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Abstract

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.
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1. INTRODUCTION

All species, including humans, require some state of sleep [1]. Despite the ubiquity of this
phenomenon, much of the underlying 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 wakefulness 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 including piloting or the military require vigilance (attending to relevant stimuli
over time), yet involve extended periods without sleep, which impairs vigilance [7, 8].
Moreover, certain psychiatric populations exhibit abnormal sleeping patterns, which may
further impact their already deficient cognitive performance and possibly impair efficacy of
some treatments (e.g. cognitive behavioral therapy). Patients with bipolar disorder for
instance are well known for experiencing disrupted sleep patterns, SD, and concomitantly
suffer from cognitive symptoms [9]. Furthermore, SD can precipitate manic and hypomanic
episodes [10], yet benefit patients in depressive episodes [11, 12]. Investigating the
mechanisms of SD-induced effects on behaviors including vigilance would aid in
developing cognition-enhancing pharmaceuticals or behavioral countermeasures to cognitive
deficits for certain professions and psychiatric disorders. While humans can be
experimentally sleep deprived, animal models are more suitable for investigating underlying
mechanisms of SD-induced deficits in vigilance. Additionally, SD may serve as an
environmental challenge in animal models of psychiatric disorders [13, 14]. The limited
cross-species tests of attention/vigilance in humans and animals hampers such investigations
however.

Attentional performance during SD in humans has commonly been assessed using the
Psychomotor Vigilance Test (PVT) [15]. This reaction time (RT) task requires responding to
a visual cue (target stimulus) presented at pseudo-random intervals. Generally, RTs are
slowed and more variable, while omissions are increased in humans subjected to SD [7].
SD-induced impaired performance has been observed in rats in a PVT analog [16] and the 5-
choice serial reaction time task (5CSRTT), the latter of which requires responding in varied
locations [17]. These tasks require only responses to target stimuli however, despite the
important and distinct role that inhibiting from responding to irrelevant (non-target) stimuli
has in attentional processes [18]. Specifically, with only target stimuli, separating attentional
lapses from response fatigue is difficult. By including non-target stimuli, one can determine
whether response rates are globally or specifically diminished due to inattention to relevant
stimuli. Likewise, treatments that increase global responsiveness may not be useful when
one’s environment is littered with irrelevant (non-target) stimuli. Hence, cross-species
studies are required on the effects of SD on attentional performance that is specific to
responding to relevant (target) stimuli.

The combination of both target and non-target stimuli is the hallmark of tests labeled as
continuous performance tests (CPT; [18]). With the inclusion of non-target stimuli, CPTs
measure vigilance and are the gold-standard tests of attention in psychiatric populations
[19]. In the limited studies conducted on the effects of SD on CPT performance, several
days of sleep restriction increased misses to target stimuli and reduced responses to non-
target stimuli, thereby overall impairing vigilance and reducing responsiveness [20, 21].

Behav Brain Res. Author manuscript; available in PMC 2015 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

van Enkhuizen et al.

Page 3

Other studies using total SD (TSD) report modest but non-significantly increased misses to
targets but no change in non-target responses after TSD in healthy subjects; however
stronger attentional disruption is reported in methadone-maintained subjects [22, 23]. TSD
primarily increased non-target responses compared to target responses in a go/nogo task
however, despite this task not being a true CPT [24]. Determining the effects of SD on a
cross-species vigilance task is required however, for examining putative underlying
mechanisms.

The 5-choice (5C-)CPT, based on the 5CSRTT, was developed to assess vigilance in mice
[25-27] and rats [28, 29], and is now available in humans [30], including in a fMRI setting
[31]. Consistent with other CPTs, the 5C-CPT presents target stimuli to which the subject is
required to respond as well as non-target stimuli, to which the subject is required to inhibit
from responding. To date, no studies have assessed whether SD affects mouse or human
performance in this cross-species CPT. Thus, the present studies investigated whether SD
would affect 5C-CPT performance similarly in both mice and humans. We hypothesized
that: a) 36 hours of TSD in humans; and b) 36 hours 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 animals 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 general San Diego community to participate in this
study. Subjects were initially screened via telephone for eligibility. Informed consent 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
consistent sleep-wake schedule (7-9 hours 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 | psychopathology 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
control; 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 actigraphy. 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)
adaptation 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 hours prior to
day 2; and group 3 was sleep deprived for 36 hours prior to day 3. Subjects assigned to
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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 analysis 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 strenuous than walking was allowed, nor any form of stimulant. Light
snacks and meals were provided. Lights were kept at a constant low level, with no sunlight
introduced. Wakefulness was documented through 1) a staff-completed monitoring log
every 15 min with subjects’ activities and mental status, and 2) actigraphy.

