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Abstract: The sleep electroencephalogram (EEG) provides biomarkers of depression, which
may help with diagnosis, prediction of therapy response, and prognosis in the treatment of
depression. In patients with depression, characteristic sleep EEG changes include impaired
sleep continuity, disinhibition of rapid-eye-movement (REM) sleep, and impaired non-REM
sleep. Most antidepressants suppress REM sleep in depressed patients, healthy volunteers, and
in animal models. REM suppression appears to be an important, but not an absolute requirement,
for antidepressive effects of a substance. Enhanced REM density, a measure for frequency of
REM, characterizes high-risk probands for affective disorders. REM-sleep changes were also
found in animal models of depression. Sleep-EEG variables were shown to predict the response
to treatment with antidepressants. Furthermore, certain clusters of sleep EEG variables predicted
the course of the disorder for several years. Some of the predicted sleep EEG markers appear
to be related to hypothalamic—pituitary—adrenal system activity.

Keywords: biomarkers, depression, sleep EEG, antidepressants, prediction, animal models

Introduction

Impaired sleep is a risk factor and a symptom of depression as well. Objective sleep is
investigated by polysomnography, also termed a sleep electroencephalogram (EEG).
The sleep EEG appears to provide biomarkers of depression and of the response to
antidepressants. This review provides an overview of the state of the art in this area
of research.

In the 1970s, the interest of psychiatrists in sleep EEG increased for two major
reasons. On the one hand, rapid eye movement (REM) latency was suggested to be an
indicator of depression.! On the other hand, it was observed that most antidepressant
drugs suppressed REM sleep.? In the 1970s, it was therefore suggested that REM latency
could be used to distinguish between certain subtypes of depression. Furthermore, the
hypothesis was submitted that REM suppression would be the mechanism of action
of antidepressants.® Since that time, much more complex results from further research
have developed.

Mammalian sleep consists of REM and non-REM sleep periods. Non-REM and
REM sleep periods alternate in a cyclic fashion in healthy young humans subjects.
The criteria developed by Rechtschaffen and Kales differentiate between four stages
of non-REM sleep;* a more recent classification consists of three stages only.> Sleep
stage 1 or N1 is a transition from drowsiness to light sleep.** It is characterized by a
slowing of EEG activity compared to the wake state. Sleep spindles and K-complexes
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occur during sleep stage 2, otherwise known as N2. Slow
wave sleep (SWS) contains synchronized slow waves and
consists of sleep stages 3 and 4 or N3 and N4, respectively.**
REM sleep is characterized by a faster EEG activity and
subtle rapid eye movements and atonia of skeletal muscles.
In animals, particularly in most laboratory animals that are
used in experiments, sleep EEG resembles human sleep.°
In contrast to human sleep, however, animal sleep is often
polyphasic, with episodic sleep—wake repetition. Non-REM
sleep in animals is often not classified into several stages.
The depth of non-REM sleep is interpreted according to
the power of SWS.” Since detection of eye movements
in small animals is difficult, in these species, REM sleep
(synonymously known as paradoxical sleep) is defined by a
combination of a wake-like EEG pattern and electromyogram
indicating muscle atonia.® Computerized quantitative EEG
analysis is applied in humans and animals to investigate the
microstructure of sleep. It includes spectral analysis of EEG
power across several frequency bands as beta, sigma, alpha,
theta, and delta.

Young healthy human subjects enter N1 soon after going
to bed, which is followed subsequently by N2 and SWS. After
a duration of ~90 minutes in the first non-REM period, the
first REM period occurs. During the first non-REM period,
the largest amounts of SWS and slow wave activity (SWA),
EEG delta power are found. In healthy subjects, the first
REM period is relatively short. The duration of the REM
periods increases throughout the night. According to this
pattern, the first half of the night is dominated by SWS,
whereas N2 non-REM sleep and REM sleep preponderate
during the second half of the night (Figure 1). Four to five
sleep cycles consisting of one episode of non-REM sleep and
one episode of REM sleep occur during the night in most
subjects. In laboratory rodents, however, non-REM sleep
episodes last on average for a few minutes, during which
they are often interrupted by brief periods of wakefulness or

Controls
25 yrs old

Patients with depression

25 yrs old

Figure | Hypnogram in young and old healthy volunteers, and patients with
depression.

