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Introduction 
PTSD is a growing concern for both active duty personnel and Veterans. Fear conditioning is implicated in the 
development of PTSD, while successful acquisition, consolidation, and recall of extinction memory are 
implicated in both the natural reduction of initial PTSD symptoms and as the mechanism underlying the most 
successful treatment for PTSD, Prolonged Exposure. In animal models, sleep deprivation has been shown to 
impair extinction memory. Indirect evidence in humans also supports that notion, but it has never been tested 
directly in humans. Some of the most ubiquitous and distressing symptoms of PTSD are insomnia and 
nightmares. The resultant sleep deprivation may actually serve to perpetuate the disorder by interfering with 
treatments designed to promote extinction memories. Before this hypothesis can be tested in clinical 
populations, however, well-controlled experimental studies need to establish the exact role of sleep deprivation 
in extinction acquisition, consolidation, and recall in humans. This study will do just that. This is a mixed-
effects study designed to examine the impact of 36 hours TSD on fear conditioning and consolidation (Aim 1), 
as well as extinction memory acquisition, recall, and generalization (Aim 2). A total of 60 subjects will 
participate across 3 years. Following recruitment and screening, subjects will spend 4 nights and days in the 
laboratory: a) adaptation to the lab (Night/Day0); b) normal sleep followed by fear memory acquisition 
(Night/Day1); c) sleep or TSD followed by fear recall and extinction memory acquisition (Night/Day2); and d) 
sleep or TSD followed by a test of extinction recall and generalization (Night/Day3). Group1 will receive sleep 
prior to each testing day, Group2 will be sleep deprived prior to Day2, and Group3 will be sleep deprived prior 
to Day3. 
 
Body 
This report covers the first No Cost Extension year of the project. This year focused on data processing and 
analysis, as well as dissemination and publication of our findings. Specific activities include: 
 
a. Data Processing. As describe in a series of quarterly reports, we spent a significant amount of effort 
developing the best ways to account for the significant inter-individual variability in our main physiological 
outcome data during the sleep deprivation nights. After several iterations and consultation with colleagues in the 
field, we settled on the most appropriate method and are now reprocessing all relevant data. 
 
b. Data Analysis. We have analyzed data for our first two manuscripts, and are working an analysis for the 
third. 
 
c. Dissemination. In addition to the manuscripts described below, Dr. Drummond has made several national and 
international presentations of our study findings. These include: a) an invited presentation at the Canadian Sleep 
Society meeting in Halifax, Nova Scotia; b) a departmental colloquium at Monash University in Melbourne, 
Australia; and c) an invited presentation at the Australian Centre for Posttraumatic Mental Health. Dr. 
Drummond also conducted a number of media interviews related to the Journal of Neuroscience paper 
described below.  
 
d. Manuscripts. We have published two manuscripts, thus far, from this study (see Reportable Outcomes, 
below). 
 
e. We are currently working on a third paper and anticipate a total of four papers based on the data from this 
study. 
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Key Research Accomplishments 
Data collection completed 
 
Two published manuscripts: 
1. van Enkhuizen, J., Acheson, D., Risbrough, V., Drummond, S., Geyer, M., Young, J. Sleep deprivation 
impairs performance in the 5-choice continuous performance test; Similarities between humans and mice. 
Behavioural Brain Research. 2014, 261:40-48. 
 
2 Marshall, AJ, Acheson, DT, Risbrough, VB, Straus, LD, Drummond, SPA. Fear Conditioning, Safety 
Learning, and Sleep in Humans. Journal of Neuroscience. 2014 34(35):11754 –11760. 
 
Several national and international conference presentations  
 
Reportable Outcomes 
1. van Enkhuizen, J., Acheson, D., Risbrough, V., Drummond, S., Geyer, M., Young, J. Sleep deprivation 
impairs performance in the 5-choice continuous performance test; Similarities between humans and mice. 
Behavioural Brain Research. 2014, 261:40-48. 
 
In this paper, we leveraged the work being done in the current project with the larger collaboration between Dr. 
Drummond’s group and Dr. Risbrough’s group to extend the translational nature of the current project. In 
particular, we combined secondary data from the current project examining the effects of our sleep deprivation 
manipulation on attention with animal model data from Dr. Risbrough’s lab also examining the effects of sleep 
loss on attention.  A summary of the paper follows. 
 
Several groups undergo extended periods without sleep due to working conditions or mental illness. Such sleep 
deprivation (SD) can deleteriously affect attentional processes and disrupt work and family functioning. 
Understanding the biological underpinnings of SD effects may assist in developing sleep therapies and 
cognitive enhancers. Utilizing cross-species tests of attentional processing in humans and rodents would aid in 
mechanistic studies examining SD-induced inattention. We assessed the effects of 36 hours of: 1) Total SD 
(TSD) in healthy male and female humans (n=50); and 2) REM SD (RSD) in male C57BL/6 mice (n=26) on 
performance in the cross-species 5-Choice Continuous Performance Test (5C-CPT). The 5C-CPT includes 
target trials on which subjects were required to respond and non-target trials on which subjects were required to 
inhibit from responding. TSD-induced effects on human Psychomotor Vigilance Test (PVT) were also 
examined. Effects of SD were also examined on mice split into good and poor performance groups based on 
pre-deprivation scores. In the human 5C-CPT, TSD decreased hit rate and vigilance with trend-level effects on 
accuracy. In the PVT, TSD slowed response times and increased lapses. In the mouse 5C-CPT, RSD reduced 
accuracy and hit rate with trend-level effects on vigilance, primarily in good performers. In conclusion, SD 
induced impaired 5C-CPT performance in both humans and mice and validates the 5C-CPT as a cross-species 
translational task. The 5C-CPT can be used to examine mechanisms underlying SD induced deficits in vigilance 
and assist in testing putative cognitive enhancers. 
 
 
2 Marshall, AJ, Acheson, DT, Risbrough, VB, Straus, LD, Drummond, SPA. Fear Conditioning, Safety 
Learning, and Sleep in Humans. Journal of Neuroscience. 2014 34(35):11754 –11760. 
 
This paper focuses on the main translational questions in the project. Specifically, this is the first paper to 
directly translate animal models of fear condition-sleep relationships into humans. Other human studies have 
examined extinction learning, but not the initial fear acquisition. This is critical to understanding PTSD, as 
without the initial fear acquisition, there would be no PTSD. We were also able to examine, for the first time in 
any species, the relationship between sleep and safety signals. A summary of the paper follows. 
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Fear conditioning is considered an animal model of Posttraumatic Stress Disorder (PTSD). Such models have 
shown fear conditioning disrupts subsequent Rapid Eye Movement Sleep (REM). Here, we provide a translation 
of these models into humans. Using the Fear Potentiated Startle (FPS) procedure, we examined the effects of 
fear conditioning and safety signal learning on subsequent REM sleep in healthy adults. We also examined the 
effects of changes in REM sleep on retention of fear and safety learning. Participants (n=42 normal controls) 
spent 3 consecutive nights in the lab. The first was an adaptation night. Following the second night, we 
administered a FPS procedure that included pairing a wrist shock with a threat signal and a safety signal never 
paired with a shock. The next day, we administered the FPS procedure again, with no wrist shocks to any 
stimulus, in order to measure retention of fear and safety. Canonical correlations assessed the relationship 
between FPS response and REM sleep. Results demonstrated increased safety signal learning during the initial 
acquisition phase was associated with increased REM sleep consolidation that night, with 28.4% of the variance 
in increased REM sleep consolidation from baseline accounted for by safety signal learning. Overnight REM 
sleep was, in turn, related to overnight retention of fear and safety learning, with 22.5% of the variance in startle 
retention accounted for by REM sleep. These data suggest sleep difficulties, specifically REM sleep 
fragmentation, may play a mechanistic role in PTSD via an influence on safety signal learning and/or threat-
safety discrimination. 
  
Conclusion 
This past year, we published two peer-reviewed manuscripts, including one in the highest rated neuroscience 
journal in the world that also received a fair amount of media coverage. We also successfully solved our data 
processing issues, which has lead to our ability to reprocess the sleep deprivation data and published two 
additional manuscripts in the requested second NCE period.  
 
There are two major implications of our findings. First, both papers show we can effectively and validly 
translate basic science conducted with animal models into humans, thereby capitalizing on basic mechanism 
work done in animals to better understand cognition and fear processes underlying PTSD in humans. This will 
contribute to development of preventative and treatment strategies. Second, our Journal of Neuroscience paper 
points two a completely novel mechanism in understanding the critical role sleep plays in the maintenance 
treatment of PTSD. Impaired safety learning is a hallmark of PTSD, as well as other anxiety disorders. Our data 
suggest REM sleep is critical for consolidating safety learning and the ability to discriminate safe from 
threatening stimuli. This, in turn, argues treating sleep problems prior to administering evidence based PTSD 
treatments may improve clinical outcomes dramatically.  
 
