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Purpose: Sleep disruption (SD) impairs sustained attention, and impairment is quantified with the psychomotor vigilance test (PVT) 
in humans. In rats, food restriction attenuates SD’s effects on sustained attention, limiting translation of rodent vigilance tests. The goal 
of the current study was to determine if a rodent PVT (rPVT) requiring high baseline performance using food restriction and 
reinforcement is sensitive to the effects of SD.
Methods: Male Long-Evans rats (n=4) were trained on the rPVT using food reinforcement. Once baseline acquisition criteria were 
achieved, rats experienced acute SD using an automated sweep bar that moved across the home cage. Rats were tested in the rPVT 
the day following SD to assess performance-impairing effects.
Results: SD significantly increased lapses, and this effect was specific to shorter response-stimulus intervals. Decreased percent 
correct responses and increased slow reaction times were also found. These data suggest that many of the performance-impairing 
effects of SD are not attenuated by food restriction in this procedure.
Conclusion: The rPVT is sensitive to the performance impairing effects of SD in food restricted rats, a common methodology used to 
train and maintain performance on operant behavioral tests. Thus, food restriction does not appear to attenuate the effects of SD in all 
attention-related behavioral procedures.
Keywords: food restriction, vigilance, operant behavior

Introduction
Sleep loss reduces sustained attention, degrades cognition, and leads to functional impairment.1 The human psychomotor 
vigilance test (PVT) is the “gold standard” objective measure for assessing sleep loss-induced changes in sustained attention, 
psychomotor speed, impulsivity, and state stability.2 Rodent versions of the PVT (rPVT) have been developed.3–12 These 
tests use water restriction and reinforcement or food reinforcement in ad libitum fed rats to assess SD’s performance- 
impairing effects, given that food restriction can attenuate the effects of SD.12 More specifically, using the simple response 
latency task (SRLT), food restriction, but not ad libitum feeding, attenuated the behavioral and physiological effects of SD in 
rats. Importantly, differences in baseline SRLT performance between feeding conditions were apparent, and could affect this 
test’s sensitivity to SD. We have designed a version of the rPVT using food restriction and reinforcement that requires high 
baseline levels of performance,6,7,11 and previously reported robust response-stimulus interval (RSI) and time-on-task effects 
where healthy, non-SD rats displayed predictable changes in performance.11 The goal of the current study was to determine if 
the rPVT is sensitive to the performance-impairing effects of SD, given that food restriction and reinforcement are common 
methodologies for operant behavior tests in rodents.
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Materials and Methods
Subjects and Apparatus
Animal care was conducted according to Public Health Service (PHS) Policy and the Institutional Animal Care and Use 
Committee of the Johns Hopkins University and Uniformed University of the Health Sciences approved all procedures. 
Both programs are accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. Male 
Long-Evans rats (n=4, Envigo, East Millstone, NJ) were used as subjects because they are a common strain used in 
operant behavioral testing and readily learn reinforcement contingencies. Rats were received at approximately 
10–12 weeks of age, singly housed in plastic cages with enrichment toys, maintained on a 12:12 h light-dark schedule 
(lights on at 0600, Zeitgeber time [ZT] ZT0), and at an ambient temperature of 23°C. Rats were maintained at 90% of 
their free-feeding weights by being fed measured amounts of chow each day after the rPVT session. Water was freely 
available in the home cage. Rats were run in 30-min sessions at the same time each day (1100; ZT5). Operant chambers 
contained one nose-poke key, cue and house lights, a food cup for delivery of pellets, and were enclosed in sound- 
attenuating cubicles equipped with exhaust fans (Med Associates, Burlington, VT). MedPC® IV programs controlled 
experimental contingencies; all data was recorded on a trial-by-trial basis.