Note: Copyright © 2002. John Wiley and Sons, Ltd. Reproduced from Steiger A.
Neuroendocrinology of sleep disorders. In: D’haenen D, den Boer JA, Westenberg H,
Willner P, editors. Textbook of Biological Psychiatry. London: John Wiley and Sons, Ltd;
2002:1229-1246.'*

Abbreviations: REM, rapid eye movement; |-V, stages of non-REM sleep, yrs,
years; h, hours; EEG, electroencephalogram.

REM sleep.”!” In nocturnal rats and mice, the resting phase
occurs during the light period. Similar to humans, non-REM
sleep preponderates first, followed by REM sleep, due to
homeostatic control of non-REM sleep, a characteristic of
both human and animal sleep.'

Sleep EEG in patients

with depression

In patients with depression, impaired sleep is a key symptom.
Eighty percent of depression patients report insomnia,
whereas 15%-35% complain of hypersomnia.'>!* The char-
acteristic sleep EEG changes (Figure 1) in depressed patients
consist of: 1) impaired sleep continuity (increase of sleep
latency, elevated number of intermittent awakenings, early
morning awakening); 2) disinhibited REM sleep: shortened
REM latency, or sleep onset REM period (SOREMP; REM
latency 0-20 minutes), prolonged first REM period, and
elevated REM density (a measure of the amount of REM),
particularly during the first REM period; and 3) changes
of non-REM sleep (decreases of SWS, SWA, and N2; in
younger patients, SWS and SWA shift from the first to the
second non-REM period).'*!

Sleep EEG is influenced by age and sex in normal subjects
and also in patients with depression. Already during the third
decade of life, a decrease in SWS and SWA can be noted in
both depressed and normal subjects. Menopause is a major
turning point in sleep quality of women. A continuous decline
in sleep quality during aging is found in male subjects.
Age and illness act synergistically on sleep in patients with
depression. Studies on age-related sleep EEG changes in
depressed patients and in healthy subjects showed that REM
latency is affected by age, and that no group differences
occur until the middle of the third decade of life.!*!” REM
density, however, does not vary with age and is elevated in all
investigated age groups in patients. SWS decreases without
differences between depressed patients and healthy subjects
at any particular age.'®!’

A bimodal distribution in REM latency was found in
patients with depression.!® In this study, REM latencies
between 20—40 minutes were rare, and most patients showed
either very short SOREMPs 0—10 minutes after sleep onset,
or latencies in the range between 40—60 minutes. SOREMPs
were frequently found in older patients and in patients
with psychotic depression.'®? In depressed patients with
either insomnia or hypersomnia, REM sleep disinhibition
occurred.?!

When drug-free depressed patients were studied during
several consecutive days, the sleep EEG changes varied
between days.?> During a period of 3 weeks, the sleep EEG
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of drug-free patients with depression showed continuous
changes in REM latency, sleep continuity, and non-REM
sleep as characteristic for depression, whereas the psycho-
pathology improved.” Between acute depression and a state
of remission, no improvement in sleep EEG variables was
found in patients with depression.?*? In one of these studies,
N4 decreased after remission in comparison to baseline.?
Similar results were reported in depressed adolescents.?
They showed reduced sleep efficiency, shorter REM latency,
and elevated REM density in comparison to healthy subjects.
After remission, no changes in sleep variables were found.?
These findings support the hypothesis that persisting sleep
EEG changes in remitted patients may represent a biologi-
cal scar.

Some studies reported an inverse correlation between
severity of depression according to the Hamilton Depression
Score and REM latency.!?’?® In contrast, Feinberg et al
found no relationship between sleep EEG and the severity
of depression.” In depressed children and adolescents, no
sleep EEG changes were found in comparison to age-matched
healthy controls in most studies.?*32 In contrast, other studies
reported similar changes in depressed adults, children, and
adolescents.?6:3334