2.1.2. Psychomotor Vigilance Test—During the PVT, subjects were presented with a
blank box in the middle of a screen. At pseudo-random intervals ranging from 2 to 10 s, a
bright red light millisecond (ms) counter started to scroll, and subjects had to press the space
bar to stop the counter as quickly as possible. After pressing the button, the counter
displayed the achieved RT for 1 s, providing the subject with feedback on performance. The
PVT task lasted 10 min and was programmed in Eprime (Psychology Software Tools
(Sharpsburg, PA, USA)). Median RT, fastest and slowest 10% of RTs, and number of lapses
(RTs > 500 ms) were measured.

2.1.3. Human 5C-CPT apparatus—The task appeared on a 56 cm CRT computer screen
(60 cm from subject). Subjects used an arcade joystick to make responses. The joystick was
spring-mounted so that it would return to the center after each response. A Dell PC with E-
Prime2 software (Psychology Software Tools) was used for stimulus presentation and data
acquisition.

2.1.4. Human 5C-CPT—A schematic of the paradigm is presented in Figure 1 and
described elsewhere [30]. In brief, participants were briefly introduced to the task and were
told that they would see 5 white lines (3 cm) in an arc on a black background. Subjects were
instructed that if a white circle (~2 cm) appeared behind a line (target stimuli), the joystick
should be moved in that direction, but if circles appeared behind every line (non-target
stimuli) they should inhibit from responding. Stimuli appeared for 100 ms with a response
window of 1 s after the stimuli disappeared. A variable inter-trial interval (ITI; 0.5, 1, or 1.5
s) occurring 1 s after the stimulus of the previous trial was presented in a pseudo-random
order between trials. Before the actual task, subjects were given a practice session, which
consisted of 12 trials (10 target and 2 non-target stimuli randomly presented). The 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:

ACC’UJ‘(LC@/: Hit+IHnictorrect
% Omissions= <%> x 100

Total Trials
Cumulative Correct Latency

Reaction Time=
Corrects

___ Hit _
HR= Hit+7}\/[iss FAR=

Signal detection indices were calculated based upon these basic parameters to assess both
sensitivity and responsivity indices:
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HR+FAR-1

d=2(HR)-z(FAR) RI=————
1-[FAR—HR]

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

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%
of their free-feeding weight during periods of testing. All procedures were approved by the
UCSD Institutional Animal Care and Use Committee. The UCSD animal facility meets all
federal and state requirements for animal care and was approved by the American
Association for Accreditation of Laboratory Animal Care.

2.2.1. REM sleep deprivation—Mice receiving normal sleep (n=13) and mice on RSD
(n=13) were baseline matched on training performance as measured by their average d’ 3
days prior to testing. The conventional ‘inverted flower pot’ technique was used, originally
designed by Jouvet et al. in 1964 [36] and still used in RSD studies in animals [13]. In brief,
group-housed mice were sleep deprived by placing the same number of small inverted cups
(4 cm diameter) as there were mice in the cage in a pool of water (37 C°; 2 cm height) for 36
hours prior to testing. Control animals had bigger inverted cups (7 cm diameter), which
because of its size allowed for sleep, in a pool of water for the same period.

2.2.2. Mouse 5C-CPT—A schematic of the paradigm is presented in Figure 1 and
described elsewhere [25, 27]. Consistent with the human task, mice were required to make a
holepoke if 1 of the 5 holes lit up (target trials) in order to obtain a food reward, but inhibit
from responding when all 5 holes lit up (non-target trials) in order to obtain a reward (see
Supplemental Material and Methods). In brief, mice were progressively trained to conduct
this task using simple choice progressing to use the entire 5-hole array and until
performance was stable on d’, % omissions, and RTs when tested for baseline performance
over 3 days before SD (~70 5C-CPT training sessions). Measures were calculated as
described for the human 5C-CPT (see Table 1 for measures).

