

daytime baselines [124]. The effect of different sleep schedules on the performance 

enhancing ability of methylphenidate has also been examined [29]. In one study, 

participants came to the lab for 4 consecutive nights and underwent 4 conditions: 4-hours 

time in bed (TIB) with placebo, 4 hours TIB with amphetamine, 8 hour TIB with placebo, 
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8 hours TIB with amphetamine. This was a double-blind study with each pill being 

distinguishable by color although the content of each pill was not revealed. In the visits 

following, participants were assigned to either a 4-hour sleep condition or an 8-hour sleep 

condition followed by a morning where they were asked which pill (indicated by color) 

they would prefer. They found that when participants received 4 hours of sleep they 

consistently chose methylphenidate over placebo (21 to 3), however when participants 

received 8 hours TIB, they chose placebo over methylphenidate (17 to 7). Interestingly, 

both TIB and methylphenidate accounted for cognitive performance enhancements. 

Specifically, reaction times were enhanced by methylphenidate most markedly in the 4-

hour TIB condition indicating that sleep may moderate psychostimulant enhancement 

effects. As such, other studies investigating psychostimulant effects on cognition have 

restricted subjects’ sleep to 4 hours the night prior to coming into the lab as a way to 

induce the performance-enhancing aspects of the drugs [25]. Unfortunately, these studies 

do not report objective measures of sleep (e.g. polysomnographic features) so a proper 

analysis of the profile of sleep loss before or after stimulant intervention has not been 

taken into account.  

In summary, psychostimulants can effectively promote wakefulness, attention, 

and vigilance in young, healthy, sleep-deprived or circadian disrupted populations. 

However, based on this literature, it is unclear whether similar benefits will be derived in 

healthy, non-sleep-deprived individuals. Next, we will discuss literature exploring the 

impact of psychostimulants on sleep in non-sleep-deprived contexts.  
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Psychostimulant Sleep Disruption. A primary reason for off-label stimulant use in 

healthy subjects is to increase wakefulness and alertness [7 - 8]. Indeed, the literature 

shows that the use of psychostimulants likely has a negative impact on sleep [9]. To the 

best of our knowledge only two studies have investigated the effect of these drugs on 

sleep using polysomnography in healthy participants [20-21]. In a study of 10 young, 

healthy volunteers, researchers found dose-dependent sleep disruption (decreased TST 

and sleep efficiency) after 20mg but not 10mg of d-amphetamine delivered at night, 

directly before sleep initiation. Further, this 20mg dose of d-amphetamine decreased total 

sleep time, sleep efficiency, and sleep quality, as well as reduced time in Stage 2 and 

REM sleep when compared to placebo [21]. In a more ecologically valid study with a 

daytime administration of d-amphetamine, another group found similar disturbances to 

nocturnal sleep [20]. These findings suggest that even when psychostimulants are taken 

during the day, they will likely disrupt nighttime sleep and the effect of this disruption on 

subsequent cognitive performance has been largely ignored. Additionally, the majority of 

fatigue countermeasure studies examine only vigilance and attention. More complex 

cognitive processes, however, rely on extensive offline periods with sleep for improved 

performance, and disruption of sleep is likely to impact subsequent cognitive function. In 

the section following, I will briefly explore how psychostimulants are commonly diverted 

to young adults for non-therapeutic purposes. 

 

Psychostimulants and Drug Divergence. One of the most common clinical uses of 

psychostimulants is in the treatment of Attention Deficit Hyperactivity Disorder 
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(ADHD), a neurobehavioral disorder characterized by inattentiveness, hyperactivity, and 

impulsivity [125]. For patients with ADHD, psychostimulants have been shown to 

increase cognitive arousal while somewhat counter-intuitively attenuating the most 

common behavioral symptom, hyperactivity [111]. The critical transition from 

adolescence to young adulthood, which includes shifting ADHD treatment from 

primarily parent-guided to self-management, plays a major role in the increased off-label 

access of psychostimulants. During this time, compliance with self-administration of 

psychostimulants decreases [126 - 127], and the drugs get sold, traded or given away, in a 

process termed drug diversion [3, 128]. Diversion has become increasingly more 

common in college-aged populations [129- 130] and has perpetuated the substantial 

increase in off-label stimulant use by non-ADHD, young adults [3,5,7-9, 131]. 