Kupfer and Foster submitted the hypothesis that a short-
ened REM latency is a specific marker of depression.' This
view was challenged by observations that in other psychiat-
ric disorders, similar changes occur, in particular in mania,
schizophrenia, schizoaffective disorder, panic disorder,
eating disorders, obsessive compulsive disorder, and in the
case of sexual impotence.**! The reports of persisting sleep
EEG changes in remitted patients point to a comorbidity
of depression or anamnesis of depression as an explana-
tion for shortened REM latency in these disorders.?*?* The
latter view is supported by two studies.*** These authors
compared healthy volunteers with three groups of patients
with depression, anorexia nervosa, or bulimia. The latter two
groups were never depressed. REM density was elevated in
the patients with depression.*> The comparison of patients
with depression, patients with panic disorder who were
never depressed, and healthy subjects showed differences
restricted to the first sleep cycle. SWS was reduced and
REM time and REM density were increased in the patients
with depression during this interval, whereas this sleep cycle
was shortened in panic disorder. REM latency was short-
ened in comparison to healthy volunteers in both groups of
patients.** Increasing abnormality of REM sleep variables
during subsequent episodes of depression was found in
a long-term study.** REM latency and decreased SWS
appear not to differ between first and recurrent episodes of

depression.* However, increased phasic REM sleep and
reduced sleep efficiency were reported in patients with
recurrent unipolar depression.*® Further studies suggest a
relationship between sleep EEG changes before treatment
and outcome of treatment. These studies reported an asso-
ciation between shortened REM latency before treatment
and response to antidepressant treatment.*’*’ The predictive
value for response to psychotherapy was reported for a set
of disturbed sleep EEG variables (sleep efficiency, REM
latency, and REM density).’*' In patients who did not
respond to psychotherapy, REM density before treatment
was elevated, and an increased REM density after psycho-
therapy was a robust correlate of remission.’>

Risk genes for depression
and sleep EEG

The P2RX7 gene was identified as a susceptibility locus
for affective disorders. A non-synonymous coding single
nucleotide polymorphism in this gene (rs2230912), the
GIn460Arg variant, is associated with major depression.>* To
investigate whether carriers of the risk variant of the P2RX7
gene show sleep EEG changes, young healthy volunteers
with low risk of depression underwent polysomnography.
Homozygous (A/A) subjects were compared with heterozy-
gous (A/G) carriers of the risk variant. Sleep EEG differed
significantly between groups. In the A/G genotype, sleep
latency was prolonged; sleep period time was shortened; the
number of entries from N2 into shallow N1 and wakeful-
ness were elevated during the first sleep cycle; frequencies
in the lower spindle range were elevated, particularly in
parietal regions; during non-REM sleep, peak frequencies
of all sleep spindles were lower; and particularly in parietal
derivations, beta frequencies during N2 were enhanced.
Obviously, healthy volunteers with a potential risk for
depression related to their P2RX7 genotype differ in the
sleep EEG from the non-carriers. In the P2RX7 genotype,
instability of N2 and changes in sleep spindles and in beta
frequencies were observed.™

Sleep EEG in high-risk probands

for affective disorders

The Munich Vulnerability Study On Affective Disorders
applied a prospective high-risk design in order to identify
premorbid vulnerability factors for affective disorders.* In
this study, high-risk probands were included. They had a high
genetic load for affective disorders because of their posi-
tive family history. The comparison group was composed
of healthy probands with a negative family history for
affective disorders. At the index investigation, REM density
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was enhanced, and the time spent in SWS during the first
non-REM period was reduced in high-risk probands.>® This
finding remained stable for about 4years, until a follow-up
examination.’” The cholinomimetic agent RS86 was used
to perform the cholinergic REM sleep induction test in a
subgroup of high-risk probands. After cholinergic stimula-
tion, REM latency was reduced in the high-risk probands,
whereas no difference was found at baseline between these
probands and the normal controls.>® This observation points
to a threshold cholinergic dysfunction in the high-risk
probands. Their response pattern in the REM sleep induction
test predicted the onset of the first episode of depression.”
Twenty subjects of the sample of 82 high-risk probands
enrolled in the study developed an affective disorder during
the follow-up period. REM density was increased during
the total night’s sleep, and during the first REM period,
in comparison to normal controls as measured by the pre-
morbid sleep EEG in these affected high-risk probands.®
These findings show that enhanced REM density meets
the requirements for biological vulnerability markers for
affective disorders.

