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Sleep and stress interact bidirectionally: prior stress can im-
pair sleep and alterations in sleep can change stress hormone 
levels.1–4 Both stress and sleep affect cognitive functions such 
as memory.5,6 Experimental research has traditionally exam-
ined the effects of either stress or sleep alone on cognitive func-
tion. For example, it has been shown that sleep or stress applied 
separately after learning, have a beneficial effect for retention 
of newly acquired memories.7–10 However, to date there are no 
studies that have experimentally manipulated both sleep and 
stress to examine their combined effects on human memory. 
In this issue of SLEEP, Cedernaes and colleagues11 present a 
novel approach by examining effects of short vs. full sleep in 
combination with a stress manipulation on memory.

In their study, Cedernaes and colleagues had young men learn 
object-location associations (similar to the game “Memory”) and 
a finger tapping sequence in the evening, once before sleeping 
a normal night of sleep (23:00–07:00) and once before sleeping 
only half a night (03:00–07:00). In the morning their memory for 
both tasks was tested twice: first directly after sleep and second 
directly after a stress manipulation that followed the first memory 
test. Surprisingly, after short sleep, participants had marginally 
better memory for object-location associations than after full 
sleep in the first memory test. Memory was differentially modi-
fied by the stressor depending on prior sleep: a stronger decline 
in object-location memory was found when participants had slept 
only four hours compared to eight hours. In contrast to object-lo-
cation memory, motor memory assessed with the finger-tapping 
task did not differ between sleep conditions at the first memory 
test after sleep and was not differentially modified by the stressor. 
One or multiple neurobiological mechanisms may be responsible 
for this novel pattern of behavioral results observed by Ceder-
naes. Are they due to sleep, to sleep deprivation, to stress or a 
combination of these, or other factors?

In this study, participants’ physiological states clearly dif-
fered between the two conditions after learning: In the full 
sleep condition, participants were allowed to sleep for up to 8 
hours directly after learning, whereas in the short sleep condi-
tion, participants were sleep deprived for about 4 hours and 
then allowed to sleep from 03:00 to 07:00. Sleep is thought 
to primarily support the consolidation of memories (i.e., the 
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stabilization and reorganization of memory representations).7 
Previous studies employing similar associative memory tasks 
showed that the features of post-encoding NREM sleep are 
related to later memory performance,12 whereas features of 
NREM sleep physiology as well as late nocturnal sleep appear 
to benefit motor memories.13–16

In the study by Cedernaes, participants spent significantly 
more time in shallow NREM and REM in the full vs. short 
sleep condition.11 Given that mechanisms of reactivation are 
thought to stabilize and reorganize memory representations 
during NREM sleep,17,18 reduced sleep could have led to 
weaker representations of object-location associations in the 
short versus the full sleep condition. It is also likely that the 
4-hour wake period preceding sleep in the short sleep condi-
tion additionally contributed to differential consolidation of the 
learned material. Indeed, sleep deprivation itself is associated 
with increased sympathetic activity as well as impaired hy-
pothalamus-pituitary adrenal (HPA) axis regulation leading to 
elevated basal cortisol levels.2,3,19 These physiological changes 
are of particular interest given that stress-induced activation 
of these systems in the wake state plays a role in stress influ-
ence on memory formation,20,21 whereas in the sleep state low 
circadian cortisol levels during the first half of the night help 
memory consolidation,22–24 Thus, in the full sleep condition 
participants underwent the normal sleep-dependent circadian 
cortisol suppression during the first half of the night together 
with NREM-rich early sleep, which have been demonstrated to 
interactively benefit consolidation of associative memories.22 
In contrast, cortisol levels during the second half of the night 
likely followed the circadian rise that could have rendered the 
memory consolidation properties of NREM sleep in the short 
sleep condition less effective. Consequently, potential differ-
ences in the stability of associative memory representations 
as a function of short versus full sleep may make them more 
or less resilient to subsequent manipulations, such as a stress 
(perhaps analogous to literature showing sleep makes rela-
tional memories more resistant to interference25,26).