Particularly, off-label stimulant use tripled in a 10-year span (1993-2003) in college 

students [132] and estimates suggest up to 35% of college students are using 

psychostimulants without prescriptions for varying reasons [3]. In a sample of 4,580 

college students (mean age 20 ± 2.0), 8.3% reported prescription stimulant use with 

65.2% using to ‘help with concentration,’ 59.8% to ‘help study’ and 47.5% to ‘increase 

alertness’ [8].  A 2011 survey of 1,115 medical students found that 18% of people  
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Figure 3.3. Psychostimulants have Variable Effects on Cognition.  Psychostimulants show varying 
effects on cognitive performance. Here two studies (2a. Soetens et al., 1993 and 2b. Illieva et al., 2013) 
show different results for the effect of amphetamine on a verbal memory task. 3a. After administering d-
amphetamine 1 hour before encoding a word list researchers showed marked improvements in verbal 
memory that were detectable 1 hour after drug administration (1HD) and 1 day after drug administration 
(1DD).  3b. However, administration of mixed amphetamine salts 75 minutes before encoding on a verbal 
memory task showed no effect on # of words recalled. In addition, in 3c we show data from Ballard et al 
2014 where stimulants are shown to dose-dependently negatively impact memory on an emotional picture 
task—more memory intrusions were detected after both 10mg and 20mg of amphetamine. Here, similar to 
both 2a and 2b, stimulants were ingested 1 hour before memory retrieval. 

 

used stimulants to “help study” and to “aid concentration.” Given that the most common 

reasons for off-label psychostimulants use is to promote academic performance, it is 

surprising that, to the best of our knowledge, no studies have experimentally investigated 

the efficacy of these drugs in academic contexts in healthy, non-ADHD populations. 

Next, we will engage the inconsistencies in the psychostimulant cognitive enhancement 

literature and highlight the lack of consideration for offline processing states, specifically 

episodes including sleep. 

 

Cognitive Enhancement. The majority of studies to date have focused on the effects of 

stimulants across a short period of time in which both training (i.e., encoding) and testing 

(i.e. immediate retrieval) are measured [24-25, 47, 49, 111, 133-139]. A wide range of 
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results have been reported across these studies, with some suggesting enhanced function 

with stimulant use [43- 46, 49, 140], others reporting impaired performance [47,48,135], 

and still others showing no effect of stimulant interventions (25, 133). These 

inconsistencies are likely due to the diverse nature of the cognitive domains studied, 

underscoring the notion that psychostimulants may have unique effects on different 

classes of cognitive domains. For working memory, a cognitive process in which 

individuals hold and integrate information in their memory and manipulate it for a short 

period of time prior to a response period, studies have shown consistent improvements 

with clinically relevant psychostimulant doses in both rodents [111] and humans [136, 

140]. However, other cognitive domains, like flexibility (i.e. the ability to think about 

multiple objects and switch between different environmental demands) and creativity (i.e. 

the ability to form novel and relevant connections between disparate ideas) show 

differential findings depending on a wide variety of factors, including participant 

proficiency and expectation effects. For example, individuals who are more creative or 

have greater cognitive flexibility show performance disruption after psychostimulant 

intervention, while, at the same doses, those who function at lower levels of creativity or 

flexibility show improvements [135,137]. The declarative memory domain also has its 

fair share of inconsistency with studies finding distinct improvements [44] and others 

reporting only null effects [49]. Specifically, one group of researchers found a linear 

relationship between cognitive performance and stimulant dose (10, 20, or 40mg of 

methylphenidate), with higher stimulant doses resulting in greater declarative memory 

improvement [44]. However, another group reported no stimulant-related improvement 
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after administration of 10 and 20mg of d-amphetamine to 36 healthy volunteers in a 

similar declarative memory task (18 females, age range 18-45) [49]. These contrasting 

results are highlighted in Figure 3.3. Here we show two studies that use a similar drug 

administration paradigm and verbal memory task, but ultimately reached different 

conclusions; with Figure 3.3a showing a distinct improvement of amphetamine 1 hour 

after drug administration and Figure 3.3b reporting no differences between 

amphetamine, placebo and baseline on declarative memory after a 75-min delay interval. 

Additionally, in Figure 3.3c we show a negative effect of stimulants on emotional 

declarative memory task with both 10mg and 20mg of amphetamine increasing the 

number of memory intrusions. In sum, these results underscore the lack of uniformity in 

findings regarding the effect of stimulants on cognitive performance on individual 

cognitive domains. Some studies suggest that these discrepancies may be due to the 

effects psychostimulants have on non-specific cognitive factors. 