Rodent Psychomotor Vigilance Test (rPVT)
Sessions began with the onset of the house light. After a variable delay of 3–10 sec, the nose-poke key was illuminated. 
Correct responses were defined as responses on the nose poke key within 2 sec after light onset (ie, 2-sec limited hold, LH) 
and were reinforced with a pellet. Responses prior to light onset (premature responses) were not reinforced and punished 
with an 8 sec time out; responses after the 2-sec interval had elapsed or no response (omission) had no programmed 
consequences. The variable delay for the next trial began after a 1-sec inter-trial interval, timed after the response or the end 
of the 2-sec LH, whichever occurred first. The number of correct responses, premature responses, omissions, and lapses in 
responding (omissions plus correct responses greater than twice each rat’s mean response latency for that session) were 
collected. Summary measures were expressed as total numbers and percentages (for details, see Supplementary Methods). 
Response latencies were recorded in milliseconds and used to calculate reaction times. Each performance measure was also 
calculated based on the response stimulus interval or time-on-task (ie, performances binned into 6-minute intervals across 
the 30-min session time). Criteria for inclusion in this study were ≥75% percent correct and ≤ 25% premature responses for 
four out of the five daily test sessions during one to two weeks prior to any manipulation.

Acute Sleep Disruption
Rats were moved from their home cages to sleep fragmentation chambers (Model #80391, LaFayette Instrument, 
LaFayette, Indiana); standard home cages containing an automated sweep bar that moves across the chamber. Sweep 
duration was set to ‘continuous’, where the bar traverses the chamber once every 7.5 seconds. Rats were housed in these 
chambers for two days with the sweep bar stationary as baseline days to ensure that housing alone in this chamber did not 
impair rPVT performance. Sweep bars were turned on starting at lights off (1800; ZT12) and were run continuously 
throughout this period and the beginning of the lights on period of the next day until each subject was moved to their 
rPVT chamber for testing (ZT5). Rats were then returned to standard home cage housing. Two bouts of SD were 
completed, separated by approximately one month, and the two bouts were averaged together for data analysis. Rats have 
a polyphasic/fragmented sleep pattern that results in 12–15 hrs of sleep per day, occurring in sleep bouts averaging 6–14 
min,13 and the sweep duration described above likely resulted in few, if any, undisturbed sleep bouts.

Data Analysis
Paired permutation tests were used to assess the effects of SD on the number of lapses, percent correct responses, median 
reaction time, mean reaction time, mean speed, Q90 reaction times, hits, long RT hits, and omissions, in addition to 
changes in these parameters based on response-stimulus interval or time-on-task. The paired permutation test has no 
assumptions about normality, homoscedasticity, or the shape of the distribution. Statistical analyses were completed using 
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Microsoft Excel. Alpha was set to 0.0625 for significant effects (one-tailed) because this value represented the percentage 
cut-off where the data from this experiment were the most extreme values in the distribution.

Results
Acute SD significantly increased the number of lapses compared to baseline (Figure 1A; see Figure 1B for mean of 
differences, a measure of effect size), in addition to the percentage of lapses emitted at shorter response-stimulus 
intervals (3–8 seconds in duration; Figure 1C). For time on task, SD increased the percentage of lapses starting at 10-min 
into the rPVT session, and lapses remained elevated for the remainder of the session (Figure 1D). SD significantly 
decreased percent correct responses (Figure 2A and B depicts mean of differences), and significantly increased Q90 
reaction times (Figure 2C and D depicts mean of differences). Animals emitted a high number of correct responses 
(“hits”) after SD, even though it was significantly decreased from baseline (Figure 3A and B depicts mean of 
differences). SD significantly increased omissions (Figure 3E and F depicts mean of differences) and trended to increase 
correct trials with long response times (Figure 3C and D depicts mean of differences), but this change did not reach 
statistical significance (p=0.125; these data were the most extreme permutation in this distribution, however). SD 
decreased percent correct responses at specific RSIs with fewer correct trials at the shortest RSIs (3–7; Figure S1A; 
no effects at other RSIs, S1B–E), and decreased percent correct responses as the session progressed starting at 10-min 
into the session (Figure S2A, but not Q90 RT, Figure S2B). Thus, animals continued to perform at high levels even after 