References 
See above 
 
Appendices 

 Updated Quad Chart (showing figures from Outcome reported above) 
 Two published manuscripts 

 
Supporting Data 
N/A 
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Behavioral/Cognitive

Fear Conditioning, Safety Learning, and Sleep in Humans

Anisa J. Marshall,1 Dean T. Acheson,1,3,4 Victoria B. Risbrough,1,3,4 Laura D. Straus,1,5 and Sean P.A. Drummond2,3,4,5

1Research and 2Psychology Services, Veterans Affairs San Diego Healthcare System, San Diego, California 92161, 3Veterans Affairs San Diego Center for
Excellence in Stress and Mental Health, San Diego, California 92161, 4Department of Psychiatry, University of California San Diego, San Diego, California
92093-0603, and 5SDSU-UCSD Joint Doctoral Program in Clinical Psychology; San Diego, California 92120

Fear conditioning is considered an animal model of post-traumatic stress disorder. Such models have shown fear conditioning disrupts
subsequent rapid eye movement sleep (REM). Here, we provide a translation of these models into humans. Using the fear potentiated
startle (FPS) procedure, we examined the effects of fear conditioning and safety signal learning on subsequent REM sleep in healthy
adults. We also examined the effects of changes in REM sleep on retention of fear and safety learning. Participants (n � 42 normal
controls) spent 3 consecutive nights in the laboratory. The first was an adaptation night. Following the second night, we administered a
FPS procedure that included pairing a wrist shock with a threat signal and a safety signal never paired with a shock. The next day, we
administered the FPS procedure again, with no wrist shocks to any stimulus, to measure retention of fear and safety. Canonical correla-
tions assessed the relationship between FPS response and REM sleep. Results demonstrated that increased safety signal learning during
the initial acquisition phase was associated with increased REM sleep consolidation that night, with 28.4% of the variance in increased
REM sleep consolidation from baseline accounted for by safety signal learning. Overnight REM sleep was, in turn, related to overnight
retention of fear and safety learning, with 22.5% of the variance in startle retention accounted for by REM sleep. These data suggest that
sleep difficulties, specifically REM sleep fragmentation, may play a mechanistic role in post-traumatic stress disorder via an influence on
safety signal learning and/or threat-safety discrimination.

Key words: fear conditioning; REM sleep; safety learning; translational

Introduction
Sleep difficulties are among the most common symptoms in
post-traumatic stress disorder (PTSD) (Germain et al., 2008;
Spoormaker and Montgomery, 2008), with 70% of civilians
(Ohayon and Shapiro, 2000), and up to 90% of combat veterans
with PTSD (Neylan et al., 1998) reporting sleep difficulties. More
than just a symptom, sleep appears to play a role in development
and maintenance of PTSD (Germain et al., 2008). Although sleep
disruption has been linked with the development, exacerbation,
and possibly poor recovery from PTSD (Babson and Feldner,
2010; Nadorff et al., 2011; van Liempt et al., 2013), the exact
mechanism underlying the role sleep plays in PTSD is not well
known.

PTSD is a disorder of abnormal fear processes, wherein
learned fear responses are greater and more difficult to inhibit
(Johnson et al., 2012). One translational model for addressing the

role of sleep in fear processes, and thus PTSD, is fear condition-
ing. Fear conditioning is a Pavlovian response whereby a neutral
stimulus is paired with an aversive stimulus until the previously
neutral stimulus elicits a conditioned fear response and is con-
sidered a good animal model of PTSD (Grillon, 2002). Animal
models have shown consistent relationships between fear con-
ditioning and sleep, especially rapid eye movement (REM) sleep.
For example, fear conditioning disrupts and fragments REM
sleep (Sanford et al., 2001; Wellman et al., 2008), even after a
single trial of conditioning (Sanford et al., 2003). REM sleep frag-
mentation or deprivation, in turn, impairs extinction memory,
the process by which an animal learns the previously feared stim-
ulus no longer signals threat (Silvestri, 2005; Fu et al., 2007).
Furthermore, greater REM sleep fragmentation before fear con-
ditioning predicts greater acoustic startle responses 1 month after
fear conditioning (Polta et al., 2013). These findings suggest that
REM sleep disruption may play a role in PTSD via interactions
with fear and/or extinction processes. Few studies, though, have
translated the animal model findings into humans. While studies
have shown sleep in general (Pace-Schott et al., 2009; Sturm et al.,
2013), and REM sleep in particular (Spoormaker et al., 2010,
2012), play a role in extinction memory in humans, no published
studies have examined whether initial fear conditioning disrupts
overnight REM sleep in humans.

In contrast to a conditioned threat signal, fear conditioning
procedures can also include a safety signal. This is a stimulus
presented during fear learning but never paired with the aversive
unconditioned stimulus (US). Impairments in safety signal
learning are seen when someone shows a strong fear response to
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a safety signal (e.g., as strong as that shown to the threat signal),
despite repeated presentations of the stimulus without ever pair-
ing it with the aversive stimulus. There are no published studies
examining sleep in relation to safety signals. However, given
PTSD is the only clinical population to show impairments in
safety signal learning (Jovanovic et al., 2010), it is of interest to
know if safety learning interacts with REM sleep, as well.

Our aim was to examine effects of fear conditioning and safety
learning on subsequent sleep in humans. Our main hypothesis,
based on the animal literature, was greater levels of fear condi-
tioning during the day would lead to more fragmented REM sleep
at night. Although there is no literature upon which to develop
hypotheses related to safety learning, we anticipated the opposite
relationship: greater levels of safety learning would be associated
with consolidated REM sleep. We also examined whether
changes in REM sleep following fear/safety learning was associ-
ated with next day retention of conditioned responses.

Materials and Methods
Participants. Forty-two healthy normal controls were recruited from the
San Diego area, completed the study, and were included in these analyses
(age � 24.1 � 5.0 years, 42% female, 37% racial/ethnic minority). In
addition, one subject was excluded because of invalid sleep data, and 13
were excluded for not showing a startle response to 12 108-dB acoustic
pulses administered at screening (startle reactivity was defined as exhib-
iting responses to �50% of trials). After written informed consent, par-
ticipants were screened for drug use, sleep disorders, and psychiatric and
medical conditions via structured interview and laboratory tests. Inclu-
sion criteria included the following: (1) age 18 –39 years old; (2) �12
years of education; and (3) consistent sleep–wake schedule, including
7–9 h of overnight sleep/night. Female participants were studied in the
early follicular phase of the menstrual cycle, as estrogen can affect fear
learning processes (Milad et al., 2006). Participants maintained a regular
sleep–wake schedule, corresponding to their habitual schedule, for 1
week before entering the laboratory portion of the study. Sleep diaries
and actigraphy monitored adherence with this schedule, and anyone

deviating �15 min on �2 nights was not stud-
ied. Participants refrained from alcohol and
caffeine for 48 h before entering the laboratory.

Sleep procedures. Participants entered the
laboratory �2 h before bed time on the adap-
tation night and lived in the laboratory until
the end of the study, including three overnight
sleep studies (Fig. 1). Each night, a polysomno-
gram, including EEG, EOG, and chin EMG,
monitored sleep. To screen for unreported
sleep apnea and periodic leg movements, mon-
itors were added on adaptation night. Three
REM sleep variables served as our main mea-
sures: REM% (proportion of sleep spent in
REM); REM sleep efficiency (RE: proportion
of epochs within REM episodes scored as REM
sleep, as opposed to wake or non-REM sleep;
this is parallel to the concept of sleep efficien-
cy); and REM sleep latency (RL: time from
sleep onset to the first REM epoch). We took
lower REM%, lower RE, and shorter RL as in-
dices of REM sleep fragmentation. To examine
change in REM sleep after the startle proce-

dure, a difference score was calculated as follows: (Night 1 � baseline).
Fear potentiated startle (FPS). We used FPS model of cued fear condi-

tioning. Participants learned to associate a visual conditioned stimulus
(CS) with an US of electrical shock to the wrist. Conditioned fear re-
sponses to the CS were measured using eyeblink magnitude in response
to acoustic stimuli presented in the presence/absence of CS. The degree
of relative startle potentiation in the presence of the CS, compared with
absence of CS, was used as an operational measure of fear response.

On Day 1, participants completed the fear-conditioning procedure to
acquire conditioned FPS, as described in detail previously (Acheson et
al., 2013). Participants were seated in a lounge chair in a sound-
attenuated testing chamber. The visual CSs (colored circles) were pre-
sented using an LCD computer monitor connected to a Dell desktop
computer. Startle pulses were 108 dB, 40 ms bursts of broadband noise.
EMG responses were recorded from electrodes placed at the orbicularis
oculi muscle (San Diego Instruments; for details on apparatus, startle
measurement and processing see Acheson et al., 2013). The electrical
shock stimuli were delivered via a Contact Precision Instruments SHK1
aversive shock stimulator coupled with an IBM ThinkPad notebook
computer as previously described by Acheson et al. (2013). On the first
day of testing, shock intensity levels were set manually for each individual
by delivering gradually more intense shocks (0 –5 mA range) until the
subject reported that the shock level was “highly annoying yet not pain-
ful.” Figure 2 contains a schematic of the FPS procedure. Acquisition
began with a 1 min acclimation period consisting of 70 db of white noise
followed by six startle pulses presented in the absence of any other stimuli
in order for the participants to acclimate/habituate startle responses to
baseline level. After acclimation, visual cues were as follows: (1) condi-
tioned via pairing with wrist shock in 0.75 contingency (CS �); or (2)
never paired with the shock (CS �), thus serving as safety signals. The
acquisition session included 8 CS � trials (6 paired with shock), 8 CS �

trials, and 8 noise alone (NA) trials where no visual stimuli were pre-
sented, providing baseline startle reactivity. The auditory stimulus
during the NA trials, a brief (40 ms) pulse of 108 dB is used to induce a
startle response, the magnitude of which is the operational measure of
threat response or “fear.” The auditory stimulus is not a unconditioned

Figure 2. Fear potentiated startle procedure. Schematic of the fear potentiated startle procedure detailing the fear acquisition
and recall phases, as well as illustrating a prototypical block and trial.