Another possible mechanism underlying the decline in ob-
ject-location associative memory as a function of stress in the 
short vs. full sleep condition may be due to differential recon-
solidation. Previous studies found that a stressor applied after 
memory reactivation alters memory reconsolidation and sub-
sequently influences memory performance.27–29 Since stress re-
sponses are altered after sleep deprivation,2,19 it is possible that 
upon reactivation of object-location memories during the post-
sleep memory test the subsequent stress manipulation altered 
the memory representation differentially as a function of prior 
sleep in the short versus full sleep condition.
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Of note, a recent study demonstrated that pre-learning 
levels of the stress hormone cortisol are related to memory per-
formance 12 hours after learning when sleep (but not a wake 
interval) followed learning. These findings provide further evi-
dence that sleep and stress systems interact to support memory 
formation.30,31

Given the intriguing findings of Cedernaes11 and the notion 
that stress and sleep are regulated by shared neuronal circuitry 
and neuroendocrinology,1 it may be fruitful for future memory 
research to take into account pre-learning physiological states 
such as stress or sleep alterations, as well as stress-sleep inter-
actions during multiple memory stages (encoding, consolida-
tion, retrieval and reconsolidation). A better understanding of 
stress and sleep’s combined influences on memory functioning 
seems to be especially relevant, not only because modern life-
styles are not infrequently associated with frequent exposure 
to both stress and sleep alterations, but also because highly 
prevalent psychiatric and mood disorders, such as posttrau-
matic stress disorder and depression, show alterations in sleep, 
stress, and memory systems.5,21,32–35 Better knowledge of stress 
and sleep interactions on memory functioning may thus be 
helpful for the development of more effective treatments for 
such psychiatric disorders. Lastly, a more complete under-
standing of sleep-stress interactions and their relevance for 
memory is likely to be highly relevant in educational settings.

CITATION
Rimmele U, Tambini A. Sleep, sleep alterations, stress—
combined effects on memory? SLEEP 2015;38(12):1835–1836. 

DISCLOSURE STATEMENT
This work was supported by grants from the Swiss National 

Science Foundation (PZ00P1_137126 and PZ00P1_160861), 
and the European Community Seventh Framework Pro-
gramme [FP7/2007-2013] under grant agreement 334360 to UR 
and MH106280 to AT. The authors have indicated no financial 
conflicts of interest.

REFERENCES
1. Sanford LD, Suchecki D, Meerlo P. Stress, arousal, and sleep. Curr 

Topics Behav Neurosci 2015;25:379–410.
2. Minkel J, Moreta M, Muto J, et al. Sleep deprivation potentiates HPA 

axis stress reactivity in healthy adults. Health Psychol 2014;33:1430–4.
3. Leproult R, Copinschi G, Buxton O, Van Cauter E. Sleep loss results in 

an elevation of cortisol levels the next evening. Sleep 1997;20:865–70.
4. Redwine L, Hauger RL, Gillin JC, Irwin M. Effects of sleep and sleep 

deprivation on interleukin-6, growth hormone, cortisol, and melatonin 
levels in humans. J Clin Endocrinol Metab 2000;85:3597–603.

5. Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress 
throughout the lifespan on the brain, behaviour and cognition. Nat Rev 
Neurosci 2009;10:434–45.

6. Goel N, Basner M, Rao H, Dinges DF. Circadian rhythms, sleep 
deprivation, and human performance. Progr Mol Biol Transl Sci 
2013;119:155–90.

7. Diekelmann S, Born J. The memory function of sleep. Nat Rev Neurosci 
2010;11:114–26.

8. Diekelmann S. Sleep for cognitive enhancement. Front Syst Neurosci 
2014;8:46.

9. Cahill L, Gorski L, Le K. Enhanced human memory consolidation with 
post-learning stress: interaction with the degree of arousal at encoding. 
Learn Mem 2003;10:270–4.

10. Abercrombie HC, Speck NS, Monticelli RM. Endogenous cortisol 
elevations are related to memory facilitation only in individuals who 
are emotionally aroused. Psychoneuroendocrinology 2006;31:187–96.

11. Cedernaes J, Rångtell FH, Axelsson EK, et al. Short sleep makes 
declarative memories vulnerable to stress in humans. Sleep 
2015;38:1861–8.

12. Marshall L, Helgadottir H, Molle M, Born J. Boosting slow oscillations 
during sleep potentiates memory. Nature 2006;444:610–3.