Studies have investigated the effect of psychostimulants on an array of more 

general cognitive skills. A review of 24 studies on the effects of modafinil on cognition 

concluded that there was little evidence of a benefit of this drug on a single cognitive 

domain per se, however when complex, multi-modal tasks were implemented, modafinil 

reportedly boosted performance [138]. These authors concluded that modafinil might be 

supporting more general attentional and executive functions rather than a particular 

cognitive skill. In further support of this hypothesis, another group of researchers 

suggested that stimulant medications indeed do not boost specific cognitive domains, but 

instead increase overall task saliency, or make boring tasks more interesting, by acting on 
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the dopaminergic system. In support of this hypothesis, one group of researchers 

administered a general mathematics task to 16 neurotypical subjects (14 male) after they 

either ingested 20mg of methylphenidate or placebo [24]. Researchers found that 

increases in methylphenidate-induced dopamine were related to increased participant 

reports of the task being interesting, exciting, or motivating. Even more, studies have also 

shown that psychostimulant enhancement of performance can be moderated by 

participant’s expectations of drug effects [6]. For example, one study investigating 21 

healthy volunteers (14 female; age range 18-33) only found cognitive benefits in 

participants who believed they received a stimulant [25]. These results indicate a 

placebo-related enhancement, or an expectancy effect, trumping any pharmacological 

benefit of the drug itself. Investigating a large range of cognitive domains (memory for 

words and faces, inhibitory control, working memory, creativity, and flexibility), another 

group of researchers found zero benefit of mixed-salt amphetamine on any test [133]. 

However, participants (N = 46; 21 female; age range 21-30) consistently believed they 

were performing better after amphetamine ingestion. Together, these findings suggest 

psychostimulants may not enhance cognitive performance directly. Instead, psychosocial 

and subjective influences may play a large role in which individuals who take stimulants 

expect to perform better or find tasks more engaging, and these effects alone, may 

account for performance differences across samples [25, 133] 

Only two studies that we know of investigated the long-term effects of 

psychostimulants by administering these drugs post-encoding and testing recall at 

multiple delay intervals [45, 139]. In the most compelling study 12 healthy, male 
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volunteers underwent intramuscular injections of d-amphetamine or saline (placebo) 

directly after training on a verbal memory task and researchers found an advantage of d-

amphetamine up to 3 days after initial training [45 - 46]. These findings suggest that 1) 

psychostimulants may have a specific effect on offline consolidation processes as the 

drug was administered post-encoding and was not active during subsequent retrieval 

tests, and 2) stimulant enhancement may extend across intervals of offline processing that 

include sleep. However, the fact that this study did not examine sleep per se makes it 

difficult to measure the impact of the drug X sleep interaction, if there was any, on 

performance.  

Neglect of the drug X sleep interaction is apparent across both cognitive 

enhancement literature and sleep research and a concerted effort to explore the 

interdependencies between these research areas is necessary to understand the 

phenomena of psychostimulant cognitive enhancement. As such, we suggest a research 

direction that introduces novel methodological paradigms and addresses the effects of 

acute and long-term psychostimulant use on cognition by incorporating sleep as a 

potential mediator. 

 

Addressing the Missing Link: Sleep, Psychostimulants and Cognition. To begin to 

address the role of psychostimulants for cognition, and the moderating/mediating role of 

sleep, one potential approach is to compare the role of psychostimulants for cognitive 

domains that have been shown to be sleep-dependent versus those that are not sleep-

dependent. In cognitive areas that have shown sleep-dependent improvements (e.g. long-
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term memory [53, 94], semantic updating [141], language learning [107], associative 

thinking/creativity [81, 108]), we predict that psychostimulants effects on performance 

will produce mixed findings that will be mediated by the degree to which the drugs 

disrupt sleep during the offline consolidation period. However, for some cognitive 

domains that are tested without an intervening offline period between exposure and test 