Figure 1. Study time line. Participants entered the laboratory on the evening before the Adaptation Night and remained there until the study was completed. Startle procedure was scheduled
for 10 –12 h after awakening.
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stimulus, as it is presented during all conditions (NA, CS �, and CS �

trials). Thus, because this probe happens in every trial type, it is not
predicted by the presence or absence of any specific stimulus. To the
extent the startle pulse has arousing/aversive qualities, then such an effect
is controlled for by using a difference score of potentiation above back-
ground for the stimuli of interest (i.e., the differential between NA trials
and the CS � or CS � trials). Stimulus presentation was block random-
ized with the constraint of two trials of each type (CS �, CS �, and NA)
per block. This approach prevents confounds of uneven habituation ef-
fects on any one stimulus type and assures accurate temporal match of
NA baseline responses to CS � and CS � trials. Participants returned on
Day 2 for the recall phase. FPS recall was assessed via four presentations
of each stimulus type (CS �, CS �, and NA) in block randomized order as
in acquisition. No shocks were presented during this phase.

Data were analyzed by averaging peak responses to each stimulus type
within a block. Responses were examined trial by trial to remove volun-
tary eyeblink and movement artifact, with responses only being scored if
they were within 100 ms of the onset of the startle pulse. The NA average
was subtracted from the CS � and CS � responses to create a score rep-
resenting startle above baseline for each CS type in each block (e.g.,
(CS �) � (NA)) (Norrholm et al., 2006, 2011; Acheson et al., 2013).
Three variables served as outcomes for the acquisition phase: (1) acqui-
sition to the threat signal (i.e., fear potentiation): mean CS � response
during the last two blocks of the session; (2) safety signal learning: differ-
ence in CS � response from the first block to the last block; and (3)
differential conditioning: difference between mean CS � versus CS � re-
sponses during last two blocks (i.e., differentiation of threat from safety
signals). Safety signal learning is measured slightly differently than acqui-
sition to the threat signal and differential conditioning because it is con-
ceptualized as a within-subject change across the session (Norrholm et
al., 2011; Acheson et al., 2013). The extent to which a subject learns over
time that the CS � is, indeed, a safety signal, is best captured by examining
the reduction in potentiation to the CS � stimulus from the beginning of
the task (when they do not know it represents safety) to the end of the task
(when they should have learned it is a safety signal). Variables of interest
on Day 2 related to retention of learning from Day 1: (1) fear retention:
change in response to CS � from the last block of Day 1 to the first block
of Day 2; (2) safety signal retention: change in response to CS � from the
last block of Day 1 to the first block of Day 2; and (3) retention of
differential learning: difference in response to CS � and CS � during first
two blocks of Day 2.

Statistical analyses. To document the anticipated differential effects
between fear potentiation to the CS � and safety signal learning on the
CS �, we compared the FPS response to each stimulus type during the
relevant blocks, as defined above, with a paired-samples t test.

For the main analyses, because we anticipated two startle variables
from Day 1 (fear acquisition and safety signal learning) being associated
with three REM sleep variables (RE, REM% RL), we used a multivariate
approach: canonical correlation analysis. This analysis forms canonical
variates (i.e., latent variables) from each set of input variables, assessing
the correlation between those canonical variates. If that correlation is
significant, one examines the correlation (i.e., structural coefficients)
between individual measures and their respective canonical variate to
determine which measures make significant contributions to the overall
relationship (Thompson, 2000; Tabachnick and Fidell, 2001). Based on
recommendations of Tabachnick and Fidell (2001), we considered any
structural coefficient ��0.30� to indicate a significant contribution to the
respective canonical variate and thus the overall relationship between
FPS and REM sleep measures.

After determining the relationship between fear/safety acquisition and
subsequent REM sleep, we examined whether those changes in REM
sleep on Night 1 were associated with overnight retention of fear/safety,
as measured on Day 2. Here, we used a similar multivariate approach
using the REM canonical variate developed in the analysis above to pre-
dict response to FPS measures on Day 2. Outcome variables were as
follows: fear retention, safety retention, and differential conditioning
retention. For this analysis, those participants who did not show a poten-
tiation response to the threat signal on Day 1 (potentiation response
defined as (CS �) � (NA) � 0) were dropped because, in those individ-

uals, our operational measure of fear responding did not exist and thus
there was no fear conditioning to “retain” on Day 2. The reason for this is
that some people require very loud stimuli (�108 dB) to show a reliable
startle response, or they habituate their startle response very quickly.
Subjects who do not startle to the 108 db stimulus provide no data with
which we could assess fear conditioning and safety signal learning. Ad-
ditionally, it is unclear whether a small startle response to the safety signal
in those participants was due to learning safety or simply an overall
nonresponse to the task. Similar exclusions for low baseline response
rates also occur in studies using other physiological measures, such as
galvanic skin response. Given this exclusion, the sample size for this
analysis was 38. As with the first analysis, significance testing with � �
0.05 was used to determine whether REM sleep predicted the FPS mea-
sures and structural coefficients ��0.30� defined which measures made
significant contributions to the startle retention canonical variate.

After determining the findings from the main analyses above, two post
hoc analyses were conducted to examine alternative explanations for the
relationships between FPS and REM sleep reported here. First, we con-
ducted a canonical correlation to determine whether initial REM sleep
adaptation to the sleep laboratory predicted fear and/or safety acquisi-
tion. Specifically, we calculated change in REM sleep variables across the
initial nights as (baseline � adaptation). We then entered those variables
into the canonical correlation as one set and the same FPS variables used
in the main analysis (i.e., fear potentiation and safety learning) as the
other set. Second, to test whether REM sleep contributes variance to
startle retention above and beyond that accounted for by initial startle
acquisition, we conducted another canonical correlation, including both
the startle and REM sleep canonical variates as predictors of startle reten-
tion. Here, we entered both startle canonical variate and REM sleep
canonical variate as predictors of our three startle retention variables into
a canonical correlation. For both post hoc analyses, we evaluated the
outcome in the same manner described above.

Examination of age and sex showed neither one was related to any
sleep measure, FPS variable, or canonical variate. Thus, they were not
included in the analyses.

Results
Table 1 shows sleep measures from adaptation, baseline, and
Night 1. We observed the expected improvements in sleep from
adaptation to baseline, and no sleep variable showed further sig-
nificant changes between baseline and Night 1 within the entire
sample. Figure 3 demonstrates the expected differential response
to CS� and CS� at the end of the acquisition phase. There was no
difference in the response to CS� and CS� at Block 1 (t(41) �
�0.502, p � 0.618), whereas there was a significant difference at
the end of acquisition (t(41) � � 2.44, p � 0.019).

Figure 4A shows results of the canonical correlation testing
whether FPS measures on Day 1 were associated with changes in
REM sleep on Night 1. The two sets of measures shared one
significant factor (Hotelling’s Trace F(6,72) � 2.44, p � 0.033, r 2 �
0.284). Only safety signal learning contributed in a meaningful
way to the startle acquisition canonical variate. Standardized ca-
nonical coefficients (equivalent to standardized � weights in a
regression analysis) were as follows: safety signal learning � 1.00,
fear acquisition � �0.116, confirming the findings from the
structural coefficients. All three REM sleep variables made mean-
ingful contributions to the REM sleep canonical variate. Stan-
dardized canonical coefficients were as follows: RE � 0.466;
REM% � 0.652; RL � 0.589. The direction of the relationships
between the REM sleep measures and the REM canonical variate
were all in the direction of more consolidated REM sleep.

Figure 4B shows results of the analysis assessing the relation-
ship between REM sleep and retention of fear/safety on Day 2.
REM sleep significantly predicted values on the retention canonical
variate (Hotelling’s Trace F(3,34) � 3.29, p � 0.032, r2 � 0.225). Only
differential conditioning retention made a meaningful contribution
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to the canonical variate (which we labeled startle retention). Stan-
dardized canonical coefficients were as follows: fear retention �
0.322, safety retention � 0.303, differential conditioning reten-
tion � 1.07, confirming that differential conditioning retention
was the startle retention measure most strongly influenced by
REM sleep.

The first post hoc analysis showed there is no association be-
tween the extent of habituation in REM sleep to the sleep lab and
initial startle acquisition (Hotelling’s Trace F(6,72) � 0.372, p �
0.985, r 2 � 0.057). The second post hoc analysis, assessing the
combined contribution of startle acquisition and REM sleep to
startle retention, was significant (Hotelling’s Trace F(6,64) � 2.61,
p � 0.025, r 2� 0.286). Both the startle and REM sleep canonical
variates made meaningful contributions to the relationship, with
very similar correlations to the new predictor canonical variate
(r � 0.912 and 0.837, respectively). This was confirmed by the
structural coefficients (startle latent � 0.649; REM latent �

0.487). With respect to the startle retention variables, the basic
results did not change, and the structural coefficients confirmed
differential conditioning was the measure most strongly affected
by the combination of the initial startle response and REM sleep
(standardized canonical coefficients: fear retention � �0.011;
safety retention � 0.036, differential conditioning retention �
0.996).