13. Plihal W, Born J. Effects of early and late nocturnal sleep on declarative 
and procedural memory. J Cogn Neurosci 1997;9:534–47.

14. Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R. Practice 
with sleep makes perfect: sleep-dependent motor skill learning. Neuron 
2002;35:205–11.

15. Huber R, Ghilardi MF, Massimini M, Tononi G. Local sleep and 
learning. Nature 2004;430:78–81.

16. Nishida M, Walker MP. Daytime naps, motor memory consolidation 
and regionally specific sleep spindles. PLoS One 2007;2:e341.

17. Rasch B, Buchel C, Gais S, Born J. Odor cues during slow-wave sleep 
prompt declarative memory consolidation. Science 2007;315:1426–9.

18. Genzel L, Kroes MC, Dresler M, Battaglia FP. Light sleep versus slow 
wave sleep in memory consolidation: a question of global versus local 
processes? Trends Neurosci 2014;37:10–9.

19. Sgoifo A, Buwalda B, Roos M, Costoli T, Merati G, Meerlo P. Effects 
of sleep deprivation on cardiac autonomic and pituitary-adrenocortical 
stress reactivity in rats. Psychoneuroendocrinology 2006;31:197–208.

20. McGaugh JL. Memory--a century of consolidation. Science 
2000;287:248–51.

21. de Quervain DJ, Aerni A, Schelling G, Roozendaal B. Glucocorticoids 
and the regulation of memory in health and disease. Front 
Neuroendocrinol 2009;30:358–70.

22. Plihal W, Born J. Memory consolidation in human sleep depends on 
inhibition of glucocorticoid release. Neuroreport 1999;10:2741–7.

23. Wagner U, Born J. Memory consolidation during sleep: interactive 
effects of sleep stages and HPA regulation. Stress 2008;11:28–41.

24. Wilhelm I, Wagner U, Born J. Opposite effects of cortisol on 
consolidation of temporal sequence memory during waking and sleep. J 
Cogn Neurosci 2011;23:3703-12. 

25. Ellenbogen JM, Hulbert JC, Jiang Y, Stickgold R. The sleeping brain’s 
influence on verbal memory: boosting resistance to interference. PLoS 
One 2009;4:e4117.

26. Ellenbogen JM, Hulbert JC, Stickgold R, Dinges DF, Thompson-Schill 
SL. Interfering with theories of sleep and memory: sleep, declarative 
memory, and associative interference. Curr Biol 2006;16:1290–4.

27. Coccoz V, Maldonado H, Delorenzi A. The enhancement of 
reconsolidation with a naturalistic mild stressor improves the expression 
of a declarative memory in humans. Neuroscience 2011;185:61–72.

28. Dongaonkar B, Hupbach A, Gomez R, Nadel L. Effects of psychosocial 
stress on episodic memory updating. Psychopharmacology (Berl) 
2013;226:769–79.

29. Bos MG, Schuijer J, Lodestijn F, Beckers T, Kindt M. Stress enhances 
reconsolidation of declarative memory. Psychoneuroendocrinology 
2014;46:102–13.

30. Bennion KA, Mickley Steinmetz KR, Kensinger EA, Payne JD. Eye 
tracking, cortisol, and a sleep vs. wake consolidation delay: combining 
methods to uncover an interactive effect of sleep and cortisol on 
memory. J Vis Exp 2014;(88).

31. Bennion KA, Mickley Steinmetz KR, Kensinger EA, Payne JD. Sleep 
and cortisol interact to support memory consolidation. Cereb Cortex 
2015;25:646–57.

32. Vanderheyden WM, George SA, Urpa L, Kehoe M, Liberzon I, Poe GR. 
Sleep alterations following exposure to stress predict fear-associated 
memory impairments in a rodent model of PTSD. Exp Brain Res 
2015;233:2335–46.

33. American Psychiatric Association. Trauma- and stressor-related 
disorders. In: Diagnostic and Statistical Manual of Mental Disorders, 
5th ed. American Psychiatric Association, 2013.

34. Germain A. Sleep disturbances as the hallmark of PTSD: where are we 
now? Am J Psychiatry 2013;170:372–82.

35. Steiger A, Dresler M, Kluge M, Schussler P. Pathology of sleep, 
hormones and depression. Pharmacopsychiatry 2013;46 Suppl 1:S30–5.