2.3. Statistics

Human 5C-CPT performance was analyzed using the General Linear Model (GLM) with
TSD and gender as between-subject factors and trial period as a within-subjects factor.
Mouse 5C-CPT performance was analyzed using a repeated measure ANOVA with stimulus
duration as a within-subject factor and RSD as a between-subject factor. Where appropriate,
planned comparison Tukey post hoc analyses were conducted between groups and Cohen’s
d effect sizes were calculated. Two animals from the RSD group were removed from
statistical analyses because of a lack of responding (>95% omissions). In order to explore
the effects of SD on individual differences in performance, a median split was conducted on
vigilance performance (d’) measured during 3 days of baseline testing to group subjects into
good and poor performers. Performance group was entered into the model as a between
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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

3.2. Mice

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; Figure 2a). TSD also reduced hit (F (1,42)=4.8,
p<0.05; Cohen’s d = 0.5; Figure 2b) and false alarm rates (F (1 42)=4.2, p<0.05; Cohen’s d =
0.15; Figure 2c). TSD tended to reduce responsivity as measured by reduced RI (F (1 42)=3.5,
p<0.1; Cohen’s d = 0.2; Figure 2d), and tended to decrease accuracy (F(y,42)=3.4, p<0.1;
Cohen’s d = 0.1; Figure 2e). There was no effect of TSD on omissions (F(1 42)=2.5, ns;
Figure 2f). Interestingly, TSD did not affect RT(F (1 42)=2.2, ns; Figure 2g), but tended to
increase variability of RT(F (1 42)=4.0, p<0.1; Figure 2h).

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=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; Figure 3b). Similar benefits to lengthening the
stimulus duration 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 analyses revealed that RSD mice exhibited increased omissions
at the 2 s stimulus duration compared with control mice (p<0.05; Figure 3f). RSD tended to
reduce accuracy (F(1,21)=3.5, p<0.1; Figure 3e), without interacting with stimulus duration.
Overall, RSD did not affect d’, false alarms, RI, RTs, or vRTs (Figure 3). RSD also did not
affect premature responses, but reduced the amount of trials completed in mice (F(y 21)=4.6,
p<0.05), without interacting with stimulus duration (see Supplemental Table 1).

3.3. Good and poor performing mice

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

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 duration (F (2 18)=4.6, p=0.051). RSD specifically reduced
accuracy at the 0.75 s stimulus duration (p<0.05; Cohen’s d = 1.34; Figure 4e). For
percentage omissions there was a trend effect of RSD (F(1,9)=3.5, p<0.1). Again, longer
stimulus durations resulted in fewer omissions in control mice (stimulus duration;
F(2,10=12.3, p<0.005), but this effect was not present in the RSD mice (stimulus duration;
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F<1, ns), who exhibited more omissions at the 2 s stimulus duration compared with control
mice (p<0.05; Cohen’s d = 1.79; Figure 4f). No main effect of RSD or interaction with
stimulus duration was observed for d’. Longer stimulus durations tended to result in
increased d” in control mice however (stimulus duration; F 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;
Figure 4a). There was a trend effect of RSD impairing hit rate (F(g gy=4.7, p<0.1). Although
longer stimulus durations improved hit rate in control mice (stimulus duration; F(; 10)=17.3,
p<0.005), this effect was not present in RSD mice (stimulus duration; F; 6)=2.0, ns), whom
exhibited a reduced hit rate at both the 0.75 (p<0.05; Cohen’s d = 1.28; Figure 4b) and the 2
s stimulus durations (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(,,18)=3.6, p<0.1; Figure 4d), but
no post hoc effect of RSD was observed. RSD did not affect RTs, VvRTSs, false alarms (Figure
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.