Discussion
This study examined the relationship between strength of FPS
(fear conditioning and safety signal learning) and REM sleep in
healthy humans. Our findings did not directly replicate findings
in animals, where fear conditioning leads to fragmentation and
disruption of REM sleep. Rather, we found that subsequent sleep
was more robustly influenced by the extent of safety signal learn-
ing. Specifically, stronger safety signal learning was associated
with increased REM sleep consolidation that night, with 28.4% of

Table 1. Sleep measuresa

Adaptation � baseline Baseline � Night 1

Measure Adaptation (mean � SD) Baseline (mean � SD) Night 1 (mean � SD) p Effect size p Effect size

Total sleep Time (min) 438.6 � 45.9 463.0 � 43.7 467.6 � 35.2 0.00 �0.57 0.32 �0.16

Wake after sleep onset (min) 48.6 � 34.0 30.1 � 21.6 28.1 � 17.0
0.00 0.58

0.49 0.11
Sleep latency (min) 12.8 � 11.1 13.5 � 14.7 10.8 � 8.4 0.78 �0.04 0.21 0.22

Sleep efficiency (TST/TIB) 87.8 � 7.4 91.4 � 6.0 92.3 � 3.9
0.01 �0.44

0.28 �0.18
N1% 8.6 � 4.7 7.5 � 3.3 7.9 � 2.9 0.16 0.23 0.37 �0.14
N2% 53.6 � 6.6 49.8 � 6.8 48.4 � 6.5 0.00 0.67 0.08 0.28
N3% 17.9 � 8.1 18.9 � 7.3 19.0 � 6.9 0.15 �0.23 0.83 �0.03

REM % 20.0 � 5.4 23.9 � 5.0 24.6 � 4.3
0.00 �0.74

0.26 �0.18

REM latency (min) 106.9 � 56.9 77.4 � 22.6 76.8 � 26.9
0.00 0.60

0.88 0.02
REM efficiency (%) 89.4 � 7.5 87.9 � 8.1 87.1 � 9.2 0.32 0.16 0.57 0.09
aSleep measures on adaptation night, baseline, and Night 1. p values are for paired sample t test comparing each night. Effect size is Cohen’s d.

Figure 3. Startle acquisition. Startle response to fear/threat signal (left) and safety signal (right) across 4 blocks of initial acquisition phase. *Significant difference at the end of acquisition
between startle response to threat signal and safety signal ( p � 0.05). Data are mean � SD.
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the variance in REM sleep changes from baseline to Night 1 ac-
counted for by safety signal learning. Interestingly, increased
REM sleep was, in turn, related to overnight consolidation of the
ability to discriminate between the threat and safety stimuli (i.e.,
differential conditioning). Overall, the REM sleep canonical vari-
ate accounted for 22.5% of the variance in startle retention the
next day.

Based on the animal literature, we anticipated that the
strength of fear potentiation would predict REM sleep fragmen-
tation, and we did not find that. This may relate to the extent of
fear generated by the FPS procedure. The shock we delivered,
although aversive, was not as strong or putatively aversive as that
delivered in animal studies and certainly not as strong as that
experienced by humans during trauma exposure. Alternatively, it
may be that sleep in animals is equally sensitive to fear and safety
signal learning, and future studies should examine this question
across species. Although no other studies report the relationship
between safety learning and sleep, animal and human studies
show extinction recall and/or generalization are related to REM
sleep (Silvestri, 2005; Fu et al., 2007; Spoormaker et al., 2010, 2012).
Extinction and safety learning are both forms of fear inhibition (Jo-
vanovic and Norrholm, 2011), so the REM sleep–extinction con-
nection reported previously supports the REM sleep-safety signal
link observed in the present study.

The overlap in neural substrates of REM sleep and safety
learning provides further support for their connection. REM
sleep is characterized by high activity in the limbic system, includ-
ing hippocampus, and medial prefrontal cortex (mPFC) (Braun
et al., 1998; Maquet, 2000). The neural circuits for safety learning
are not fully determined, but both hippocampus (Pollak et al.,
2008) and mPFC (Jovanovic and Norrholm, 2011) are impli-
cated. Within the hippocampus, safety signal learning results in
increased neurogenesis and survival of newborn cells in the den-
tate gyrus (Pollak et al., 2008). Preventing this neurogenesis slows
safety learning significantly, including preventing safety learning
in the first day of training. REM sleep promotes neurogenesis,

particularly cell proliferation and survival, and REM sleep depri-
vation impairs those processes (Guzman-Marin et al., 2008;
Meerlo et al., 2009). Neurogenesis during REM sleep is important
for memory consolidation (Meerlo et al., 2009; Pan et al., 2013),
and it may be specifically related to extinction memory (Pan et al.,
2013). Although causal relationships were not tested in the pres-
ent study, this literature suggests that an increase in REM sleep
subsequent to safety learning may allow increased neurogenesis,
which in turn may contribute to enhanced fear/safety retention
and/or discrimination the next day.

The notion that increased REM sleep may help play a role in
overnight startle retention receives further support from studies
showing that REM sleep plays an active role in consolidation of
emotional memories. A growing number of human studies dem-
onstrate that REM sleep plays a facilitatory role in consolidation
of emotional memory (Nishida et al., 2009; Baran et al., 2012;
Payne et al., 2012; Groch et al., 2013), including positive emo-
tions (Gujar et al., 2011), which are arguably closer to safety
signals than the negative emotions typically studied. Several of
these studies report that REM sleep increases emotional reactiv-
ity, as well as enhancing memory (Gujar et al., 2011; Baran et al.,
2012; Groch et al., 2013), helping explain why the ability to dis-
criminate threat from safety showed the most robust association
with prior REM sleep. Nishida et al. (2009) further showed that
prefrontal theta activity during REM sleep was related to emo-
tional memory consolidation, providing a link to the vmPFC role
in safety learning proposed by Jovanovic and Norrholm (2011).

This study implies a causal chain whereby increased safety
signal learning during the day influences increased REM sleep
consolidation that night, which in turn influences the increased
ability to discriminate threat from safety the next day. Two alter-
native explanations to this chain were considered. First, the FPS–
REM sleep relationship may be more general and trait-like rather
than specific and state-like. That is, perhaps those who more
easily adapt to fear and/or more easily learn safety are also those
who more easily adapt to a new sleeping environment. This might

Figure 4. Canonical correlation results. A, Canonical correlation between Startle Acquisition on Day 1 and change in REM sleep on Night 1. B, Canonical correlation between change in REM sleep
on Night 1 and Startle Retention on Day 2. For both, canonical variates (i.e., latent variables) are in the boxes. Arrows connecting canonical variates indicate the relationship between the two
canonical variates; value is the canonical correlation between the variates. Measures associated with each variate are connected by arrows, and values along the arrows represent the correlations
between the measures and the associated canonical variate. Any value ��0.30� is considered to represent a meaningful contribution to the canonical variate structure (solid arrow).
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make sense evolutionarily because a new sleeping environment
appears to be a stressor in some animals. If the FPS–REM sleep
relationship is trait-like, one would expect that the initial change
in REM sleep from adaptation night to baseline night would pre-
dict initial fear and/or safety acquisition. However, this was not
the case, thus arguing that the FPS–REM sleep relationship is
state-like and directional. Second, it is possible that initial startle
acquisition accounts for both REM sleep and startle recall, so
REM sleep, itself, does not account for unique variance in startle
recall. An analysis, including both the startle and REM sleep ca-
nonical variates as predictors of startle recall, showed that REM
sleep does have an independent and significant effect on startle
retention beyond that accounted for by initial startle acquisition.

The findings in this study have potential implications for un-
derstanding the physiological mechanism underlying the prom-
inent role of sleep difficulties in PTSD. Sleep disruption,
especially nightmares, subsequent to trauma exposure predicts
the onset of PTSD (Babson and Feldner, 2010; Germain, 2013;
van Liempt et al., 2013). One behavioral feature salient in the
development and maintenance of PTSD is avoidance, in part
because of an inability to accurately discriminate threatening en-
vironments from safe environments (Foa and Kozak, 1986). If
increased REM sleep consolidation facilitates discriminating
threat from safety at the physiological level (via overnight reten-
tion of conditioning), the REM sleep disruption characteristic of
acute trauma responses and PTSD may impair the ability to re-
tain learning associated with safety and/or threat-safety discrim-
ination. Indeed, impaired safety signal learning appears to be
unique to PTSD among clinical populations (Jovanovic et al.,
2010), and the ability to modulate fear responses to safety signals
is impaired in these patients (Jovanovic et al., 2012). Perhaps a
stronger clinical parallel is during the treatment of PTSD. Pro-
longed exposure is one of two gold standard treatments for
PTSD. It involves, among other things, exposure to avoided en-
vironments in an effort to extinguish the fear response and allow
the patient to relearn the environment is safe. If the REM sleep
deprivation produced by nightmares, insomnia, and/or early
morning awakenings in PTSD (Spoormaker and Montgomery,
2008; Germain, 2013) impairs the ability to retain learning of
threat-safety discrimination and/or the ability to retain newly
formed safety memories, such sleep disruptions may reduce the
ability to benefit maximally from a treatment, such as prolonged
exposure. Although there are studies showing that PTSD treat-
ments do not correct sleep problems (Nappi et al., 2012), none
has examined whether nightmares or insomnia during treatment
predicts worse outcomes. The clinical connection between sleep
and PTSD before, during, and after treatment remains a critical
area of study (Germain, 2013).

