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Study Objectives: Frequently disrupted and restricted sleep is a com-
mon problem for many people in our Western society. In the long run,
insufficient sleep may have repercussions for health and may sensitize
individuals to psychiatric diseases. In this context, we applied an ani-
mal model of chronic sleep restriction to study effects of sleep loss on
neurobiological and neuroendocrine systems that have been implied in
the pathophysiology of depression, particularly the serotonergic system
and the hypothalamic-pituitary-adrenal (HPA) axis.

Design: Adult rats were exposed to a schedule of chronic partial sleep
deprivation allowing them only 4 h of sleep per day. Sleep restriction
was achieved by placing the animals in slowly rotating drums. To exam-
ine the regulation and reactivity of the HPA axis, blood samples were
collected to measure adrenocorticotropin (ACTH) and corticosterone
(CORT) responses.

Measurements and Results: While one day of restricted sleep had
no significant effect on HPA axis stress reactivity, sleep restriction for a
week caused a blunted pituitary ACTH response in a conditioned fear

paradigm. Despite this lower ACTH response, adrenal CORT release
was normal. The blunted pituitary response may be related to reduced
sensitivity of serotonin-1A receptors and/or receptors for corticotropin-
releasing hormone (CRH), since sleep restricted rats showed similar
reductions in ACTH release to direct pharmacological stimulation with
a serotonin-1A agonist or CRH.

Conclusions: Chronic sleep restriction may lead to changes in neu-
rotransmitter receptor systems and neuroendocrine reactivity in a man-
ner similar to that seen in depression. This experimental study thus
supports the hypothesis that disrupted and restricted sleep may con-
tribute to the symptomatology of psychiatric disorders.
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RESTRICTED OR DISRUPTED SLEEP IS A WIDESPREAD
AND SERIOUS PROBLEM IN OUR WESTERN SOCIETY.'?
MANY PEOPLE EXPERIENCE REGULAR SLEEP LOSS
due to our modern around-the-clock lifestyle, increased work
pressure, and psychosocial stress. In the long run, insufficient
sleep may have many yet unknown repercussions for health and
well being. Controlled studies have shown that acute sleep de-
privation affects cognitive performance and emotionality.’ Re-
cent experimental studies in healthy subjects show that succes-
sive nights of restricted sleep result in a gradually accumulating
decline in cognitive function.*® Whereas subjects may initially
recover from these effects after subsequent sleep, frequent or
chronic sleep loss may induce neurobiological changes that are
not immediately evident but accumulate over time, ultimately
with serious health consequences. Indeed, sleep complaints and
restricted sleep have been identified as risk factors for various
diseases including psychiatric disorders.*"

Although sleep disturbances associated with psychiatric disor-
ders are traditionally considered as a symptom of the disease, sev-
eral studies suggest that the relationship between sleep changes
and mood disorders is more complex and may work in the other
direction as well. Instead of being a symptom, disrupted and re-
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stricted sleep may also be a causal factor that sensitizes individu-
als and contributes to the development of mood disorders.'>!
Consistent with this, primary insomnia often precedes and pre-
dicts the onset of a new depressive episode.*®!*!" However, in
a clinical setting, cause and consequence are often difficult to
separate, and the mechanisms by which disrupted sleep might
contribute to the development of mood disorders are unknown.

In this context, we applied an animal model to establish the
consequences of chronically disrupted and restricted sleep. We
focused our attention on neurobiological and neuroendocrine
systems that have been implicated in the pathophysiology of
depression, particularly the serotonergic system and the hypo-
thalamic-pituitary-adrenal (HPA) axis.'*!¢

