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This review is dedicated to the role of cortisol in behavior and sleep grounded on evidence-based
information that acute and chronic stress (in particular the stress-induced release of glucocor-
ticoids), induce changes in glutamate neurotransmission in prefrontal cortex and hippocampus,
and influence cognitive processing. Dysfunction of glutamatergic neurotransmission is indeed
more considered pivotal in stress-related neuropsychiatric disorders. Sleep is important for mem-
ory consolidation. Recently new data has shown the multifaceted nature of sleep-related motor
memory consolidation. Intriguingly, motor learning does not alone take place during the actual
task but also between training sessions including periods of sleep. Knowing that sleep may in-
crease performance of motor tasks in subsequent retests, an effect specific to the sleep towards
the end of the sleep cycle, when receptor occupancies will change. That cortisol profiles show
individual diurnal rhythms warrants further appreciation of the pivotal role of cortisol in sleep-
wake physiology and behavioural performance. It is safe to conclude that cortisol is a hormone
during wake and during sleep.

BrijimB CTPECY HA MNMOBEAIHKY I COH. KOPTN30J1: TOPMOH
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Knw4JoBi cnoBa: cTpecc, COH, NoBefiHKa, KOPTU30/

Llei ornsg, npucBsYeHU poni KOPTM30NYy B MOBefiHLI Ta B CHi, 'PYHTYETbLCSA Ha A0Ka30Bil iHhop-
Mauyii Mpo Te, WO FocTpui i XpoHiuHNIN cTpec (30Kpema, CTpec-iHAyKoBaHe BUBISIbHEHHSA T/HOKO-
KOPTUKOIAIB), iHILIOIOTE 3MiHM B HelipomeaiaTOpHOMY BNAMBI rayTamaTty B npedpoHTanbHIA Kopi
Ta rinokamni, Wwo BM/vBae Ha 06pPOOKY KOrHITUBHOI iHopMauii. AnchyHKuisa rnytamateprivyHoi
HelpoTpaHcMmicii HacnpaBai Ginblie pPo3rnNAfaeTbCs AK KAKYOBa y pasi CTPecoBUX Helponcuxia-
TpUuHMX po3nagis. CoH BaXX/IMBUM ANdA KoHconigauii nam'ati. OcTaHHIM YacoM HOBI faHi nokasanu
faraTorpaHHuUi xapaktep KOHconigauii MOTOpPHOI nam'siTi, NoB'sA3aHOl i3 CHOM. IHTpUrye Te, LWO
HaBYaHHA Ha MOTOPHUX MaricTpasbHUX MalluHax BigbyBaeTbCs He TiNbKU Mif 4Yac BUKOHaHHA
3aBflaHHA, ane W MK TpeHyBa/lbHUMW 3aHATTAMU, BKOYa4yu nepiognm cHy. 3Haw4u, WO COH
MOXe 36iNbLLNTN NPOAYKTUBHICTb BAKOHAHHA MOTOPHUX 3aBAaHb Nif Yac nogansLlioro noBTOPHOINo
TecTyBaHHSA, Ta BUK/IMKATU eeKT, cneungiyHnin Ans CHy, Y KiHUi LUKAY CHY, KONU 3MIHIOETbLCA

53


mailto:a.coenen@donders.ru.nl
mailto:coenen@psych.ru.nl
mailto:a.coenen@donders.ru.nl
mailto:a.coenen@psych.ru.nl

Mpayi HTW
MeaunyHi Haykn 2017. T XLIX
ornapg

KifIbKiCTb 3alHATUX peuenTopiB. Taki

Proc. Shevchenko Sci. Soc.
Medical sciences 2017. Vol. T XLIX
Review

KOPTU30/0Bi Npodini nokasyTb, WO iCHYWTb iHAUBIAY-

anbHi 4O60BI pUTMK, AKI NIATBEPAXYE HEOOXIAHICTb NOAa bLIOT OLiHKW OCHOBHOI posli KOPTU30/Y
y hizionorii Ta noBeAiHKOBMX cTaHax, Nicna cHy. CydacHi AaHi [03BOMAIOTL BBaXXaTu KOPTU30/

rOPMOHOM MPOGYAXKEHHS Ta Mif 4yac cHy.