(e.g., working memory, attention and vigilance), we hypothesize that sleep would have a 

minimal role and therefore psychostimulants will likely improve performance. Indeed, 

two recent investigations from our lab supports these hypotheses. When examining the 

impact of stimulants on sustained attention, a cognitive skill that does not require much 

offline processing, we found performance benefitted from stimulants at immediate (75-

min post-drug administration) and delayed (12-hrs post-drug administration) tests, though 

after a sleep period, stimulant benefits to performance were no longer apparent. However, 

for a declarative memory task with both emotional (i.e. negative valence, arousing) and 

neutral stimuli, one that typically requires offline consolidation, we found that when 

stimulants were administered pre-encoding they provided a 6% enhancement to neutral 

stimuli at initial test (12-hrs post-encoding), but degraded performance across sleep; this 

effect emerged only for neutral and not negative, arousing stimuli. Importantly, when we 

recovered SWS with a hypnotic drug, we were also able to recover the neutral memories 

lost as a result of stimulant-dependent sleep disruption, indicating that stimulant’s 

disruption of SWS may inhibit these experiences from undergoing the necessary sleep-

related consolidation processing to stabilize and secure them for long-term retention.  

Together, these two studies suggest that not only are stimulant-related effects dependent 
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on the cognitive domain under investigation, but the length of time from drug 

administration, particularly if there is an intervening sleep period, is critical when 

examining the impact of stimulants on cognition (Figure 3.4). 

In addition, it would be helpful to systematically investigate the role of 

psychostimulants at each stage of the cognitive process. For memory specifically, there 

are three main stages: encoding, consolidation, and retrieval (i.e. the search through 

established associations or knowledge for a response). Each of these stages is 

characterized by a unique milieu of neuromodulators within a specific network of brain 

areas that can give rise to a complex cascade of processes that promote memory. Thus, in 

order to understand the effects of these drugs on memory and to leverage them to best 

optimize cognitive enhancement it is important to distinguish the effect of stimulants on 

each stage of memory processing separately. One method that accomplishes this goal is 

to administer stimulants before each stage in separate conditions and then compare 

performance profiles across conditions. As an example, Weafer and colleagues [134] 

administered amphetamine or placebo at encoding and 48 hours later at a retrieval session 

on an emotional memory task to dissociate if it is necessary to have amphetamine at both 

encoding and retrieval to receive cognitive benefits. Surprisingly, the authors reported no 

performance benefits of amphetamine at either session [134]. While this study did not use 

sleep methodologies to investigate the questions raised here, the design allows for a more 

systematic investigation of these phenomena and provides a pathway to engage 

experimental sleep paradigms. Furthermore, the difference between the immediate effects 

of using psychostimulants for cognitive enhancement as well as the short-term and long-
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term health trade-offs is necessary to truly unpack the role of psychostimulant ingestion 

on sleep and health profiles. Accordingly, applying a developmental approach to 

investigating both chronic as well as occasional off-label stimulant users could shed light 

on the cognitive and overall health risks involved with these different user profiles. 

 

 

Figure 3.4. Sleep as a Moderator/Mediator of Psychostimulant Cognitive Enhancement. 
Psychostimulant’s prolonged increases of key neurotransmitters: norepinephrine (NE), dopamine (DA) and 
indirectly acetylcholine (ACh) may have significant consequences for sleep-dependent cognition. Under 
normal conditions, ACh, DA, and NE are high, during wake and understood to promote attention, focus and 
memory encoding [130]. However, at sleep onset, these three neurotransmitters plummet with ACh and DA 
reaching their lowest levels in the circadian day during non rapid eye movement slow wave sleep (SWS). 
Decreases in these key neurotransmitters, specifically acetylcholine, during SWS is understood to facilitate 
hippocampal-cortical feedback, a process shown to be critical for memory consolidation during sleep [52, 
77]. After psychostimulant administration, the prolonged amounts of these neurotransmitters may 
negatively impact hippocampal-cortical networks and result in worse sleep-dependent cognition the 
following day.  

 

Other Considerations. While the focus of this review was to assess psychostimulant 

cognitive enhancement, and create an avenue in which future investigations could 

examine sleep’s role, it is also critical to address other concerns related to the efficacy of 

psychostimulant drugs for cognition. Specifically, many of the studies we discussed vary 
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in study design, amount and type of stimulant, cognitive tests used and subject 

population. This lack of experimental control could also account of some of the variable 

findings across studies within and across cognitive domains. For example, few of the 

studies reviewed here account for genetic variation in participant response to drug, which 

is thought to be critical in determining optimal therapeutic responses [124]. Additionally, 

many of the studies use a “one-size-fit-all” design, meaning that each participant is given 

the same dosage of stimulant regardless of personal characteristics like weight, height 

and sex. While this design may be ecologically valid, it ignores optimal dosing and 

individual variation in drug response. Moreover, the well-documented inverted-U drug 

response of stimulants in which lower drug doses do not support reliable performance 

changes and higher doses impair performance because of anxiolytic responses could 

potentially explain some of the individual variability across and within studies. Though 

controlling for these potential confounds is necessary in future experimental 

investigations, they do not negate sleep’s potential role in stimulant cognitive 

enhancement. 