Figure 1 Sleep disruption increases the number of lapses emitted on the rPVT in food-restricted rats when responding is reinforced with food pellets. (A) Mean number of 
lapses increased following acute sleep disruption (SD) compared to baseline (BL). (B) Estimation plot showing mean of differences (effect size). Error bars indicates 95% CI 
of the mean difference. (C) SD significantly increased lapses at response stimulus intervals between 3–8 seconds. RSI 4 = RSIs from 3–4 sec, RSI 5 = RSIs from 4.1–5 sec, etc. 
(D) The percentage of lapses emitted increases across time on task starting at 10-min into the 30-min session. *p<0.0625 via paired permutation tests. Symbols represent 
individual animals and lines connect their performances at BL to those following SD.
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SD, which suggests rats did not fall asleep during the rPVT session. SD did not affect mean or median reaction times, 
mean speed, Q10 reactions times, or premature responses (data not shown).

Discussion
We found that SD impaired sustained attention in food-restricted rats performing a food-reinforced rPVT. Specifically, 
SD significantly increased the number of lapses emitted, and these effects were more robust at shorter RSIs, with no 
change in emitted lapses at long RSIs between baseline and SD. The most lapses were emitted at the two shortest RSIs, 
which was accompanied by a significant decrease in percent correct responses, suggesting that lapses following SD 
during these short RSIs were primarily omissions. SD also slowed the slowest reaction times (Q90 RTs). Thus, following 
SD, rats had more difficulty responding to quickly occurring stimuli. Further, these results support the translational nature 
of the rPVT, with the number of lapses increasing following SD in a manner similar to humans experiencing SD2. Thus, 
these data demonstrate that the food-reinforced rPVT in food-restricted rats is sensitive to SD’s performance-impairing 
effects.

Figure 2 Sleep disruption decreases percent correct responding and increases the slowest 10th percentile reaction times (Q90). (A) Percent correct responses were 
significantly decreased following sleep disruption (SD) when compared to baseline (BL), however, rats still maintained ≥ 75% correct responding following sleep disruption. 
(B) Estimation plot showing mean of differences (effect size) and 95% CI for percent correct responses. (C) Sleep disruption significantly increased Q90 reaction times, with 
an average increase of ~300 msec. (D) Estimation plot showing mean of differences (effect size) and 95% CI for Q90 RTs. *p<0.0625 via paired permutation tests. Symbols 
represent individual animals and lines connect their performances at BL to those following SD.
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Figure 3 Sleep disruption increases slow response trials and omissions on the rPVT, which leads to a decreased number of hits. (A) Mean total hits (correct trials) on the 
rPVT significantly decreased following sleep disruption (SD) compared to baseline (BL), even though the total number of hits was still high. (B) Estimation plot showing mean 
of differences (effect size) and 95% CI for number of hits. (C) Sleep disruption trended to increase ‘long hit trials’, where animals took twice their mean reaction time to 
respond correctly (one trial type included in lapses). (D) Estimation plot showing mean of differences and 95% CI for number of long hits. (E) SD significantly increased the 
number of omissions (the second trial type included in lapses). (F) Estimation plot showing mean of differences (effect size) and 95% CI for number of omissions. *p<0.0625 
via paired permutation tests. Symbols represent individual animals and lines connect their performances at BL to those following SD.
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Loomis et al12 recently reported that food restriction results in functional resilience to SD when compared to ad 
libitum feeding using a simple response latency task (SRLT), where rats respond to a randomly occurring light stimulus. 
The rPVT and SRLT are similar, but there are important methodological considerations that likely increased sensitivity of 
the rPVT to SD in food-restricted rats. First, baseline performance on the rPVT was high, with rats displaying an average 
of 89% correct responding (Figure 2A). In contrast, food-restricted rats performing the SRLT emitted significantly greater 
premature responses than subjects under ad libitum conditions, even though both groups emitted similar numbers of 
correct trials and omissions. Thus, regardless of the test or food restriction status, rats with a higher number of correct 
trials and fewer premature responses are more sensitive to the effects of SD. These data suggest that baseline 
performance is an important factor for whether the effects of SD are detectable in rodent sustained attention tests. 
While the rPVT measures lapses, a combination of correct trials with slow response times (2x the mean response time) 
and omissions, the SRLT measures omissions only. Despite these differences, SD significantly increased omissions on the 
SRLT under ad libitum food conditions and in the rPVT using food restriction (Figure 3C). SD also increased lapses 
emitted as the session time increased (time on task; Figure 1D). These effects are similar to those found under ad libitum 
feeding by Loomis and colleagues,12 in addition to previous rPVT reports employing water restriction and 
reinforcement.3,4,8,9 Finally, while SD did increase Q90 reaction times on the rPVT, it did not affect mean, median, or 
Q10 reaction times, similar to food-restricted rats performing the SRLT.