Cortisol is a truly pleiotropic steroid hormone.
It is probably best known for its role in stress
physiology. Many call cortisol the stress
hormone. This notion may require a revisit
as will be discussed. During stress responses
a cortisol surge is normally preceded by an
adrenalin response. In fact adrenalin, released
immediately, in seconds following perception
of a stressor, is the true stress hormone. It
frees glucose (energy) rapidly from glycogen
stores to prepare the organism for fight or
flight. Cortisol comes in next and also frees
energy (glucose, fatty acids) to allow the
organism to adapt to stressful conditions and
initiate recovery from disturbances. In sleep-
wake physiology cortisol is often referred to
as the wake hormone. Preceding from the
notion that cortisol redistributes energy in the
organism to cope with novel stress conditions
or with recurring conditions of altered energy
needs, for instance the activities of the day to
come, requires a re-appreciation of cortisol.
Cortisol is not merely a stress hormone; it is
first of all an 'energy expenditure hormone’
in 'normal' life and an adaptation hormone
following stressful events.
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In healthy humans plasma cortisol levels
exhibit a circadian profile, in accordance with
varying production and secretion to cover
needs. The maximum in plasma cortisol
levels 30 to 45 minutes after waking is called
the ‘cortisol awakening response' (CAR).
Following this maximum, cortisol levels
decline throughout the day with lowest levels
during the late afternoon and early night (the
circadian trough). Feeding events during the
day (peaks around 12.30 and 18.00 hrs in
Figure 1) coincide with milder peaks in plasma
cortisol, again to handle and redistribute
energy taken in. In the night to come cortisol
secretion will again abruptly rise, reaching
the maximum just after waking (Figure 1).
This rise which occurs normally during sleep
seems specifically linked to the awakening
event. The CAR is assumed to supply energy
to prepare the body for the coming day, both
for physical and mental activities, not in the
least for vigilance and alertness, conditions
and behaviors with key survival value.
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Figure 1. Circadian rhythm of plasma cortisol in humans. Peak cortisol levels (acrophase) are
reached around 08:30; the trough (nadir) in cortisol levels is around midnight. Smaller cortisol peaks
at 12.30 and 18:00 represent meal-induced cortisol secretions. (After Chan and Debono, 2010).
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Figure 2. The hypothalamus-pituitary-adrenal cortex
(HPA) axis, the endocrine cascade controlling cortisol
levels in the blood. Note the negative feedback loops of
cortisol on hypothalamus and pituitary gland. Cortisol
also feeds back on the adrenal cortex (not shown in
figure).

In stress physiology cortisol is generally re-
ferred to as the stress hormone. In a situation
interpreted as stressful, the hypothalamus-pi-
tuitary-adrenal (HPA) axis is activated. Hypo-
thalamic neurons on which stress-information
is conveyed, enhance release of corticotrophin
releasing factor (CRF), which stimulates secre-
tion of adrenocorticotropic hormone (ACTH)
from the pituitary gland. ACTH travels to the
adrenals to trigger secretion of the glucocor-
ticoid cortisol from the zona fasciculata of the
adrenal cortex (Figure 1). In parallel, but pre-
ceding in time, neural pathways induce release
of fast acting catecholamines (adrenaline and
noradrenaline) from the adrenal medulla (not
shown). These two hormones prepare the body
to cope with the demands of stress, they make
up the fast adrenergic fight-or-flight stress re-
sponse and the slower cortisol-mediated re-
distribution of energy to adapt to the stressful
condition and energy requirements of adapta-
tion to novel conditions evoked by the stressor.
The availability of energy for brain and body
mediated by cortisol allows for an optimal ad-
aptation to the stressful situation. Thus, cor-
tisol is not a genuine stress hormone, nor it
is a wake hormone, but rather an 'adaptation
hormone'. Both during stress and under bas-
al non-stressful conditions, cortisol supports
brain and body with access to energy needs,
fitting to the circumstances.
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The notion put forward above that cortisol is
in fact an adaptation hormone (and adrenalin
the stress hormone) requires a rethinking on
its role in normal, in stress, and in sleep-wake
physiology. In normal non-stressful condi-
tions it appears that behavioral performance
seems best when cortisol levels are moderate,
i.,e. in the normal, basal range (0-20 ng/ml
plasma) and the same seems true for cogni-
tive processing and the influence of cortisol
thereupon. It is well known that under stress
behavioral performances, including cognitive
performances, are impeded. In particular
chronic stress leading to elevated basal lev-
els of cortisol, correlates with poor learning.
Also other vital domains of bodily physiology
including growth, reproduction and immune
competence become compromised under
chronic stress. Yet, the association between
circulating levels of cortisol and its effects on
general performance and cognition is far from
straightforward. The relationship(s) between
cortisol and human functioning are difficult to
unravel; experiments addressing this relation
suffer too often from many confounders and
are complicated by technical (e.g. how to as-
sess basal cortisol levels ?), individual, psy-
chological and socioeconomic factors. Howev-
er, a main line in the overwhelming literature
on this topic is that hypercortisolemia is more
associated with adverse effects and is a risk
factor in proper cognitive performance.