4. DISCUSSION

We report that 36 hours of TSD and RSD impaired 5C-CPT performance in humans and
mice respectively. This SD-impaired 5C-CPT performance was driven by more misses of
target stimuli, consistent with previous CPT studies in humans [20, 21]. TSD-induced
attentional lapses in the PVT confirm the efficacy of the TSD procedure in humans.
Importantly, the present data reveal that despite SD-induced reduced responsiveness of
humans and mice overall, inattention specific to relevant stimuli was still observed,
particularly in good performing subjects.

Over the last decade, the PVT has been used as the ‘gold standard’ to assess the effects of
SD on alertness [4]. Broadly, PVT studies reliably find that SD slows RTs and increases
lapses (omissions) of attention [7]. Similarly here, 36 hours of TSD slowed RTs and
increased PVT lapses (RTs > 500 ms). This behavior has been associated with increased
activation of the prefrontal region part of the ‘default mode network’, which is generally
activated when subjects are at rest and not engaged in goal-directed behaviors [37]. Our
PVT data confirm that our TSD protocol reliably affected attentional performance.
Nevertheless, the TSD-induced reduction in PVT responsiveness could reflect generalized
reduced responding rather than vigilance per se, since this distinction cannot be made using
the PVT because it contains only target stimuli.

Specifically examining vigilance requires assessing both accurate responding to target
stimuli as well as the inhibition of responding to non-target (irrelevant) stimuli. Using the
5C-CPT, we observed that TSD overall reduced target responding, as in the PVT, and also
reduced non-target responding. Importantly, the greater decrease in target responding (as
indicated by greater effect sizes) resulted in a lower d’ score of vigilance. Hence, these 5C-
CPT findings indicate that TSD impairs attention beyond simply reducing responding as
seen in the PVT, supporting the use of both stimulus types. Furthermore, mood
questionnaires (PANAS) [38] completed by the subjects indicated that feelings of alertness
correlated significantly with d’ in the 5C-CPT (r=0.42, p<0.005), but less with attentional
lapses in the PVT (r=-0.31, p<0.05), whereas pleasantness correlated with PVT (p<0.05),
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but not 5C-CPT performance (p>0.1). These data support TSD-induced deficits in 5C-CPT
as reflecting attentional dysfunction.

Consistent with the present results, mild cumulative sleep restriction impaired CPT
performance of healthy controls and children with ADHD [21]. Joo et al. reported that
impaired attention in subjects performing a complex CPT after 24 hours of TSD was also
driven by reduced target responding, which was accompanied by increased non-target
responses [20]. The discrepancy of SD effects on non-target responding between that report
and the present study could have resulted from their small study population of only 6 young
male adults and/or the complexity of the CPT used. In healthy and methadone-treated
humans, a non-significant reduction in target responding was observed following 36 hours
of TSD [22], which may have been limited by low sample sizes, practice effects, and/or poor
performing subjects. In another study, SD did not significantly affect CPT performance in
Korean medical residents and interns [23]. In the present studies using healthy subjects from
the general population and matching post TSD-testing days to account for possible practice
effects, we observed that 36 hours of TSD clearly impaired 5C-CPT performance.

Similar to our human study, 36 hours of RSD impaired performance in mice in the rodent
5C-CPT, an effect that was not observed in poor performing mice. Interestingly, the TSD-
induced reduction in d’ and target responding in humans was primarily driven by affecting
good performing humans, without significantly affecting poor performers (data not shown).
RSD in good performing mice decreased their target (correct) responses, resulting in more
omitted trials and a trend-level vigilance deficit as measured by reduced d’. Comparable
results have been observed in the 5SCSRTT where 10-hour TSD rats made fewer correct
responses and omitted more trials compared to rats with normal sleep [17]. Additionally, 24
hours 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) stimuli. In
contrast, the 5C-CPT measures both correct responses to target trials and failures to inhibit
responding to non-target trials [25]. Hence, responsiveness can be dissociated from target
responding and our data support that RSD affects attentive responding beyond simply
reducing responding. To date, the rodent 5C-CPT has been successfully used to assess
genetic and pharmacological 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 hours 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 performance. The lack of SD-induced
deleterious effect in poorly performing mice could be due to a floor effect wherein
performance 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 administered in humans may have exerted a stronger effect on
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attention than the RSD we administered in mice. The extended training used in mice, which
may have resulted in greater use of procedural memory and hence different circuitry
activation patterns, may have also resulted in some of the differences between species.