There are several limitations to the current study. One is the lack of electroencephalogram and electromyogram (EEG/ 
EMG) recordings, which would have shown the effects of SD on physiological sleep measures, in addition to how food 
restriction affects these processes. A small group of subjects was used in this study, and while the baseline effects were 
similar to those reported previously,11 a larger group size is needed to replicate and extend these findings. Future studies 
should examine both sexes. Finally, food restriction could eliminate SD effects on mean and median reaction times, but 
more work is needed to assess this possibility.

Conclusion
From our survey of the literature, this is the first version of the rPVT using food reinforcement in food-restricted rats to 
show sensitivity to SD, with significantly increased lapses in attention, increased Q90 reaction times, and 
decreased percent correct responses, and supports RSI and time on task effects of SD. These data demonstrate that the 
attention-impairing effects of SD can be measured under food restriction, commonly used to train and maintain 
performance on operant behavioral tests.

Acknowledgments
We would like to thank Dr. Robert Hienz for discussions related to design and completion of this study, and Ray Smith, 
Blanca Bravo, and Stacey Perry for their technical assistance. This work was supported by Space@Hopkins seed grant 
funding (to CMD) and NASA NNX15AC71G and 80NSSC22K0022 (to CMD). Some of the authors are employees of 
the US Government, and this work was prepared as part of their official duties. Title 17 U.S.C. §105 provides that 
‘Copyright protection under this title is not available for any work of the United States Government.’ Title 17 U.S.C §101 
defines a US Government work as a work prepared by a military service member or employees of the US Government as 
part of that person’s official duties. The opinions and assertions expressed herein are those of the author(s) and do not 
reflect the official policy or position of the Uniformed Services University of the Health Sciences, the Armed Forces 
Radiobiology Research Institute, Department of the Navy, the Department of Defense, or the US Federal Government. 
This paper has been uploaded to bioRxiv as a preprint: https://www.biorxiv.org/content/10.1101/2024.04.10.588729v1.

Disclosure
The authors report no conflicts of interest in this work.

References
1. Hudson AN, Van Dongen HPA, Honn KA. Sleep deprivation, vigilant attention, and brain function: a review. Neuropsychopharmacology. 2020;45 

(1):21–30. doi:10.1038/s41386-019-0432-6

https://doi.org/10.2147/NSS.S475672                                                                                                                                                                                                                                  

DovePress                                                                                                                                                        

Nature and Science of Sleep 2024:16 1776

Davis et al                                                                                                                                                     Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.biorxiv.org/content/10.1101/2024.04.10.588729v1
https://doi.org/10.1038/s41386-019-0432-6
https://www.dovepress.com
https://www.dovepress.com


2. Basner M, Dinges DF. Maximizing sensitivity of the psychomotor vigilance test (PVT) to sleep loss. Sleep. 2011;34(5):581–591. doi:10.1093/sleep/ 
34.5.581

3. Christie MA, McKenna JT, Connolly NP, McCarley RW, Strecker RE. 24 hours of sleep deprivation in the rat increases sleepiness and decreases 
vigilance: introduction of the rat-psychomotor vigilance task. J Sleep Res. 2008;17(4):376–384. doi:10.1111/j.1365-2869.2008.00698.x

4. Christie MA, Bolortuya Y, Chen LC, McKenna JT, McCarley RW, Strecker RE. Microdialysis elevation of adenosine in the basal forebrain 
produces vigilance impairments in the rat psychomotor vigilance task. Sleep. 2008;31(10):1393–1398.