Although the clinical implications of these findings are impor-
tant, we must note they were not the focus of study. Rather, we
enrolled healthy controls in an effort to take necessary initial steps
in advancing translation of relevant animal models into humans.
Future research is needed to extend these findings and to test our
proposed hypotheses of REM sleep playing a role in the develop-
ment and/or maintenance of PTSD. One such study would be to
actively manipulate REM sleep to test the causal role of REM
sleep in fear and safety learning. Spoormaker et al. (2012) re-
ported experimental REM sleep deprivation impaired measures
of extinction recall, another process clearly important in PTSD.
Those findings further argue for studies systematically testing the
effect of manipulating REM sleep on acquisition and/or recall of
fear and safety signals. Another avenue for future studies would
be to more formally determine whether REM sleep partially or

fully mediates the relationship between initial FPS responses on
the acquisition day and startle retention. The pattern in our data
(startle acquisition response affects subsequent REM sleep, which
affects subsequent startle retention) and our post hoc analyses
suggests such a meditational role, although we could not formally
test that here because it would require �3 times as many subjects
as we had in this study (Fritz and Mackinnon, 2007). Finally,
studies need to test these relationships directly in clinical samples,
as well as examine the effects of improving sleep, especially REM
sleep, on clinical symptoms and/or treatment response in PTSD.
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The  5-choice  continuous  performance  test  assesses  attention  across  species.
36  h  total  sleep  deprivation  impairs  attentional  performance  in  humans.
36  h  REM sleep  deprivation  impairs  performance  in  mice  similarly.
The  5C-CPT  may  be  used  to  test  putative  cognitive  enhancers  after  sleep  deprivation.

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 17 September 2013
eceived in revised form
0 November 2013
ccepted  2 December 2013
vailable online 12 December 2013

eywords:
ttention
igilance
PT

a  b  s  t  r  a  c  t

Several  groups  undergo  extended  periods  without  sleep  due  to working  conditions  or mental  illness.
Such  sleep  deprivation  (SD)  can deleteriously  affect  attentional  processes  and  disrupt  work  and  family
functioning.  Understanding  the  biological  underpinnings  of  SD  effects  may  assist  in  developing  sleep
therapies  and cognitive  enhancers.  Utilizing  cross-species  tests  of attentional  processing  in humans  and
rodents  would  aid  in  mechanistic  studies  examining  SD-induced  inattention.  We  assessed  the  effects  of
36  h  of: (1) Total  SD (TSD)  in  healthy  male  and  female  humans  (n =  50);  and  (2)  REM  SD  (RSD) in  male
C57BL/6  mice  (n  =  26)  on performance  in the  cross-species  5-choice  continuous  performance  test  (5C-
CPT).  The  5C-CPT  includes  target  trials  on  which  subjects  were  required  to  respond  and  non-target  trials
on  which  subjects  were  required  to inhibit  from  responding.  TSD-induced  effects  on  human  psychomotor
vigilance  test  (PVT)  were  also  examined.  Effects  of  SD  were  also examined  on mice  split  into  good  and  poor
sychomotor vigilance test
ipolar disorder

performance  groups  based  on pre-deprivation  scores.  In  the human  5C-CPT,  TSD decreased  hit  rate  and
vigilance  with  trend-level  effects  on  accuracy.  In the PVT,  TSD  slowed  response  times  and  increased  lapses.
In  the  mouse  5C-CPT,  RSD  reduced  accuracy  and  hit rate  with  trend-level  effects  on  vigilance,  primarily  in
good  performers.  In  conclusion,  SD induced  impaired  5C-CPT  performance  in  both  humans  and  mice  and
validates  the  5C-CPT  as a cross-species  translational  task.  The  5C-CPT  can  be used  to  examine  mechanisms

eficit
underlying  SD-induced  d

. Introduction
All species, including humans, require some state of sleep [1].
espite the ubiquity of this phenomenon, much of the underlying

Abbreviations: 5C-CPT, 5-Choice Continuous Performance Test; 5CSRTT, 5-
hoice  Serial Reaction Time Task; CR, Correct rejection; FA, False alarm; FAR, FA rate;
R, Hit rate; ITI, Inter-trial interval; PVT, Psychomotor Vigilance Test; REM, Rapid
ye movement; RI, Responsivity index; RSD, REM sleep deprivation; RT, Reaction
ime; SD, Sleep deprivation; TSD, Total sleep deprivation; vRT, variable RT.
∗ Corresponding author. Tel.: +1 619 543 3582; fax: +1 619 735 9205.

E-mail  address: jaredyoung@ucsd.edu (J.W. Young).

166-4328/$ – see front matter ©  2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.bbr.2013.12.003
s  in  vigilance  and  assist  in  testing  putative  cognitive  enhancers.
© 2014 Elsevier B.V. All rights reserved.

mechanisms, long-term effects, and the actual function that sleep
provides are still poorly understood. Nevertheless, it is well known
that deprivation from sleep negatively affects general health and
cognition in humans [2–4]. The extent to which sustained wakeful-
ness impairs cognitive performance in particular seems to depend
on the task at hand. For example, sleep deprivation (SD) has a more
profound effect in tasks requiring the maintenance of attention
than in tasks assessing working memory and executive functions

[5].

The increasingly fast-paced nature of society requires people to
work longer hours resulting in sleeping fewer hours per day with
irregular patterns of sleep [6]. For example, several professions
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ncluding piloting or the military require vigilance (attending to
elevant stimuli over time), yet involve extended periods without
leep, which impairs vigilance [7,8]. Moreover, certain psychi-
tric populations exhibit abnormal sleeping patterns, which may
urther impact their already deficient cognitive performance and
ossibly impair efficacy of some treatments (e.g., cognitive behav-

oral therapy). Patients with bipolar disorder for instance are well
nown for experiencing disrupted sleep patterns, SD, and con-
omitantly suffer from cognitive symptoms [9]. Furthermore, SD
an precipitate manic and hypomanic episodes [10], yet benefit
atients in depressive episodes [11,12]. Investigating the mecha-
isms of SD-induced effects on behaviors including vigilance would
id in developing cognition-enhancing pharmaceuticals or behav-
oral countermeasures to cognitive deficits for certain professions
nd psychiatric disorders. While humans can be experimentally
leep deprived, animal models are more suitable for investigating
nderlying mechanisms of SD-induced deficits in vigilance. Addi-
ionally, SD may  serve as an environmental challenge in animal

odels of psychiatric disorders [13,14]. The limited cross-species
ests of attention/vigilance in humans and animals hampers such
nvestigations however.

Attentional  performance during SD in humans has commonly
een assessed using the psychomotor vigilance test (PVT) [15]. This
eaction time (RT) task requires responding to a visual cue (target
timulus) presented at pseudo-random intervals. Generally, RTs are
lowed and more variable, while omissions are increased in humans
ubjected to SD [7]. SD-induced impaired performance has been
bserved in rats in a PVT analog [16] and the 5-choice serial reac-
ion time task (5CSRTT), the latter of which requires responding
n varied locations [17]. These tasks require only responses to tar-
et stimuli however, despite the important and distinct role that
nhibiting from responding to irrelevant (non-target) stimuli has
n attentional processes [18]. Specifically, with only target stimuli,
eparating attentional lapses from response fatigue is difficult. By
ncluding non-target stimuli, one can determine whether response
ates are globally or specifically diminished due to inattention to
elevant stimuli. Likewise, treatments that increase global respon-
iveness may  not be useful when one’s environment is littered
ith irrelevant (non-target) stimuli. Hence, cross-species studies

re required on the effects of SD on attentional performance that is
pecific to responding to relevant (target) stimuli.

The combination of both target and non-target stimuli is the
allmark of tests labeled as continuous performance tests (CPT;
18]). With the inclusion of non-target stimuli, CPTs measure
igilance and are the gold-standard tests of attention in psychi-
tric populations [19]. In the limited studies conducted on the
ffects of SD on CPT performance, several days of sleep restric-
ion increased misses to target stimuli and reduced responses to
on-target stimuli, thereby overall impairing vigilance and reduc-

ng responsiveness [20,21]. Other studies using total SD (TSD)
eport modest but non-significantly increased misses to targets but
o change in non-target responses after TSD in healthy subjects;
owever stronger attentional disruption is reported in methadone-
aintained subjects [22,23]. TSD primarily increased non-target

esponses compared to target responses in a go/no-go task how-
ver, despite this task not being a true CPT [24]. Determining the
ffects of SD on a cross-species vigilance task is required however,
or examining putative underlying mechanisms.

The 5-choice (5C-CPT), based on the 5CSRTT, was developed
o assess vigilance in mice [25–27] and rats [28,29], and is now
vailable in humans [30], including in an fMRI setting [31]. Consis-
ent with other CPTs, the 5C-CPT presents target stimuli to which

he subject is required to respond as well as non-target stimuli,
o which the subject is required to inhibit from responding. To
ate, no studies have assessed whether SD affects mouse or human
erformance in this cross-species CPT. Thus, the present studies
rain Research 261 (2014) 40– 48 41

investigated  whether SD would affect 5C-CPT performance simi-
larly in both mice and humans. We  hypothesized that: (a) 36 h of
TSD in humans; and (b) 36 h of rapid eye movement (REM) SD (RSD)
in mice would similarly impair 5C-CPT performance. Since inter-
individual differences were expected on mice 5C-CPT performance
[27], and treatments can affect rodent performance differentially
dependent upon baseline performance [32,33], we split the ani-
mals in good and poor performers. Finally, to ensure the validity
of our TSD protocol, we also assessed TSD-induced effects in the
human PVT.