The HPA axis is an important neuroendocrine stress system,
and depression is often described as a condition with HPA axis
overactivity on the basis of elevated CRH and cortisol levels.'”!®
On the other hand, depressed patients often display a blunted
pituitary ACTH response.'*?° Perhaps the chronically elevated
CRH levels gradually desensitize the CRH receptors, which in
turn may be responsible for the attenuated pituitary responsive-
ness. Alternatively, the attenuated pituitary ACTH response
may also be a result of reduced sensitivity of serotonin receptors
and reduced serotonergic neurotransmission. The serotonin-1A
receptors in particular are involved in regulating ACTH release,
not only directly at the level of the pituitary, but also at the level
of the paraventricular nucleus of the hypothalamus.?'*? Several
lines of evidence indicate that serotonergic neurotransmission
is impaired in depression.” A decrease in serotonin-1A recep-
tor-mediated signalling in depressed patients has been shown
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by pharmacological challenges®**® and positron emission to-

mography (PET) studies.”?? Although postmortem studies
have yielded various results, some of them are consistent with a
decrease in serotonin-1A receptor function in depression.?

The altered HPA axis regulation in depressed patients is of-
ten taken as an indication that depression is a disorder of stress.
However, the question of whether changes in regulation and
responsivity of the HPA axis are related to disrupted sleep has
received little attention.*

The first aim of this study was to establish the effects of re-
stricted sleep on neuroendocrine stress reactivity, particularly
the reactivity of the HPA axis. Rats were subjected to chronic
partial sleep deprivation for 7 d, after which they were exposed
to a stressor to measure pituitary ACTH and adrenal CORT
responses. To examine effects of sleep restriction on the HPA
axis response to different kinds of stressors, the animals were
subjected to a fear conditioning protocol, which consists of a
stressor with a clear physical component (footshocks) and a
more emotional stressor (reexposure to the shock box, which is
associated with a conditioned fear response).

The second aim was to establish potential neurobiological
mechanisms underlying sleep restriction-induced changes in
HPA axis stress reactivity. In a previous study we showed that
restricted sleep causes a gradual desensitization of the serotonin-
1 A receptor system.'® Similar to depressed patients, chronically
sleep restricted rats had a blunted temperature response to di-
rect stimulation of serotonin-1A receptors with a 1 A agonist.'>!¢
In the present experiment we studied whether changes in HPA
axis reactivity might be related to this serotonin-1A receptor
desensitization. In addition, we examined whether changes in
HPA axis reactivity might be directly related to altered CRH
sensitivity. We therefore injected sleep restricted and control
rats with a serotonin-1A agonist or CRH and measured their
ACTH and CORT responses.

METHODS
Animals and Housing

We used adult male Wistar rats (Harlan, Horst, The Neth-
erlands) weighing approximately 350 g at the start of the ex-
periments. Animals were housed under a 12 h light/12 h dark
cycle, with lights on from 09:00 h to 21:00 h. Temperature in
the room was maintained at 21+1°C. Rats were provided with
food and water ad libitum in all experiments. Experiments were
approved by the Ethical Committee of Animal Experiments of
the University of Groningen.

Experimental Design

Two experiments were performed with different groups of
animals. In both experiments, animals were subjected to a pro-
tocol of sleep restriction, allowing them 4 h of sleep each day.
Since rats normally sleep about 10 to 12 h each day, 4 h of sleep
may not be sufficient to fully recover from 20 h of wakefulness.
In previous studies we have shown that rats survive well on this
protocol but it does result in gradual neuroendocrine and neuro-
biological changes.'*!> For example, although one day of sleep
restriction had no significant effects on the systems that were
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Figure 1—Experimental set-up of sleep restriction protocol and
forced activity control. Top bar: rats were sleep restricted by
forced locomotion (FA) for 20 h each day (grey section of the bar)
and were allowed 4 h of rest (R) in their home cage (first 4 h of
the light phase). Middle bar: rats were subjected to a protocol of
forced activity at double speed (FA2) for half the time. Animals
were subjected to the 10 h of forced activity in one block (dark
grey section of the bar) which coincided with the last 10 h of the
dark phase of the light-dark cycle. Lower bar depicts the 24-h
light-dark cycle. As indicated by (*), the stress exposure in the
first experiment (fear conditioning on day 1 /2 or day 7 / 8) and
the pharmacological challenges in the second experiment (8-OH-
DPAT and CRH on day 7 and 8, respectively) took place between
the third and fourth hour of the light phase.