 

Conclusion. Although Generation Adderall [142] is guided by the expectation that these 

drugs will make them smarter, thus far, this claim is unfounded. Here, we suggest a 

thorough investigation of the impact of sleep loss on the effect of psychostimulants on 

cognition in healthy adults. We reviewed the literature demonstrating the importance of 

sleep for a wide range of cognitive domains, and the extent to which psychostimulants 

have been used to bolster vigilance and attention in sleep-deprived contexts. 
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Additionally, we highlighted the conflicting findings that arise when more complex 

cognitive domains are tested in non-sleep deprived contexts, such as long-term memory, 

creativity and flexibility, and discussed possible sources for these conflicts including 

expectation, motivation, expertise, and sleep disruption. We presented two new research 

studies from our lab that indicated off-label psychostimulant use indeed has differential 

consequences for healthy individuals depending on the cognitive domain, with morning 

stimulant administration leading to substantial nighttime sleep losses that were coupled 

with declarative memory declines. However, stimulant sleep disruption came at virtually 

no cost to sustained attention. Lastly, we put forth a call to research with some suggested 

pathways forward including 1) considering both sleep-dependent and non-sleep-

dependent cognitive domains, and 2) addressing the complex, multi-faceted nature of 

each cognitive process. With this, we hope to ignite a comprehensive research approach 

into understanding the rapidly growing social trend of healthy young adults self-

administering psychostimulants, which will hopefully lend itself to an adequate education 

for the public about this growing health concern. 

 

Concluding Remarks. 

 Here, I present a novel investigation into the interaction of stimulant cognitive 

enhancement and sleep. I presented two experimental studies, the first which examined 

the role of sleep for stimulant-related enhancement of sustained attention. From this 

study, we can glean two main points, 1) stimulants can boost both immediate and delayed 

sustained attention, particularly for tasks with higher attentional demand and 2) stimulant 
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sleep disruption may not come at much consequence to next-day attentional processing. 

In the second experimental study, it was determined that stimulants, when administered 

prior to encoding, can boost the memory for neutral information to the same retrieval 

accuracy of emotionally-charged material. However, this boost does not persist over a 

nighttime sleep period. Instead, stimulants disruption of SWS led to significant 

impairments in next-day declarative memory, which was illuminated when a hypnotic 

drug recovered SWS, and with it, next-day memory performance. Taking these two 

studies in concert suggests that stimulants may indeed provide a non-specific cognitive 

enhancement effect, that across a period of wake, may lead to substantial benefits for a 

range of cognitive tasks. This is in line with a theory proposed by Volkow and colleagues 

[24], which ascertains that stimulants, acting as dopaminergic agonists, would likely 

increase the salience of cognitive tasks, making activities thought of as boring or 

uninteresting, more engaging and rewarding, which results in increased attention and, as 

these data show, may additionally make the experiences more memorable. 

While these data support stimulant’s short-term boosts to cognition, these 

stimulant-related enhancements may be at odds with long-term memory consolidation, 

which is optimized during off-line periods where there is little external input, like sleep. 

These stimulant vs consolidation -dependent performance trade-offs become evident in 

Study 2, where stimulants disruption of sleep resulted in memory loss, compared to 

placebo, for the same neutral information initially enhanced across a 12-hour period of 

wake. This suggests that stimulant’s interruption of sleep may inhibit these experiences 

from undergoing the necessary sleep-related consolidation processing to stabilize and 
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secure them for long-term retention. Some of this may be simply a result of postponed 

sleep and overall sleep loss, which can be attributed to stimulants agonizing 

norepinephrine and dopamine, both which stave off sleep and promote arousal [70-72]. 