2.  Methods

2.1. Humans

Fifty human subjects (23 female) aged between 18 and 39 years
were recruited through flyers, newspaper, and radio from the gen-
eral San Diego community to participate in this study. Subjects
were initially screened via telephone for eligibility. Informed con-
sent was  signed at an in-person screen, which included a complete
medical history and a Structured Clinical Interview for DSM-IV.
Inclusion criteria were at least 12 years of education, a consis-
tent sleep-wake schedule (7–9 h sleep each night), and for women
to be tested in the early follicular phase of their menstrual cycle.
Exclusion criteria were history of any sleep disorder, Axis I psy-
chopathology or immediate family history of mood or psychotic
disorders; head injury followed by unconsciousness, migraine
headaches requiring treatment, seizures, neurological symptoms of
the hand, wrist, or arm; current use of nicotine or in the past 2 years;
current use of psychotropic medications, hormone-based birth con-
trol; high caffeine (>400 mg/day) or alcohol (>2 ounces/day) use;
positive urine toxicology screen for illegal substances; hearing
threshold above 45 dB(A) at 500–6000 Hz; non-responsiveness to
startling stimuli or any other medical condition which might pose
a health risk for the subject. Subjects were instructed to maintain
a regular sleep-wake schedule at home for at least one week prior
to the study, which was monitored with sleep diaries and actigra-
phy. Sleep monitoring on the first night of the study screened for
unreported sleep disorders. This study was  conducted at the VA
San Diego with the approval of the IRBs of UCSD and VA and has
therefore been performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki.

2.1.1. Total sleep deprivation
Subjects  spent four nights and days in the laboratory: (a) adapta-

tion to the lab (night/day 0); (b) normal sleep followed by a battery
of testing including the PVT and then the 5C-CPT (night/day 1);
(c) sleep or TSD followed by a similar battery of testing (night/day
2); and (d) sleep or TSD followed by a similar battery of testing
as night/day 2 (night/day 3). Subjects were randomly assigned to
one of three groups. Group 1 received normal sleep throughout the
study; group 2 was sleep deprived for 36 h prior to day 2; and group
3 was sleep deprived for 36 h prior to day 3. Subjects assigned to
group 1 were included in the ‘normal sleep’ group (n = 18). Post-
deprivation night data for subjects in groups 2 and 3 were collapsed
into the TSD group (n = 32). The data from group 1 used for anal-
ysis was  taken from day 2 or 3 in order to match with subjects
from groups 2 and 3 therefore minimizing practice effects as a
putative confound. Sleep schedules were made as similar to those
maintained at home as possible with sleep being monitored with a
standard overnight polysomnogram, including EEG, EOG, and EMG.

At each point, subjects were free to engage in activities such as
reading, watching television, or socializing. No exercise more stren-
uous than walking was  allowed, nor any form of stimulant. Light
snacks and meals were provided. Lights were kept at a constant low
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Fig. 1. Schematic of the human and mouse 5C-CPT.
In both the human and mouse 5C-CPTs, there are 5 stimuli locations. For humans, stimuli are presented in 1 of 5 locations arrayed in an arc on a computer screen, and subjects
respond using a 5-way joystick (A). For mice, stimuli are presented in 1 of 5 holes located in an arc at the rear of a 5-hole operant chamber and responses are recorded by
infrared beams in each hole (B). The task design is the same in both cases, whereby: (1) a single stimulus represents a target trial to which subjects must respond; and (2)
all  5 stimuli being presented simultaneously represents a non-target trial to which the subject must inhibit from responding. Target trials generate measures of hits and
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re  generated. The table provides examples of what permutations of hit and false a

evel, with no sunlight introduced. Wakefulness was  documented
hrough (1) a staff-completed monitoring log every 15 min  with
ubjects’ activities and mental status and (2) actigraphy.

.1.2. Psychomotor vigilance test
During the PVT, subjects were presented with a blank box in the

iddle of a screen. At pseudo-random intervals ranging from 2 to
0 s, a bright red light millisecond (ms) counter started to scroll, and
ubjects had to press the space bar to stop the counter as quickly
s possible. After pressing the button, the counter displayed the
chieved RT for 1 s, providing the subject with feedback on perfor-
ance. The PVT task lasted 10 min  and was programmed in E-prime

Psychology Software Tools (Sharpsburg, PA, USA)). Median RT,
astest and slowest 10% of RTs, and number of lapses (RTs > 500 ms)
ere measured.

.1.3. Human 5C-CPT apparatus
The  task appeared on a 56 cm CRT computer screen (60 cm from

ubject). Subjects used an arcade joystick to make responses. The
oystick was spring-mounted so that it would return to the center
fter each response. A Dell PC with E-Prime2 software (Psychol-
gy Software Tools) was used for stimulus presentation and data
cquisition.

.1.4. Human 5C-CPT
A  schematic of the paradigm is presented in Fig. 1 and described

lsewhere [30]. In brief, participants were briefly introduced to the
ask and were told that they would see 5 white lines (3 cm)  in an
rc on a black background. Subjects were instructed that if a white
ircle (≈2 cm)  appeared behind a line (target stimuli), the joystick
hould be moved in that direction, but if circles appeared behind
very line (non-target stimuli) they should inhibit from responding.
timuli appeared for 100 ms  with a response window of 1 s after the
timuli disappeared. A variable inter-trial interval (ITI; 0.5, 1, or

.5 s) occurring 1 s after the stimulus of the previous trial was  pre-
ented in a pseudo-random order between trials. Before the actual
ask, subjects were given a practice session, which consisted of 12
rials (10 target and 2 non-target stimuli randomly presented). The
, while non-target trials generate measures of correct rejections and false alarms,
T), the non-parametric measure of vigilance (d′) and bias (responsivity index (RI))
ates result in various d′ and RI levels and its interpretation.

full task consisted of 270 trials (225 target and 45 non-target stimuli
pseudo-randomly presented). Several measures were determined
from this task (Table 1) and calculations based on hit rates (HR),
false alarms (FA), FA rates (FAR), and correct rejections (CR) were
made accordingly:

Accuracy = Hit
Hit + Incorrect

%  Omissions =
(

Miss
Total trials

)
× 100

Reaction Time = Cumulative correct latency
Corrects

HR  = Hit
Hit+Miss

FAR = FA
FA+CR

Signal detection indices were calculated based upon these basic
parameters to assess both sensitivity and responsivity indices:

d′ = z(HR) − z(FAR) RI = HR + FAR − 1

1 − [FAR − HR]2

d′ provides a parametric assessment of sensitivity to appropriate
responding. The non-parametric response bias measure RI provides
a measure of the ‘tendency to respond’. Low numbers indicate a
conservative response strategy, while high numbers indicate liberal
responding [34,35].

2.2. Animals

Male C57BL/6 mice (n = 26) were 12–14 months old at the
time of testing and weighed between 23–30 g. All animals were
group housed (maximum 4/cage) and maintained in a temperature-

controlled vivarium (21 ± 1 ◦C) on a reversed day-night cycle (lights
on at 7.00 pm,  off at 7.00 am)  and tested during the dark phase
of the day-night cycle between 8.00 am and 11.00 am. All mice
had ad libitum access to water and were food-restricted at 85%
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Table  1
Description of the behavioral measures used in the human and rodent 5C-CPTs.

Measure Description

Hit Response to target stimulus in correct location
Miss Non-response to target stimulus
Incorrect Response to target stimulus but in wrong location
Correct rejection (CR) Correct non-response to non-target stimulus
False alarm (FA) Incorrect response to non-target stimulus
Premature response Response to no stimuli during the inter-trial interval
Mean  reaction time (RT) Mean latencies to correct responses
Variable RT Standard deviation of the RT
Hit rate (HR) Proportion of correct responses to target stimuli
False alarm rate (FAR) Proportion of incorrect responses to non-target stimuli
Vigilance  (d′) Parametric measure examining the difference between hit and false alarm rates to determine performance
Responsivity  index (RI) Non-parametric measure examining the combination of hit and false alarm rates to determine responsivity to stimuli
Accuracy Proportion of correct compared to incorrect responses

o
d
U
r
A

2

w
t
fl
i
g
b
t
t
w
t

2

d
w
t
d
a
w
p
w
p
M
T

2

e
a
f
s
s
h
s
r
(
u
v
i

interacting with stimulus duration. Overall, RSD did not affect d ,
%  Omissions Percentage of misses/lapses

f their free-feeding weight during periods of testing. All proce-
ures were approved by the UCSD Institutional Animal Care and
se Committee. The UCSD animal facility meets all federal and state

equirements for animal care and was approved by the American
ssociation for Accreditation of Laboratory Animal Care.

.2.1.  REM sleep deprivation
Mice  receiving normal sleep (n = 13) and mice on RSD (n = 13)

ere baseline matched on training performance as measured by
heir average d′ 3 days prior to testing. The conventional ‘inverted
ower pot’ technique was used, originally designed by Jouvet et al.

n 1964 [36] and still used in RSD studies in animals [13]. In brief,
roup-housed mice were sleep deprived by placing the same num-
er of small inverted cups (4 cm diameter) as there were mice in
he cage in a pool of water (37 ◦C; 2 cm height) for 36 h prior to
esting. Control animals had bigger inverted cups (7 cm diameter),
hich because of its size allowed for sleep, in a pool of water for

he same period.