5. Walker JL, Walker BM, Fuentes FM, Rector DM. Rat psychomotor vigilance task with fast response times using a conditioned lick behavior. 
Research Support, N.I.H. ExtramuralResearch Support, Non-U.S. Gov’t. Behav Brain Res. 2011;216(1):229–237. doi:10.1016/j.bbr.2010.07.041

6. Davis CM, Decicco-Skinner KL, Roma PG, Hienz RD. Individual differences in attentional deficits and dopaminergic protein levels following 
exposure to proton radiation. Radiat Res. 2014;181(3):258–271. doi:10.1667/RR13359.1

7. Davis CM, DeCicco-Skinner KL, Hienz RD. Deficits in sustained attention and changes in dopaminergic protein levels following exposure to 
proton radiation are related to basal dopaminergic function. PLoS One. 2015;10(12):e0144556. doi:10.1371/journal.pone.0144556

8. Deurveilher S, Bush JE, Rusak B, Eskes GA, Semba K. Psychomotor vigilance task performance during and following chronic sleep restriction in 
rats. Research Support, Non-U.S. Gov’t. Sleep. 2015;38(4):515–528. doi:10.5665/sleep.4562

9. Oonk M, Davis CJ, Krueger JM, Wisor JP, Van Dongen HP. Sleep deprivation and time-on-task performance decrement in the Rat Psychomotor 
Vigilance Task. Research Support, N.I.H. Extramural Research Support, Non-U.S. Gov’t. Sleep. 2015;38(3):445–451. doi:10.5665/sleep.4506

10. Loomis S, McCarthy A, Baxter C, et al. Distinct pro-vigilant profile induced in rats by the mGluR5 potentiator LSN2814617. Psychopharmacology. 
2015;232:3977–3989. doi:10.1007/s00213-015-3936-8

11. Davis CM, Roma PG, Hienz RD. A rodent model of the human psychomotor vigilance test: performance comparisons. J Neurosci Methods. 
2016;259:57–71. doi:10.1016/j.jneumeth.2015.11.014

12. Loomis S, McCarthy A, Dijk DJ, Gilmour G, Winsky-Sommerer R. Food restriction induces functional resilience to sleep restriction in rats. Sleep. 
2020;43(10). doi:10.1093/sleep/zsaa079

13. Hawkins P, Golledge HDR. The 9 to 5 rodent - time for change? Scientific and animal welfare implications of circadian and light effects on 
laboratory mice and rats. J Neurosci Methods. 2018;300:20–25. doi:10.1016/j.jneumeth.2017.05.014

Nature and Science of Sleep                                                                                                             Dovepress 

Publish your work in this journal 
Nature and Science of Sleep is an international, peer-reviewed, open access journal covering all aspects of sleep science and sleep medicine, 
including the neurophysiology and functions of sleep, the genetics of sleep, sleep and society, biological rhythms, dreaming, sleep disorders 
and therapy, and strategies to optimize healthy sleep. The manuscript management system is completely online and includes a very quick and fair 
peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/nature-and-science-of-sleep-journal

Nature and Science of Sleep 2024:16                                                                                         DovePress                                                                                                                       1777

Dovepress                                                                                                                                                     Davis et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1093/sleep/34.5.581
https://doi.org/10.1093/sleep/34.5.581
https://doi.org/10.1111/j.1365-2869.2008.00698.x
https://doi.org/10.1016/j.bbr.2010.07.041
https://doi.org/10.1667/RR13359.1
https://doi.org/10.1371/journal.pone.0144556
https://doi.org/10.5665/sleep.4562
https://doi.org/10.5665/sleep.4506
https://doi.org/10.1007/s00213-015-3936-8
https://doi.org/10.1016/j.jneumeth.2015.11.014
https://doi.org/10.1093/sleep/zsaa079
https://doi.org/10.1016/j.jneumeth.2017.05.014
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Subjects and Apparatus
	Rodent Psychomotor Vigilance Test (rPVT)
	Acute Sleep Disruption
	Data Analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	Disclosure