studied, 8 d of restricted sleep caused a significant reduction
in serotonin-1A receptor sensitivity. In the first experiment of
the present study, we examined the effect of sleep restriction on
HPA axis stress responsivity. Rats were subjected to a fear con-
ditioning protocol after 1 or after 7 days of sleep restriction. In
the second experiment, we examined the effects of sleep restric-
tion on serotonin-1A and CRH receptor sensitivity, particularly
in relation to HPA axis responsivity. The HPA axis response to
direct stimulation of serotonin-1A receptors and CRH receptors
was measured after 7 and 8 d of restricted sleep, respectively.

Sleep Restriction and Forced Activity

Rats were subjected to a protocol of repeated partial sleep
deprivation for 8 d, allowing them to sleep 4 h per day at the be-
ginning of the light phase (09:00-13:00) in their home cage.'*'¢
The remainder of the time, animals were kept awake by placing
them in slowly rotating wheels (40 cm in diameter) driven by
an engine at constant speed (0.4 m/min). Since the sleep de-
privation procedure includes mild forced locomotion, we used
forced activity control rats to test whether effects of sleep re-
striction might be caused by forced activity rather then sleep
loss per se. Animals of the forced activity group were placed
in the same plastic drums as the ones that were used for sleep
restriction. However, these wheels rotated at double speed (0.8
m/min) for half the time (10 h). Therefore, the rats of the forced
activity control group walked the same distance as sleep re-
stricted ones, but had sufficient time for sleep (14 h). Animals
were subjected to forced activity during the last 10 h of the
dark phase, i.e., their circadian activity phase (Figure 1). Before
starting the experiments, all rats were habituated to the experi-
mental apparatus by placing them in the wheels for 1-2 h on 3
successive days.



Blood Sampling and Hormone Assays

In the first experiment on HPA axis reactivity in a fear con-
ditioning paradigm, blood samples were collected by making a
small incision at the end of the tail.'"* Although brief handling was
required for this blood sampling procedure, it likely did not inter-
fere with neuroendocrine responses, since it coincided with the
beginning and end of the stress sessions. Any effect of the mild
handling stress would be obscured by the more severe stress of
the footshock conditioning protocol. In the second experiment,
we aimed to measure the HPA axis response after direct stimula-
tion of CRH and serotonin-1A receptors without stress exposure.
In this case, we made use of permanent heart catheters that al-
lowed stress-free and frequent blood sampling in unrestrained and
freely moving animals.** Rats were provided with a polyethylene
catheter in the right atrium of the heart under isoflurane/N,0/O,
inhalation anaesthesia. The catheter was inserted through the right
jugular vein and externalized on top of the head according to tech-
niques described earlier.** After surgery, rats were allowed >10 d
of recovery before the start of experiments. During this period, an-
imals were habituated to handling and blood sampling procedures.
In all experiments, blood was collected in chilled centrifuge tubes
(0°C) containing EDTA. Blood samples were centrifuged at 4°C
for 15 min at 2600 g, and the supernatant was stored at —80°C for
later analysis. ACTH and CORT concentrations were determined
by radioimmunoassay (ICN Biomedicals, Costa Mesa, CA).