.2.2.  Mouse 5C-CPT
A  schematic of the paradigm is presented in Fig. 1 and is

escribed elsewhere [25,27]. Consistent with the human task, mice
ere required to make a hole poke if 1 of the 5 holes lit up (target

rials) in order to obtain a food reward, but inhibit from respon-
ing when all 5 holes lit up (non-target trials) in order to obtain

 reward (see Supplemental Material and Methods). In brief, mice
ere progressively trained to conduct this task using simple choice
rogressing to use the entire 5-hole array and until performance
as stable on d′, % omissions, and RTs when tested for baseline
erformance over 3 days before SD (∼70 5C-CPT training sessions).
easures were calculated as described for the human 5C-CPT (see

able 1 for measures).

.3.  Statistics

Human 5C-CPT performance was analyzed using the general lin-
ar model (GLM) with TSD and gender as between-subject factors
nd trial period as a within-subjects factor. Mouse 5C-CPT per-
ormance was analyzed using a repeated measure ANOVA with
timulus duration as a within-subject factor and RSD as a between-
ubject factor. Where appropriate, planned comparison Tukey post
oc analyses were conducted between groups and Cohen’s d effect
izes were calculated. Two animals from the RSD group were
emoved from statistical analyses because of a lack of responding

>95% omissions). In order to explore the effects of SD on individ-
al differences in performance, a median split was conducted on
igilance performance (d′) measured during 3 days of baseline test-
ng to group subjects into good and poor performers. Performance
group  was entered into the model as a between subject factor. The
level of probability for statistical significance was  set at 0.05. All
statistics were performed using SPSS (19.0, Chicago, IL, USA).

3.  Results

3.1. Humans

3.1.1. Effects of TSD on PVT performance
The effects of TSD on PVT performance in humans are detailed

in Table 2. In brief, TSD slowed overall RTs, including the fastest
and slowest 10% of responses during the task. TSD also increased
the number of attentional lapses (RTs > 500 ms).

3.1.2. Effects of TSD on human 5C-CPT performance
Because there were no interactions of TSD with trial period,

gender, or baseline performance (F < 1.8 ns), data were pooled and
analyzed. As hypothesized, TSD impaired vigilance as measured
by reduced d′ (F(1,42) = 5.7, p < 0.05; Cohen’s d = 0.6; Fig. 2a). TSD
also reduced hit (F(1,42) = 4.8, p < 0.05; Cohen’s d < 0.5; Fig. 2b) and
false alarm rates (F(1,42) = 4.2, p < 0.05; Cohen’s d = 0.15; Fig. 2c).
TSD tended to reduce responsivity as measured by reduced RI
(F(1,42) = 3.5, p < 0.1; Cohen’s d = 0.2; Fig. 2d), and tended to decrease
accuracy (F(1,42) = 3.4, p < 0.1; Cohen’s d = 0.1; Fig. 2e). There was
no effect of TSD on omissions (F(1,42) = 2.5 ns; Fig. 2f). Interestingly,
TSD did not affect RT (F(1,42) < 2.2 ns; Fig. 2g), but tended to increase
variability of RT (F(1,42) = 4.0, p < 0.1; Fig. 2h).

3.2.  Mice

3.2.1. Effects of RSD on mouse 5C-CPT performance
Interestingly, while longer stimulus durations improved hit rate

in control mice (stimulus duration; F(2,22) = 12.3, p < 0.0001), this
effect was not present in the RSD mice (stimulus duration; F < 1 ns).
Post hoc analyses revealed that RSD mice exhibited a reduced
hit rate at the 2 s stimulus duration compared with control mice
(p < 0.05; Fig. 3b). Similar benefits to lengthening the stimulus dura-
tion were observed in fewer omissions in control mice (stimulus
duration; F(2,22) = 12.0, p < 0.0001) and again this effect was  not
present in the RSD mice (stimulus duration; F < 1 ns). Post hoc anal-
yses revealed that RSD mice exhibited increased omissions at the
2 s stimulus duration compared with control mice (p < 0.05; Fig. 3f).
RSD tended to reduce accuracy (F(1,21) = 3.5, p < 0.1; Fig. 3e), without

′

false alarms, RI, RTs, or vRTs (Fig. 3). RSD also did not affect prema-
ture responses, but reduced the amount of trials completed in mice
(F(1,21) = 4.6, p < 0.05), without interacting with stimulus duration
(see Supplemental Table 1).
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Table  2
Means, standard errors of the mean, and statistical comparison of human PVT performance after normal sleep vs. TSD.

Variable Normal sleep mean (SEM) TSD mean (SEM) d.f. F p-value

Lapses 0.4 (1.2) 5.2 (0.9) 1.48 10.5 <0.005
Median  RT 278.2 (8.2) 312.2 (6.2) 1.48 11.0 <0.005
Fastest  10% RT 230.2 (5.6) 245.6 (4.2) 1.48 4.8 <0.05
Slowest  10%RT 389.9 (154.8) 816.0 (116.1) 1.48 4.8 <0.05
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T, reaction time (in milliseconds).
SD,  total sleep deprivation.

.3. Good and poor performing mice

Consistent with previous reports [27], inter-individual differ-
nces in performance were observed in mice, with several subjects
erforming at a low baseline level. Treatments can differentially
ffect rodent performances in operant tasks dependent upon
aseline level of performance [32,33]. Therefore, we investigated
he effects of RSD in good vs. poor performing mice. Good and
oor performers (n = 12/12) were identified as described above
see Section 2.3).

.3.1.  The effects of RSD on good performing mice in the 5C-CPT
In  good performing mice, RSD deleteriously affected accuracy

F(1,9) = 5.7, p < 0.05), with its effect tending to interact with stimulus
uration (F(2,18) = 4.6, p = 0.051). RSD specifically reduced accuracy
t the 0.75 s stimulus duration (p < 0.05; Cohen’s d = 1.34; Fig. 4e).
or percentage omissions there was a trend effect of RSD (F(1,9) = 3.5,

 < 0.1). Again, longer stimulus durations resulted in fewer omis-
ions in control mice (stimulus duration; F(2,10) = 12.3, p < 0.005),
ut this effect was not present in the RSD mice (stimulus dura-

ion; F < 1 ns), who exhibited more omissions at the 2 s stimulus
uration compared with control mice (p < 0.05; Cohen’s d = 1.79;
ig. 4f). No main effect of RSD or interaction with stimulus dura-
ion was observed for d′. Longer stimulus durations tended to

ig. 2. Effects of TSD on 5C-CPT performance in humans.TSD impaired vigilance as meas
igilance was  partially driven by reduced overall hit rate (b; Cohen’s d effect size = 0.5) an
ere  slightly less responsive (d) and also made slightly less target responses (e) compared

SD  was  observed on the number of omitted trials (f). Mean RTs did not differ (g), but hum
ormal sleep (h). Data are presented as the mean ±SEM, *denotes p < 0.05 when compare
result  in increased d′ in control mice however (stimulus duration;
F(2,10) = 3.3, p < 0.1), with this effect not being present in RSD mice
(stimulus duration; F < 1 ns), who  tended to exhibit reduced d′ at
the 1.25 s stimulus duration compared with control mice (p < 0.1;
Cohen’s d = 1.18; Fig. 4a). There was a trend effect of RSD impair-
ing hit rate (F(1,9) = 4.7, p < 0.1). Although longer stimulus durations
improved hit rate in control mice (stimulus duration; F(2,10) = 17.3,
p < 0.005), this effect was not present in RSD mice (stimulus dura-
tion; F(2,6) = 2.0 ns), whom exhibited a reduced hit rate at both the
0.75 (p < 0.05; Cohen’s d = 1.28; Fig. 4b) and the 2 s stimulus dura-
tions (p < 0.05; Cohen’s d = 1.89) compared with control mice. For
the RI, a trend stimulus duration by RSD interaction was observed
(F(2,18) = 3.6, p < 0.1; Fig. 4d), but no post hoc effect of RSD was
observed. RSD did not affect RTs, vRTs, false alarms (Fig. 4), trials
completed, or percentage premature responses (See Supplemental
Table 2).

3.3.2.  The effects of RSD on mice performing at low baseline levels
in the 5C-CPT

The  effects of RSD on poor performing mice in the 5C-CPT are

detailed in Supplemental Table 3. In brief, RSD did not affect trials
completed, percentage premature responses, RTs, vRTs, accuracy,
false alarms, d′, or RI of these mice, overall, nor at any specific
stimulus duration.

ured by reduced d′ (a) with a large effect size (Cohen’s d = 0.6). This TSD-impaired
d lower non-target responses (c; Cohen’s d effect size = 0.15). Humans during TSD

 to humans after normal sleep. No significant difference between normal sleep and
ans during TSD exhibited slight increased variable RTs compared to humans after

d with humans after normal sleep.
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Fig. 3. Effects of RSD on 5C-CPT performance in all C57BL/6 mice.RSD had only subtle effects when looked at the overall group performance of mice in the 5C-CPT. Overall,
mice seemed to perform better with longer stimulus duration (a–h). However, this effect was less pronounced in mice during RSD, where RSD decreased hit rate (b) and
increased the amount of omissions (f) at the longest stimulus duration of 2 s. Data are presented as the mean ±SEM, *denotes p < 0.05 when compared with mice after normal
sleep.