With cross-species similarity of SD effects on 5C-CPT performance, 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 adenosine in rats [44]. Furthermore, the adenosine antagonist caffeine is
commonly consumed by humans to increase wakefulness. Serotonergic mechanisms could
also be examined given that RSD for 24 hours 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 after SD [14]. Thus, people with bipolar disorder have an
underlying sensitivity to SD-induction of mania [10]. Therefore, using the 5C-CPT and SD
technique described here may enable the examination of susceptibility genotypes that result
in impaired attention in bipolar disorder patients [48].

SD impaired 5C-CPT performance in both humans and mice, primarily by reducing target
responding. The SD-induced deficits in mice were only significant in good performers and
at longer stimulus durations. Mouse 5C-CPT performance consistently improved with longer
stimulus durations. It is clear that SD disrupted the benefit of longer stimulus durations
leading to pronounced effects at these durations. With larger sample sizes however, SD
would likely impair performance at all stimulus durations. Besides smaller sample sizes after
the median split, differences in training and TSD vs. RSD techniques discussed above could
have also contributed to the limited effects observed in mice. In addition to not affecting all
forms of sleep, the “flower pot’ technique can be stressful for animals [49], even more so in
combination with food restriction [50]. Other techniques such as the gentle handling method
[17] may therefore be useful in future studies. Future studies with larger sample sizes will be
conducted in order to account for inter-individual differences and SD effects.

5. CONCLUSION

In conclusion, 36 hour SD deleteriously affected 5C-CPT performance of both humans and
mice. Importantly, SD primarily reduced target responding in both species, with a smaller
effect on reducing non-target responding, indicating that SD is primarily deleterious to
vigilance and not overall responding. These data validate using the 5C-CPT as a cross-
species test of vigilance. Therefore, the rodent and human 5C-CPTs can be used in the future
across species to examine mechanisms underlying SD effects, susceptibility of psychiatric
disorders to such effects, and test pro-vigilance medication for affected groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Description of SDT outcome measures in the 5C-CPT

d Responsivity Index (RI) Hit Rate False Alarm Rate | Explanation of performance

Perfect attention: Responding to every target and inhibiting
+5 0 1.0 0.0 from responding to all non-target stimuli

Chance: Responding to every stimulus irrespective of whether
0 +1 1.0 1.0 it is a target or non-target

-1 0.0 0.0 Chance: Not responding to any stimulus irrespective of
- . whether it is a target or non-target

Rule reversed: Inhibition of responding to all targets while

-5 0 0.0 1.0 responding to all non-target stimuli

Figure 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 misses (target responses and
omissions), which are used to calculate a subjects’ hit rate, while non-target trials generate
measures of correct rejections and false alarms, which are used to calculate a subjects’ false
alarm rate. Using signal detection theory (SDT), the non-parametric measure of vigilance (d
") and bias (responsivity index (RI)) are generated. The table provides examples of what
permutations of hit and false alarm rates result in various d’ and RI levels and its
interpretation.
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Figure 2. Effects of TSD on 5C-CPT performancein humans

TSD impaired vigilance as measured by reduced d’ (a) with a large effect size (Cohen’s d =
0.6). This TSD-impaired vigilance was partially driven by reduced overall hit rate (b;
Cohen’s d effect size = 0.5) and lower non-target responses (c; Cohen’s d effect size = 0.15).
Humans during TSD were slightly less responsive (d) and also made slightly less target
responses (e) compared to humans after normal sleep. No significant difference between
normal sleep and TSD was observed on the number of omitted trials (f). Mean RTs did not
differ (g), but humans during TSD exhibited slight increased variable RTs compared to
humans after normal sleep (h). Data are presented as the mean + SEM, *denotes p<0.05
when compared with humans after normal sleep.
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Figure 3. Effects of RSD on 5C-CPT performancein 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.
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Figure 4. Effects of RSD on 5C-CPT performancein 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 0.75sand 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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Description of the behavioral measures used in the human and rodent 5C-CPTs.

Table 1

Page 18

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

Falsealarm (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

Falsealarm 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

% Omissions Percentage of misses/lapses
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