Conditioned Fear Challenge

To establish the effect of restricted sleep on HPA axis stress
reactivity, rats were subjected to a fear conditioning paradigm
after 1 or after 7 d of sleep restriction. The experiments after 1
and 7 days were done in separate groups of rats (in each experi-
ment: 8 sleep restriction, 8 forced activity control, 8 home cage
control). On these days, rats returned to their home cage after
the daily sleep deprivation session and were exposed to a fearful
environment approximately 3 h later. Rats were placed in a shock
box (25 x 25 x 15 cm) for a half-hour, during which they re-
ceived 3 shocks att =15, 15, and 25 min (2 sec, 0.8 mA each). Af-
ter the shock session, rats were returned to their home cage. The
next day, approximately 24 h later, the rats were reexposed to the
shock box for another 30-min period, this time without shocks,
to establish HPA axis response to an emotional stressor. Sleep
deprivation was not continued between the initial shock session
and the shock box reexposure. Importantly, we have previously
shown that some effects of chronic sleep restriction persist for
many days, even with unrestricted recovery sleep.'® Therefore,
we anticipated that changes in HPA axis reactivity would persist
as well and not normalize with a single day of recovery sleep.
Blood samples were collected to measure plasma levels of ACTH
and CORT at the beginning of the stress session, the end of the
stress session, and after 45 min of recovery in the home cage (t =
0, 30, and 75 min). On both days, the shock box was thoroughly
cleaned and dried between the tests of successive animals.

Serotonergic Challenge

In order to examine the effect of sleep restriction on serotonin-
1 A receptor sensitivity and serotonergic modulation of HPA axis
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function, the rats were pharmacologically challenged with the
serotonergic 1A receptor agonist (£)-8-hydroxy-2-(di-n-propyl-
amino) tetralin hydrobromide (8-OH-DPAT; Sigma, St. Louis,
MO). The experiment was done with a total of 30 rats (10 sleep
restriction, 10 forced activity control, 10 home cage control).
The challenge test took place after 7 d of sleep restriction, dur-
ing the 4-h rest period in the home cage, between the third and
fourth hour of the light phase. Each rat received a tube for blood
sampling and infusion of the agonist, which was connected to
the permanent heart catheter that externalized on top of the head.
After >1.5 h, when any handling effect would have disappeared,
rats received an intravenous injection of 8-OH-DPAT through the
catheter (0.1 mg/kg body weight, dissolved in saline). The con-
centration of 8-OH-DPAT was based on earlier studies and was
chosen to cause intermediate hormone responses.®® To measure
plasma levels of ACTH and CORT in response to serotonin-1A
receptor activation, blood samples were taken shortly before as
well as 5, 15, and 60 min after the 8-OH-DPAT injection. After
the last blood sample, the rats were placed back in the rotating
wheels to continue the sleep restriction regime.

CRH Challenge

In order to investigate whether sleep restriction alters CRH
control of the HPA-axis, rats received an injection of ovine CRH
(oCRH; American Peptide Company, Sunnyvale, CA). After 8 d
of sleep restriction, i.e., one day after the 8-OH-DPAT challenge,
the same rats were again connected to the sampling tubes while
in their home cage during the daily 4-h resting phase. Between
the third and fourth hour of the light phase, the rats received an
intravenous injection of CRH through the jugular vein catheter
(0.5 pg/kg body weight, dissolved in saline). The concentration
of CRH was based on earlier studies and was known to induce
intermediate ACTH and CORT responses.*® Blood samples were
taken to assess the sensitivity of the pituitary gland to CRH. Blood
sampling and hormone measurements for ACTH and CORT were
carried out as described for the serotonin-1A challenge.

Data Analysis and Statistics

To test for effects of sleep restriction on the HPA axis responses
to fear conditioning and to injections of 8-OH-DPAT and CRH,
hormone data were subjected to analysis of variance (ANOVA)
with repeated measures. When appropriate, post hoc Tukey test
was applied to establish at which time points after stress exposure
or pharmacological challenge the ACTH or CORT levels differed
between experimental and control groups.