Importantly, though, stimulants also indirectly promote acetylcholine, a neurotransmitter 

highly implicated in sleep-dependent memory. Specifically, acetylcholine, along with 

dopamine and norepinephrine, is quite high, during wake and understood to promote 

attention, focus and memory encoding [77]. However, during SWS sleep, acetylcholine 

plummets to its lowest levels in the circadian day. This decrease in acetylcholine during 

SWS is understood to facilitate hippocampal-cortical feedback, a process shown to be 

critical for memory consolidation during sleep [52, 77]. In Study 2, stimulant’s artificial 

and prolonged boosts of acetylcholine levels may have made it harder to engage in SWS 

sleep, which in turn, may have negatively impacted hippocampal-cortical networks and 

resulted in lower memory retention the following day. Indeed, studies using 

cholinesterase blockers, which increase acetylcholine levels, directly before sleep, have 

reported memory deficits post-sleep, similar to the deficit reported in Study 2 [78]. This 

is a notable drawback of using psychostimulant medications for cognitive enhancement 

as stimulants artificial enhancement of normal fluctuations in these key 

neurotransmitters, (i.e. norepinephrine, dopamine, and acetylcholine), prioritizes 

encoding capabilities but undermines consolidation, yet both are critical for long-term 

cognitive success, an understood goal behind using stimulants for cognitive enhancement.   

Taken together, these data lead to an important hypothesis, that stimulant 

cognitive enhancement may be mediated by nighttime sleep disruption. In the final 
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chapter, I describe the role of sleep for cognition and how integral it is in sustaining and 

enhancing long-term memory. In light of the first two experimental studies, I unpack the 

existing stimulant cognitive enhancement literature and combine it with the long-standing 

evidence that sleep supports cognition. Considering the lack of attention prior sleep has 

been given in the stimulant cognitive enhancement literature, and even more, how little 

focus has been placed on the long-term impact of stimulant-induced sleep disruption for 

cognition, in this last chapter, I describe a way forward for the intersection of these 

research areas. I present methodological frameworks in which both sleep and stimulant 

pharmacology can be integrated to examine complex cognitive processing and, in 

addition, I introduce novel research questions for the field to consider.  

The human pursuit to bolster cognitive capacity and improve performance 

capabilities will inevitably continue. Over the last few decades breakthroughs in science 

have advanced new ways to engage in cognitive enhancement from brain games to 

targeted neural stimulation, all driven by the same human impulse to increase the mind’s 

ability to hold substantive content and improve the ways in which the human mind 

processes and synthesizes that information.  Whether these interventions occur through 

pharmacological or technological means, it is important to recognize that these 

enhancements likely come at a cost. It is integral that society, and the research 

community particularly, question the nature by which these enhancements arise and the 

sacrifices that engagement with them may induce to other physiological and cognitive 

systems.   
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Appendix A 
 
 

 
 
 
 

For d’, we report a similar performance trend at Test 1 with daytime administration of 

stimulants (DEX-PBO) providing a short-term boost to memory recognition for neutral 

images (gray bars) at Test 1, 12-hrs after encoding. Stimulants increased neutral image 

discrimination to a similar rate seen for negative images (black bars), however this 

interaction did not reach significance thresholds F (1, 27) = 2.801, p = .106; η2
p = 0.09. 
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Appendix B 
 

 
 
 

The d’ difference score (Test 2 – Test 1) is in line with accuracy results indicating that 

after stimulants significantly disrupted sleep, neutral pictures (gray bars) that received 

stimulant benefits at Test 1 (DEX-PBO), were impaired at Test 2 (p = 0.04) compared to 

the PBO-PBO condition, however this interaction did not reach significance thresholds, F 

(1, 26) = 2.96, p = .097; η2
p = 0.102. No differences were found between conditions for 

negative pictures.  
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Appendix C 
 
 

 
 

Supporting retrieval accuracy results, d’ also shows that adding the hypnotic zolpidem 

(ZOL), after a day with stimulants, was able to repair neutral memory performance. 

While no differences were found at Test 2 (left) between conditions, (main effect p’s > 

0.10; interaction p =0.32), a significant interaction did emerge for the difference score 

(right) F (3, 72) = 2.85, p = .04; η2
p = 0.11. Neutral images in the PBO-PBO condition 

outperformed negative images (p=.008) as well as neutral images in the DEX-PBO (p = 

.06) and the PBO-ZOL (p=0.05) condition. No differences between the PBO-PBO and 

DEX-ZOL condition emerged, suggesting ZOL, after the stimulant, was able to recover 

neutral memory performance. No other differences emerged. Asterisks indicates p < 0.05.     
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