Sleep EEG changes after
antidepressants in patients

and healthy volunteers

Most antidepressants suppress REM sleep. In humans,
REM suppression was observed after tricyclics (except for
trimipramine) (Figure 2), iprindole, reversible and short-
acting reversible monoaminooxidase inhibitors, tetracyclics,
selective serotonin-reuptake inhibitors (SSRIs), selective
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noradrenaline-reuptake inhibitors and selective serotonin
and noradrenaline-reuptake inhibitors.>¢""7* REM sleep
is not affected by only a few antidepressants, specifically
trimipramine, bupropion, the noradrenergic and specific
serotoninergic antidepressant mirtazapine, and the sero-
tonin-reuptake enhancer tianeptine.®*’># REM suppression
includes elevated REM latency, reduced REM time, and
decreased REM density. Withdrawal of REM-suppressing
antidepressants is followed by REM rebound. During REM
rebound, REM latency is shortened, and REM time and REM
density are elevated. All these variables exceed baseline
values. In healthy volunteers who were treated with antide-
pressants for 2 weeks, the REM rebound persisted 1 week
after cessation.®!

The ability to suppress REM sleep differs between various
antidepressants. Total abolishment of REM sleep is found
after clomipramine and the irreversible monoaminooxidase
inhibitors phenelzine and tranylcypromine.®®%2 A nearly total
REM suppression was found after a single dose of the com-
bined SSRI and serotonin 5-HT , receptor agonist vilazodone
in healthy volunteers.® In addition to these substances, the
dosage and the plasma concentrations of antidepressants
influence the extent of changes in REM sleep.®?

The REM-suppressing effect of antidepressants is shared
by other substances, especially barbiturates, amphetamines,
and alcohol. However, subchronic administration of these
substances is followed by relatively fast adaptation. In con-
trast, REM suppression after antidepressants persists for
longer periods.®* A weak adaptation was found, however, after
administration of tricyclic antidepressants.®>#¢ The reversible
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Figure 2 Changes in hypnograms during treatment of depression with trimipramine or imipramine. Imipramine, but not trimipramine, suppresses REM sleep.
Note: Reprinted from Trimipramine and imipramine exert different effects on the sleep EEG and on nocturnal hormone secretion during treatment of major depression.
Sonntag A, Rothe B, Guldner ], Yassouridis A, Holsboer F, Steiger A. Depression. 1996;4:1—-13. Copyright © 1996 Wiley-Liss, Inc.**

Abbreviation: REM, rapid eye movement; |1V, stages of REM sleep; h, hours.
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monoaminooxidase inhibitors prompt a REM suppression
for several months.®¢” Small amounts of REM sleep reoc-
curred after 3 to 6 months’ treatment with phenelzine in three
depressed patients.’” Vogel et al submitted the hypothesis that
REM suppression is a mode of action characteristic of antide-
pressants.’ This view is supported by the observation of these
authors that selective REM sleep deprivation by awakenings
for 3 weeks has antidepressant effects, whereas selective non-
REM sleep deprivation had no effect.? In another study, no
effect of selective REM sleep suppression after testing for 11
days was found.®® The hypothesis submitted by Vogel et al®
is also challenged by the antidepressive effect of substances
that do not suppress REM sleep, such as trimipramine, mir-
tazapine, and bupropion. REM sleep even increased during
treatment of depression with these drugs.®*”>7% REM sup-
pression appears to indicate the antidepressive action of the
substance, but it is not an absolute determinant. The impor-
tance of REM suppression as prerequisite for antidepressive
effect of a substance is supported by a study comparing the
effects of the stereoisomers of oxaprotiline, R(—)oxaproti-
line, and S(+)oxaprotiline. S(+)oxaprotiline, but not R(-)
oxaprotiline, suppresses REM sleep in depressed patients.
The antidepressive effects of S(+)oxaprotiline were superior
to R(—)oxaprotiline.”