RESULTS
Stress and Conditioned Fear Response

Both the 30-min footshock session and the reexposure to the
shock box next day induced a pronounced HPA axis response.
This response was not significantly altered after one day of sleep
restriction (data not shown). However, 7 d of sleep restriction
caused significant alterations in the HPA axis response (Figure
2). For the ACTH response to footshock, ANOVA revealed a
significant treatment effect (,,, = 5.42, P = 0.013) and a sig-
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Figure 2—Effect of sleep restriction on the HPA axis response to
stress. Sleep restricted and control rats were exposed to a 30-min
session of footshocks after 7 d (left panels, A and B) and a 30-min
reexposure to the shock box on day 8 (right panels, C and D). Sig-
nificant differences in ACTH and CORT responses between sleep
restricted and control animals: a = P < 0.05 compared to home
cage control, b =P < 0.05 compared to forced activity control. All
data are expressed as averages = SEM.

nificant treatment x time interaction (£, ,, = 2.99, P = 0.029).
On average, the ACTH response was lower in sleep-restricted
animals than it was in forced activity controls and home cage
controls (Figure 2A). This difference only reached statistical
significance for the comparison with home cage controls (post
hoc Tukey test: P < 0.05 for t = 30 min and t = 75 min). The
plasma levels of CORT after the footshock session were not
different between the groups (Figure 2B).

Upon reexposure to the shock box next day, chronically
sleep restricted animals had a significantly blunted ACTH re-
sponse compared to both control groups (Figure 2C; ANOVA:
treatment effect F,, =10.73, P <0.001 and treatment X time
interaction 7, ,, =5.77, P <0.001; post hoc Tukey test: P <0.01
versus home cage controls at t = 30 min and t = 75 min, and
P < 0.05 versus forced activity controls at t = 30 min). Also the
CORT response upon reexposure to the shock box was slightly
but significantly lower in sleep restricted animals (Figure 2D;
ANOVA: treatment effect F,, =5.54,P=0012 and treatment
x time interaction F, , = 3.43, P=0.016; post hoc Tukey test: P
< 0.05 versus home cage controls at t = 30 min and t = 75 min,
and P < 0.05 versus forced activity controls at t = 30 min).
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Serotonergic Challenge

Due to partially blocked catheters, blood samples could not
be drawn from 2 of 30 animals (both were sleep restricted rats).
An 1V injection of the serotonin-1A agonist 8-OH-DPAT in-
duced a clear HPA axis response in all animals. On average, the
ACTH response of the sleep restricted rats was lower than that
of the home cage control animals, which in turn was lower than
that of the forced activity control rats (Figure 3A). Repeated
measures ANOVA revealed a significant treatment effect (£,
=6.16, P = 0.007) and a significant treatment x time interac-
tion (F . =4.32, P=0.001). Post hoc Tukey test indicated that
the response of sleep restricted animals was significantly lower
than that of forced activity control animals (P < 0.01 for t =
15 min and P < 0.05 for t = 60 min). In contrast, the CORT re-
sponse to 8-OH-DPAT was not significantly different between
sleep restricted and control rats (Figure 3B).

CRH Challenge

Because of blocked catheters, blood samples could not be
taken from 2 animals (1 home cage control and 1 sleep re-
stricted rat). The IV injection of CRH resulted in a clear ACTH
and CORT response. However, the magnitude of the ACTH
response differed between the groups (Figure 4A). Repeated
measures ANOVA indicated an overall treatment effect (£,
=3.54, P = 0.044) and a treatment x time interaction (F ,; =
4.03,P=0.001). Post hoc Tukey test showed that ACTH release
in sleep restricted animals was significantly lower than that in
forced activity controls (P < 0.05 for t = 5 min) and lower than
that in the home cage controls (P < 0.05 for t = 15 min). Yet,
despite a lower ACTH response, the adrenal CORT response
was not significantly different between the treatment groups
(Figure 4B).

DISCUSSION

This experimental study in rats shows that chronic sleep re-
striction may lead to alterations in neurotransmitter receptor
systems (the serotonin-1A receptor and CRH receptor system)
and neuroendocrine stress systems (the HPA axis), which are
quite similar to changes that have been reported for major de-
pression. While one day of restricted sleep had no significant
effect on the HPA axis response to stress, sleep restriction for
a week caused a blunted pituitary ACTH response in a condi-
tioned fear paradigm. This blunted pituitary response may, in
part, be related to a reduced sensitivity of the CRH and/or sero-
tonin-1A receptors since sleep restricted rats showed a similar
reduction in ACTH release to direct pharmacological stimula-
tion with CRH and the serotonin-1A agonist 8-OH-DPAT.