Fig. 4. Effects of RSD on 5C-CPT performance in good performing mice.In the good performing subgroup of mice, RSD more severely impaired 5C-CPT performance. RSD
negatively impacted vigilance as measured by slight reduced d′ at the 1.25 s stimulus duration (a). RSD decreased hit rate, specifically at the 0.75 s and 2 s stimulus durations
(b),  while leaving non-target responses unaffected (c). No effect of RSD was  observed on responsiveness (d), but after RSD, mice made fewer target responses compared to
mice  after normal sleep, specifically at the 0.75 s stimulus duration (e). Although longer stimulus durations reduced the number of omitted trials in control mice, this effect
was  less pronounced in the mice after RSD, where RSD increased omissions at the highest stimulus duration (f). No effect of RSD was observed on both mean and variable
RTs (g,h). Data are presented as the mean ±SEM, *denotes p < 0.05 when compared with mice after normal sleep.
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. Discussion

We  report that 36 h of TSD and RSD impaired 5C-CPT perfor-
ance in humans and mice respectively. This SD-impaired 5C-CPT

erformance was driven by more misses of target stimuli, consis-
ent with previous CPT studies in humans [20,21]. TSD-induced
ttentional lapses in the PVT confirm the efficacy of the TSD proce-
ure in humans. Importantly, the present data reveal that despite
D-induced reduced responsiveness of humans and mice overall,
nattention specific to relevant stimuli was still observed, particu-
arly in good performing subjects.

Over the last decade, the PVT has been used as the ‘gold
tandard’ to assess the effects of SD on alertness [4]. Broadly, PVT
tudies reliably find that SD slows RTs and increases lapses (omis-
ions) of attention [7]. Similarly here, 36 h of TSD slowed RTs and
ncreased PVT lapses (RTs > 500 ms). This behavior has been asso-
iated with increased activation of the prefrontal region part of the
default mode network’, which is generally activated when sub-
ects are at rest and not engaged in goal-directed behaviors [37].
ur PVT data confirm that our TSD protocol reliably affected atten-

ional performance. Nevertheless, the TSD-induced reduction in
VT responsiveness could reflect generalized reduced responding
ather than vigilance per se, since this distinction cannot be made
sing the PVT because it contains only target stimuli.

Specifically examining vigilance requires assessing both accu-
ate responding to target stimuli as well as the inhibition of
esponding to non-target (irrelevant) stimuli. Using the 5C-CPT,
e observed that TSD overall reduced target responding, as in

he PVT, and also reduced non-target responding. Importantly, the
reater decrease in target responding (as indicated by greater effect
izes) resulted in a lower d′ score of vigilance. Hence, these 5C-
PT findings indicate that TSD impairs attention beyond simply
educing responding as seen in the PVT, supporting the use of both
timulus types. Furthermore, mood questionnaires (PANAS) [38]
ompleted by the subjects indicated that feelings of alertness cor-
elated significantly with d′ in the 5C-CPT (r = 0.42, p < 0.005), but
ess with attentional lapses in the PVT (r = −0.31, p < 0.05), whereas
leasantness correlated with PVT (p < 0.05), but not 5C-CPT perfor-
ance (p > 0.1). These data support TSD-induced deficits in 5C-CPT

s reflecting attentional dysfunction.
Consistent with the present results, mild cumulative sleep

estriction impaired CPT performance of healthy controls and chil-
ren with ADHD [21]. Joo et al. reported that impaired attention

n subjects performing a complex CPT after 24 h of TSD was also
riven by reduced target responding, which was  accompanied
y increased non-target responses [20]. The discrepancy of SD
ffects on non-target responding between that report and the
resent study could have resulted from their small study pop-
lation of only 6 young male adults and/or the complexity of
he CPT used. In healthy and methadone-treated humans, a non-
ignificant reduction in target responding was observed following
6 h of TSD [22], which may  have been limited by low sam-
le sizes, practice effects, and/or poor performing subjects. In
nother study, SD did not significantly affect CPT performance in
orean medical residents and interns [23]. In the present studies
sing healthy subjects from the general population and match-

ng post TSD-testing days to account for possible practice effects,
e observed that 36 h of TSD clearly impaired 5C-CPT perfor-
ance.
Similar to our human study, 36 h of RSD impaired performance

n mice in the rodent 5C-CPT, an effect that was not observed in
oor performing mice. Interestingly, the TSD-induced reduction
n d′ and target responding in humans was primarily driven by
ffecting good performing humans, without significantly affect-
ng poor performers (data not shown). RSD in good performing

ice decreased their target (correct) responses, resulting in more
rain Research 261 (2014) 40– 48

omitted  trials and a trend-level vigilance deficit as measured by
reduced d′. Comparable results have been observed in the 5CSRTT
where 10 h TSD rats made fewer correct responses and omitted
more trials compared to rats with normal sleep [17]. Addition-
ally, 24 h of TSD slowed responses and increased lapses in a rat
PVT [16]. These tasks support our findings in the 5C-CPT. Because
these tasks include only target trials however, and no measure
of false alarm rates, a simple reduction in responding could not
be discounted. When developing treatments by using these tasks,
it would be unclear therefore if developed treatments simply
increased responding to any presented (even irrelevant) stim-
uli. In contrast, the 5C-CPT measures both correct responses to
target trials and failures to inhibit responding to non-target tri-
als [25]. Hence, responsiveness can be dissociated from target
responding and our data support that RSD affects attentive res-
ponding beyond simply reducing responding. To date, the rodent
5C-CPT has been successfully used to assess genetic and phar-
macological manipulations on attentional measures in both rats
[28,29] and mice [25–27,39]. Thus, the current study validates
the 5C-CPT as a test suited for translational studies because SD
manipulations induce similar 5C-CPT effects in both humans and
mice. Consequently, the 5C-CPT will be useful to examine the
mechanism(s) underlying SD-induced impairment of attentional
performance.

A cross-species comparison between 5C-CPT performance of
mice and humans revealed that 36 h of SD decreased hit rate and
vigilance and tended to decrease accuracy in humans, whereas
it decreased accuracy and hit rate while tending to decrease
vigilance in mice, primarily in those with a good baseline per-
formance. The lack of SD-induced deleterious effect in poorly
performing mice could be due to a floor effect wherein perfor-
mance could not be made worse in these mice (see Supplemental
Table 3). The stronger overall vigilance deficits observed in humans
may have also resulted from the different SD technique used
compared to mice. TSD in humans slowed RTs in the PVT and
increased variable RTs in the 5C-CPT, but did not affect 5C-CPT
RTs in mice. The ‘inverted flower pot’ technique used here in mice
affects various forms of sleep including deep slow wave sleep
[40], but primarily deprives animals from REM sleep [41,42]. TSD
also affects non-REM sleep and reduces the overall amount of
sleep to a greater extent than RSD. Thus, the TSD we adminis-
tered in humans may  have exerted a stronger effect on attention
than the RSD we  administered in mice. The extended train-
ing used in mice, which may  have resulted in greater use of
procedural memory and hence different circuitry activation pat-
terns, may  have also resulted in some of the differences between
species.

With cross-species similarity of SD effects on 5C-CPT per-
formance, the mechanism(s) underlying these effects can be
investigated. Some putative mechanisms have been tested, e.g.,
that microdialysis perfusion-induced elevation of basal forebrain
adenosine, a key mediator of sleep homeostasis, impaired rat PVT
performance [43]. Similarly, SD increased basal levels of adeno-
sine in rats [44]. Furthermore, the adenosine antagonist caffeine is
commonly consumed by humans to increase wakefulness. Seroto-
nergic mechanisms could also be examined given that RSD for 24 h
increased serotonergic activity in the hypothalamus in rats [45].
Therefore, various mechanisms that may  underlie SD-impaired
5C-CPT performance could be targeted in the future to improve
attention following sleep loss.

The consistency of SD-induced impaired human and mouse
5C-CPT performance could also prove useful when investigating

aspects of psychiatric disorders. As described above, SD can switch
people with bipolar disorder into a mania episode. In fact, SD has
been used to model mania in rodents [13,46,47]. Such studies are
limited however because healthy humans do not become manic
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fter SD [14]. Thus, people with bipolar disorder have an underly-
ng sensitivity to SD-induction of mania [10]. Therefore, using the
C-CPT and SD technique described here may  enable the examina-
ion of susceptibility genotypes that result in impaired attention in
ipolar disorder patients [48].

SD impaired 5C-CPT performance in both humans and mice, pri-
arily by reducing target responding. The SD-induced deficits in
ice were only significant in good performers and at longer stim-

lus durations. Mouse 5C-CPT performance consistently improved
ith longer stimulus durations. It is clear that SD disrupted the

enefit of longer stimulus durations leading to pronounced effects
t these durations. With larger sample sizes however, SD would
ikely impair performance at all stimulus durations. Besides smaller
ample sizes after the median split, differences in training and TSD
s. RSD techniques discussed above could have also contributed
o the limited effects observed in mice. In addition to not affect-
ng all forms of sleep, the ‘flower pot’ technique can be stressful
or animals [49], even more so in combination with food restric-
ion [50]. Other techniques such as the gentle handling method
17] may  therefore be useful in future studies. Future studies with
arger sample sizes will be conducted in order to account for inter-
ndividual differences and SD effects.

. Conclusion

In conclusion, 36 h SD deleteriously affected 5C-CPT perfor-
ance of both humans and mice. Importantly, SD primarily reduced

arget responding in both species, with a smaller effect on reducing
on-target responding, indicating that SD is primarily deleterious
o vigilance and not overall responding. These data validate using
he 5C-CPT as a cross-species test of vigilance. Therefore, the rodent
nd human 5C-CPTs can be used in the future across species to
xamine mechanisms underlying SD effects, susceptibility of psy-
hiatric disorders to such effects, and test pro-vigilance medication
or affected groups.
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