Although most antidepressants exert similar effects on
REM sleep, differences exist in their influence on non-REM
sleep and on sleep continuity. SWS increases after most
tricyclics.? In contrast, SWS decreases after clomipramine
and imipramine.®** No change in SWS was observed after
desipramine, nortriptyline, and amitriptyline in patients with
depression.?38°1 SSRIs increase intermittent wakefulness
and impair sleep continuity, but do not exert major effects on
SWS.?2% Also, the noradrenaline-reuptake inhibitor rebox-
etine decreases sleep efficiency and increases intermittent
wakefulness andN2.7* After administration of vilazodone,
in addition to nearly total REM suppression, SWS and
SWA increased in the first and the last third of the night in
healthy volunteers.®® During treatment of depression with
the selective serotonin and noradrenaline-reuptake inhibitor
duloxetine, N3 increased.” By the second day of treatment
of patients with depression with mirtazapine, total sleep
time and sleep efficiency increased, and the time spent
awake decreased. These changes persisted after 4 weeks.
At this time, SWS, low delta, theta, and alpha activity were
elevated.” A correlation was found between the increase in
REM latency after 2 days of treatment with amitriptyline, and
the clinical outcome after 4 weeks.”* Similar findings were
reported for imipramine, but not for clomipramine.**%3

Biomarkers as predictors of therapy

response and relapse
The effects of the SSRI paroxetine and the serotonin-reuptake
enhancer tianeptine on sleep EEG were investigated in a
trial®® with a focus on a treatment response. Sleep EEG was
recorded at days 7 and 42 of active treatment. Independently
of medication in male responders to treatment a decline in the
higher sigma frequency range (14—16 Hz) during non-REM
sleep was observed. In contrast, in both male and female
non-responders, no marked changes in this frequency range
were found. A decrease in the time spent in REM sleep and
an increase in intermittent wakefulness occurred after parox-
etine, but not after tianeptine. REM density after 1 week of
treatment was a predictor of treatment response in the total
sample of patients. An inverse correlation of the changes in
REM density and the changes in the Hamilton Depression
Score was found in the paroxetine group (Figure 3), but not
in the tianeptine group. These findings underline that it is
important to take sex differences into account in studies of
neurobiological drug effects.®

Regarding quantitative electroencephalographic measures,
there are three methods for measuring resting state EEG,
which have repeatedly been shown to predict antidepressant
treatment outcome in the course of early treatment: 1) cor-

dance,”

2) the Antidepressant Treatment Response Index, and
3) low-resolution brain electromagnetic tomography.’” Until
now, only cordance has been applied within sleep EEG for

the purpose of treatment prediction. Cordance is calculated

Paroxetine

0.2

0.0

-0.24

-0.44

-0.6+

-0.8

Relative change in HAMD

Correlation

-1.0 T T & T T
0.5 1.0 1.5 2.0 2.5 3.0
Relative change in REM density

Figure 3 Correlation between the relative change in HAMD (difference HAMD at
D7 — HAMD at D42) in the course of treatment with paroxetine, in relation to the
relative change in REM density. REM density increases with the decline in HAMD.
Note: Reproduced from Murck H, Nickel T, Kiinzel H, et al. State markers of
depression in sleep EEG: dependency on drug and gender in patients treated with
tianeptine or paroxetine. Neuropsychopharmacology. 2003;28:348-358. Copyright ©
2003, Rights Managed by Nature Publishing Group.®

Abbreviations: REM, rapid eye movement; HAMD, Hamilton Depression Rating
Scale; D, day.
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from a full scalp electrode array and integrates information
from absolute and relative power measures of EEG spectra
in a single measurement. Cordance has been proven to show
moderate associations with underlying cerebral perfusion.®®*
A considerable body of research during resting state EEG
supports the assertion that an early reduction in prefrontal
EEG cordance can serve as a predictor of the response to
antidepressant medication and that this is particularly the
case for theta frequency ranges.!®'% Cordance derived
from sleep EEG was examined after 1 week of treatment
with antidepressants.!”” An association of first week theta
cordance with the HAM-D score at the last treatment of 4
weeks was found. This sleep EEG related approach differs
from the resting state EEG measurements. The latter method
requires examinations at two time points (baseline and first
week) in order to calculate the changes of cordance. In the
sleep EEG-derived approach, one time point is sufficient to
determine correlations between prefrontal theta cordance at
the first week and the HAM-D after 4 weeks of treatment.
This method allows researchers to separate responders and
non-responders to antidepressant treatment with a positive
predictive value of 83%, which is higher than in the resting
state (72%).1!