The finding of a blunted pituitary ACTH response in a fear
conditioning paradigm is consistent with an earlier study show-
ing a chronic sleep restriction-induced attenuation of the pitu-
itary response to restraint stress.'* In the present study, pituitary
ACTH release was significantly reduced upon reexposure to the
fearful environment in which the rats had previously received
a series of shocks. On average, the ACTH response of sleep
restricted rats to the initial footshock session itself was lower as
well, but this reduction was smaller and statistically significant
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Figure 3—Effect of sleep restriction on serotonin-1A mediated
HPA axis responsivity. After 7 d of sleep restriction, rats received
an IV injection of the serotonin-1A receptor agonist 8-OH-DPAT
and blood samples were taken to establish ACTH and CORT re-
sponses (A and B, respectively). Significant differences between
sleep restricted and control animals: b = P < 0.05 compared to
forced activity control. All data are expressed as averages = SEM.
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Figure 4—Effect of sleep restriction on CRH-induced HPA axis
responses. After 8 d of sleep restriction, rats received an IV injec-
tion of CRH, and blood samples were taken to establish ACTH
and CORT responses (A and B, respectively). Significant differ-
ences between sleep restricted and control animals: a =P < 0.05
compared to home cage control, b =P < 0.05 compared to forced
activity control. All data are expressed as averages + SEM.

only in comparison with the home cage controls (but not the
forced activity controls). It cannot be ruled out that the actual
footshocks represented a stronger stressor, whereby a ceiling
effect in the HPA axis response may have prevented larger dif-
ferences between sleep-restricted animals and control groups.
However, another explanation for the more pronounced effect
of sleep restriction on the response to shock box reexposure
versus the weaker effect on the response to the actual shock
session may lie in the nature of the stressor. The footshocks
are a direct and physical stimulus whereas reexposure to the
shock box constitutes a more psychological stress. Perhaps ef-
fects of sleep loss on stress reactivity are more pronounced in
case of psychological stressors.** Although most stressors, both
physical and emotional, are associated with the acute and typi-
cal increase in HPA axis activity, the magnitude of this response
is regulated and modified by different brain circuits.”’** Many
brain regions are activated regardless of the nature of the stres-
sor; for other regions there is some specificity in the activation
depending on the stimulus. It may be that some of the brain re-
gions and circuits that are specifically involved in the regulation
and modulation of emotional stress responses are more sensi-
tive to sleep loss than the circuits involved in physical stress.*

The second experiment of this study suggests that the blunt-
ed pituitary ACTH stress response of sleep restricted rats may
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at least partly be the result of a reduced sensitivity to seroton-
ergic and CRH input. When serotonin-1A receptors or CRH
receptors were stimulated directly, via an intravenous injec-
tion of an agonist, a similar attenuation of the ACTH response
was found. However, for the serotonin-1A mediated ACTH re-
sponse, this attenuation in sleep-restricted rats was statistically
significant relative only to the forced activity controls but not
the home cage controls. Interestingly, the ACTH response in
sleep-restricted animals to both CRH and the serotonin-1A ago-
nist 8-OH-DPAT was lower than that of the home cage control
animals; whereas the response in the forced activity controls, if
anything, was higher than that of home cage animals. In other
words, restricted sleep and forced activity appeared to have op-
posite effects. The increase in ACTH responsivity in the forced
activity control group may have been the result of mild stress
experienced by these animals.” Indeed, a similar increase in
ACTH response to CRH was found in a model of social stress.*
Thus, mild forced activity involved in our sleep restriction pro-
cedure may have partly counteracted the effects of sleep loss
per se. Sleep loss without forced activity might result in an even
stronger attenuation of the pituitary ACTH response.