Already in 1908 psychologists Yerkes and
Dodson described the inverted-U shaped re-
lationship between arousal and performance.
When the level of vigilance heightens, perfor-
mance improves, but further arousal (due to
increasing stress levels), may lead to impaired
cognitive efficiency. Indeed, moderate levels
of cortisol seem to have positive effects on
memory consolidation, too high cortisol lev-
els may have detrimental effects on memory
formation (Lupien et al., 2007; Roozendaal,
2002). Indeed such differential concentra-
tion dependent effects of cortisol on memory
and learning agree with the above described
adaptive role of cortisol in normal physiology.
But how to explain such differential actions?
Is this just a matter of concentration of the
hormone? It appears that we get a far better
view on cortisol actions if we consider its tar-
gets: the mineralocorticoid and glucocorticoid
receptors, members of the nuclear receptor
superfamily. Cortisol receptors are expressed
in essentially every cell of the body, albeit in
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different concentrations and ratios. The re-
ceptors for cortisol are ligand-dependent tran-
scription factors, which, upon binding cortisol
in the cytosol and associating with a variety
other proteins, migrate to the nucleus and lead
to transactivation or transrepression of genes
carrying specific steroid responsive elements.
In addition, association of the steroid-receptor
complex with other transcription factors may
occur expanding its actions in regulatory path-
ways beyond the cortisol pathway proper. Fur-
ther, the presence of a large cohort of receptor
isoforms with dedicated expression, different
gene regulatory actions and varied function-
al profiles deepens our insight and views on
the potentials of cortisol in (cell) physiology
tremendously. Cortisol binds to two receptor
subtypes: the mineralocorticoid (type I; MR)
receptor and the glucocorticoid (type Il; GR)
receptor (Reul and De Kloet, 1985). As indicat-
ed above, GR subtypes following alternative
splicing of the receptor gene and alternative
translation initiation mechanisms expand the
receptor landscape significantly; post-trans-
lational modifications of receptor isoforms
adds further to this and helps to understand
the great diversity of glucocorticoid responses
(Oakley and Cidlowski, 2013).

Figure 3. At the time of the peak in the circadian
cortisol rhythm, there is activation of both type | and
type Il glucocorticoid receptors, while at the time of
the cortisol trough in evening and early night there is

mainly activation of the high affinity type | glucocorticoid
receptors (after: Lupien et al. 2007).

When considering just the MR and GR class of
receptors, there is a main intrinsic difference
between these: MRs (Type 1) bind cortisol with
a high affinity, roughly 5 to 10 times higher
than the affinity for cortisol of GRs (type
I1). If we address the distribution of cortisol
receptors in the brain, another important
difference shows up, viz. the location in the
brain. The MRs shows a high abundance in
the hippocampus and limbic structures, and
GRs are also present in these structures and
are, additionally, prominent in frontal cortical
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areas. The difference in affinity of the two
receptor classes results in major differences in
the occupation of the receptors under different
conditions and in time of day. Reul and de Kloet
(1985) reason that during the circadian nadir
(the trough in evening and early night) cortisol
occupies more than 90% of the high affinity
type | receptors and only 10% of the low affinity
type Il receptors. During the high cortisol level
in the acrophase and during stress, the high
affinity type | receptors become saturated
and then there is occupation of approximately
70% of the low affinity type Il receptors
(schematized in Figure 3). The presence of
two receptor classes for cortisol with defined
anatomical and differential expression profiles
may explain some poorly understood stress
phenomena and the multiple actions of the
steroid in growth, reproduction and immunity.
Regarding general and cognitive performance,
de Kloet et al. (1999) formulated the type i/
type Il glucocorticoid hypothesis to explain
the link between cortisolemia and memory
performance (Figure 4). When type | cortisol
receptors are completely saturated and there
is only partial occupancy of type Il receptors,
maximum performance of memory is observed.
On the other hand when both type | and type
Il receptors are equally occupied, i.e. in stress
conditions or at peaks in the diurnal rhythm,
memory function may become impaired.

Figure 4. The hypothetical association between the
arousal level expressed by the amount of circulating
cortisol and behavioral performance, as indicated by
the 'Yerkes-Dodson law of arousal’. The hypothetical
occupancy of the glucocorticoid receptors as given by de
Kloet et al. (1999) and Lupien et al. (2007) is indicated.
When type | receptors are saturated there is a maximum
of performance, but when type Il receptors become
occupied performance becomes impaired (after: Lupien
et al., 20017).