In an exploratory follow-up study,'* sleep EEG of patients
with depression who had participated in an earlier trial with
trimipramine over 6 weeks was investigated. Their sleep EEG
was examined in order to determine whether 1) the previous
number of depressive episodes, and 2) the prospective long-
term outcome as reflected by further episodes, were associated
with sleep EEG variables. The previous long-term course of
depression was related with sleep EEG variables during the
acute episode. The lower the sleep continuity (eg, total sleep
time, sleep efficiency index, time spent awake, and the number
of awakenings), the higher the number of previous episodes.
This association disappeared at the end of drug treatment.
Furthermore, an association between a lower amount of
SWS, particularly during the first third of the sleep period,
enhanced REM density, and the number of previous episodes
was found. In addition, an association between the prospective
long-term course and sleep EEG was demonstrated. Reduced
time spent time in SWS and elevated REM density at the end
of treatment were related to an increased recurrence rate of
depressive episodes during the follow-up period. These sleep
EEG variables were related to changes in the hypothalamic—
pituitary—adrenal (HPA) system, as reflected by abnormal
dexamethasone/ corticotropin-releasing hormone (CRH)
test results. Obviously, patients with an unfavorable long-
term course of depression show increasingly disturbed sleep

regulation; these changes appear to predict the treatment
response during the acute episode of illness, and also predict
relapses during the follow-up. These predictive sleep EEG
biomarkers of the long-term course of depression seem to be
related to HPA activity. The more sleep EEG markers were
aberrant, the more the HPA system was disturbed.! The view
that HPA overactivity contributes to sleep EEG aberrances in
depressed patients is supported by these findings.!"

The role of the HPA system in sleep

EEG changes in depression

Elevated nocturnal cortisol and adrenocorticotropic hor-
mone concentrations are state markers of acute depressive
episodes.>!1° Administration of the key hormone of the HPA
system, CRH, induced more shallow sleep in rats, rabbits,
and mice.>!"""!"* Similarly, after pulsatile injection of CRH
to healthy volunteers, sleep—endocrine changes similar to
those in depressed patients were induced. In particular, in
young male healthy subjects, decreases in SWS and growth
hormone occurred, and in young healthy women, decrease
inN3, increased wakefulness, and more REM sleep during
the first third of the night were found.''*!''S Subchronic
treatment with the synthetic glucocorticoid receptor agonist
methylprednisolone in female patients with multiple sclerosis
prompted sleep EEG changes resembling those in patients
with depression (shortened REM latency, enhanced REM
density, shift of SWS, and SWA from the first to the second
non-REM period).''® Already in kindergarten-aged children,
an association between unfavorable sleep EEG pattern,
elevated HPA activity, and more difficult behavior in the
psychosocial dimension was reported.'” In this study, sleep
EEG was recorded, and saliva samples were collected after
awakening. Furthermore, saliva was sampled before, during,
and after psychological challenge in order to examine HPA
activity after stress. Poor sleepers among the children showed
higher cortisol morning levels than good sleepers. After stress,
elevated cortisol was associated with an increased number
of intermittent awakenings and increases in N1 and N2 of
non-REM sleep. Furthermore, psychological difficulties such
as over-anxiousness, impulsivity, and social inhibition were
found to be associated with reduced sleep efficiency.'"”

Two different dose ranges of the CRH-1 receptor antago-
nist R121919 were given to depressed patients.? In a subgroup
of these patients, sleep EEG was recorded before treatment,
at the end of the first week, and at the end of the fourth week
of active medication.

One week and after 4 weeks of active treatment, the time
spent in SWS increased when compared to baseline. During
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the same time period, the number of awakenings and REM
density decreased. In a separate evaluation of these findings
that was performed for both dose ranges, significant effects in
the lower dose range were found, whereas in the higher dosage
group, REM density decreased and SWS increased signifi-
cantly between baseline and week 4. This observation supports
the hypothesis that CRH is involved in the pathophysiology of
sleep EEG changes during depression. In addition, the finding
suggests that CRH-1 receptor antagonism helps to normalize
sleep of patients with depression.'®

Sleep phenotypes in animal models
of depression: from the perspective

of altered stress-response systems
Earlier studies on animal models of depressive disorders
have already demonstrated significant changes in animal
sleep patterns. Most of these study models were generated
from rats or mice, which were genetically stress-vulnerable
strains or selectively bred depending on their negative stress-
coping behavior in response to aversive environments, !0
Validated not only by behavioral phenotypes, the models
often have a disposition to alternations in HPA-axis activity.
Learned helplessness is an example that accompanies elevated
plasma levels of corticosterone, REM sleep enhancement,
and also resembles the findings in patients with depression,
as mentioned in the section on Sleep EEG in patients with
depression.'?'22 Enhanced REM sleep has been acknowl-
edged to predict a model for depression. Indeed, increased
REM sleep is a prominent sleep phenotype in two different
types of depression models: prenatally stressed rats and
Wister-Kyoto rats.!?>!?* Such REM sleep changes displayed
by the animal models can correspond to REM sleep disinhibi-
tion observed in depressed human patients, while insomniac
phenomena such as prolonged wakefulness or reduced SWS
are not very visible in the animal models.!?*!?>126 Similarly,
the distinct stress reactivity mouse model in reference to
the HPA axis that shows high stress reactivity, spends time
in more REM sleep than the other lines with intermediate
or low stress reactivity.'””'*® The amount of non-REM sleep
is indistinguishable between these three separate breeding
lines selected for high (HR), intermediate (IR), or low (LR)
corticosterone increases in response to stressors. However,
the high stress reactivity line shows lower SWA during non-
REM sleep, whereas the theta power in the LR line is lower
than the others across all vigilance states.

Considering the key role of HPA overactivity in depres-
sion, the effects of central CRH on sleep—wake behavior were

investigated using brain-site specific CRH-overexpressing
mice.'”” The conditional CRH-overexpressing (CRH-COE)
lines have normal HPA-axis activity; although the mice
have more CRH in a particular part of their brain, peripheral
levels of stress hormones are intact.'* Interestingly, central
nervous system-specific and forebrain-specific CRH-COE
mice exhibit enhanced REM sleep, whereas non-REM sleep
and SWA are not markedly affected.’ From this study, REM
sleep disinhibition could be suggested to occur depending on
alocal hypersecretion of CRH, independently from the whole
HPA overstimulation. Further, the CRH-COE mice seemed
to be more sensitive than control littermates to a muscarinic
agent in relation to the appearance of REM sleep.'* Since the
Flinders Sensitive rat line also show increased responses to
an anti-cholinergic agent, some animal models of depression
with elevated REM sleep may resemble depressed human
patients in terms of hypercholinergic reactivity, 22133135
Again, these observations emphasize that elevated REM sleep
is a credible marker for the animal models of depression.

In addition, chronic stress is often used to establish models
accounting for stress vulnerability/resilience and mechanisms
of depression."**"37 With exposure to inescapable chronic
mild stress, a mouse model that has received early life stress
(long maternal separation, otherwise known as LMS) shows
different sleep responses.'*® Compared to its control group
(brief maternal separation), the power of EEG spectra during
both non-REM and REM sleep was significantly lower in the
LMS group during recovery after chronic stress. Although the
amount of sleep, especially REM sleep, does not differ under
baseline condition between these two groups, LMS, which is
a sort of chronic stress, leads to increased vulnerability and is
detected in sleep EEG. Taken together, spectrum changes in
EEG activity during sleep are useful parameters to validate
models for mood disturbances.

Conclusion

Sleep EEG variables appear to provide biomarkers for the
diagnosis, drug treatment, and prognosis of depression. Sleep
EEG variables are among the biomarkers that should be
included in the classification of mood disorders. Even healthy
volunteers with a risk gene of depression show subtle sleep
EEG changes. In healthy subjects at high risk for affective
disorders, elevated REM density was found. In patients with
depression disturbed sleep continuity, REM sleep disinhibi-
tion and impaired non-REM sleep are characteristic findings.
Sleep-EEG variables like REM latency, certain clusters
of sleep variables, and variables derived from cordance
during sleep were shown to predict responses to treatments
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with certain antidepressants, or the course of the illness, for
several years. Until today, sleep EEG variables have not been
applied for general use in clinical practice in order to select
the most effective drug for individual patients. More efforts
are necessary in this area of research. Nowadays, the applied
methods in sleep EEG recording are often complicated and
too difficult for practical use. Therefore, more simple meth-
ods should be developed to allow wide-spread use. Most, but
not all antidepressants suppress REM sleep in humans and in
animal models, whereas REM suppression is not mandatory
for a substance to act as an antidepressant. Therefore, another
important research task is the identification of sleep EEG
variables that are indicative of antidepressive effects.
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