An inverted U-shaped relationship between
arousal and performance as originally de-
scribed by Yerkes and Dodson (Yerkes and Dod-
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son, 1908) might be explained in the same way
as the relation between hypercortisolemia and
cognitive performance: when type | receptors
are occupied this gives rise to enhancement of
behavioral performance, but when both type
I and type Il receptors are activated the per-
formance becomes affected. Thus the inverted
U-shaped function between circulating levels
of glucocorticoids and cognitive and behavioral
performance can be explained through differ-
ential activities of the cortisol receptor classes,
which differ greatly in terms of brain localiza-
tion and in their affinity for cortisol. Whether
the balance in receptor occupation between
the two classes plays a role in the negative ef-
fects, or simply the occupancy of the type Il re-
ceptors with their prominence in cortical areas,
is a matter of future research.

And what about a similar role of cortisol in
aspects of sleep-wake physiology? Interest-
ingly, predominant MR activation is known to
enhance declarative memory consolidation via
sleep-dependent reactivation of hippocampal
memories (in which cortisol-controlled synaptic
plasticity plays a key role). However, this pos-
itive 'high affinity' (MR) effect is counteracted
by 'low affinity’ GR activation at high cortisol

levels and this may explain mnemonic impair-
ment in stress-induced pathologies (Groch et
al., 2013). Evidence is accruing that acute and
chronic stress (in particular the stress-induced
release of glucocorticoids), induce changes in
glutamate neurotransmission in prefrontal cor-
tex and hippocampus, and influence cognitive
processing. Dysfunction of glutamatergic neu-
rotransmission is indeed more and more con-
sidered pivotal in stress-related neuropsychi-
atric disorders (Popoli et al., 2011). Sleep is
important for memory consolidation. King and
colleagues (King et al., 2017) address in a sem-
inal review the multifaceted nature of sleep-re-
lated motor memory consolidation. Intriguingly,
motor learning does not alone take place during
the actual task but also between training ses-
sions including periods of sleep. Knowing that
sleep may increase performance of motor tasks
in subsequent retests, an effect specific to the
sleep towards the end of the sleep cycle (Plihal
and Born, 1997), when receptor occupancies
will change. That cortisol profiles show individ-
ual diurnal rhythms warrants further apprecia-
tion of the pivotal role of cortisol in sleep-wake
physiology and behavioural performance. It is
safe to conclude that cortisol is a hormone dur-
ing wake and during sleep.

References

1. Chan, S., Debono, M.: Replication of cortisol circadian rhythm: new advances in hydrocortisone replace-
ment therapy. Therapeutic Advances in Endocrinology and Metabolism 1(3): 129-138, 2010.

2. Groch, S., Wilhelm, 1., Lange, T., Born, J.: Differential contribution of mineralocorticoid and glucocor-
ticoid receptors to memory formation during sleep. Psychoneuroendocrinology 38: 2962-2972, 2013.

3. King, B.R., Hoedlmoser, K., Hirschauer, F., Dolfin, N., Albouy, G.: Sleeping on the motor engram: the
multifaceted nature of sleep-related motor memory consolidation. Neuroscience and Behavioral Reviews
80: 1-22, 2017.

4. Lupien, S.J., Maheu, F., Tu, M., Fiocco, A., Schramek, T.E.: The effects of stress and stress hormones
on human cognition: implications for the field of brain and cognition. Brain and Cognition 65: 209-237,
2007.

5. Oakley, T.H., Cidlowski, J.A.: The biology of the glucocorticoid receptor: new signalling mechanisms in
health and disease. Journal of Allergy and Clinical Immunology 132(5): 1033-1044, 2013.

6. Plihal, W., Born, J.: Effects of early and late nocturnal sleep on declarative and procedural memory.
Journal of Cognitive Neuroscience 9: 534- 547, 1997.

7. Popoli, M., Yan, Z., McEwen, B., Sanacora, G.: The stressed synapse: the impact of stress and
glucocorticoids on glutamate transmission. Nature Reviews in Neuroscience 13(1): 22-37, 2011.

8. Reul, J., de Kloet, E.R.: Two receptor systems for corticosterone in the rat. Endocrinology 117: 2505-
2512,1985.

9. Roozendaal, B.: Stress and memory: opposing effects of glucocorticoids on memory consolidation and

memory retrieval. Neurobiology of Learning and Memory 78(3): 578-595, 2002.

10. Yerkes, R.M., Dodson, J.D.: The relation of strength of stimulus to rapidity of habit formation. Journal of

Comparative Neurology and Psychology 147(10): 1297-1303, 1908.

NaTTsa Hagiiwna 02.06.2017
Micna ponpautoBaHHA 12.06.2017
MpuitHATa go ApyKy 26.06.2017

57