The attenuated ACTH release upon injection of CRH in
sleep-restricted rats suggests a desensitization of CRH recep-
tors in the pituitary gland. Such desensitization might be the re-



sult of prolonged activation of the CRH system itself. Although
information is limited, a number of animal studies suggest that
sleep deprivation is indeed associated with elevated expression
and release of CRH.3*#! Especially in cases were disrupted and
restricted sleep are a chronic condition, the corresponding over-
stimulation of CRH receptors by their own ligand might result
in a downregulation of these receptors.

The attenuated ACTH response to serotonin-1A stimulation
in sleep-restricted animals may be the result of changes at the
level of pituitary or changes in other brain areas that provide in-
put to the pituitary. Part of the attenuated serotonin-1A response
may be an indirect effect related to the attenuated sensitivity
to CRH discussed above. As injection of 8-OH-DPAT stimu-
lates release of CRH from the paraventricular nucleus of the
hypothalamus,? the reduced ACTH response to 8-OH-DPAT
may in part be a result of reduced sensitivity to CRH. It is also
possible that the attenuated response to 8-OH-DPAT is a con-
sequence of reduced sensitivity of the serotonin-1A receptors
themselves at the level of the pituitary and the hypothalamus
or even in other brain areas that innervate the HPA axis, such
as the amygdala.”** In accordance with this, bilateral lesions
of the central amygdaloid nucleus lead to a marked decrease in
the ACTH release during stress.** A reduction in serotonin-
1A receptor sensitivity in sleep-restricted rats is supported by
our earlier studies, showing that not only 1A receptor-induced
ACTH release but also otherl A-receptor mediated responses
are decreased. In reaction to 8-OH-DPAT, chronically sleep-
restricted rats displayed a significantly attenuated hypothermic
response.'>'® The finding of a reduction in multiple physiologi-
cal responses makes it likely that this attenuation is, at least
partly, a consequence of a reduced sensitivity of the serotonin-
1A receptor system itself. The mechanism underlying such a
sleep-restriction induced serotonin-1A desensitization may be
similar to the one proposed for a desensitization of the CRH
receptors. Since the levels of serotonin are higher during wake-
fulness and sleep deprivation than they are during sleep,*
chronic sleep restriction and prolonged wakefulness may lead
to overstimulation and ultimately downregulation of the sero-
tonin receptors. '

In both experiments on HPA axis reactivity, despite reduced
pituitary ACTH release, the adrenal glucocorticoid response
was not affected or only mildly affected. Upon reexposure to
the shock box in the conditioned fear paradigm, the ACTH re-
sponse of sleep-restricted animals was reduced by more than
60%, whereas there was only a minor, albeit significant, re-
duction of the CORT response. In reaction to pharmacological
stimulation of the CRH or serotonin-1A receptors, the ACTH
response of sleep restricted animals was attenuated, whereas the
CORT response was not different from that of the control rats.
An unchanged CORT response in the face of blunted ACTH
levels can be explained by increased ACTH sensitivity in the
adrenal cortex. This would imply that sleep restriction alters
regulation of the HPA axis at multiple levels.'

It is noteworthy that the pharmacological CRH and sero-
tonin-1A challenge tests that we applied in the present study
have been used many times in clinical settings to investigate
alterations in receptor sensitivity in psychiatric disorders such
as depression. Very much like chronically sleep-restricted rats,
depressed patients show blunted ACTH but normal cortisol re-
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sponses to CRH injections.'®* Also in response to serotonin-
1A agonists, depressed subjects show blunted physiological
responses.”*?® A reduction in serotonin-1A receptor binding
capacity in depressed patients has been confirmed by several
PET studies.”** In one of these imaging studies, decreased 1A
receptor binding potential was associated with the occurrence
of insomnia, underscoring the complex relationship between
sleep disturbance, depression, and changes in serotonergic neu-
rotransmission.*

In summary, chronic experimental reduction of sleep in labo-
ratory rats causes gradual changes in neurotransmitter receptor
systems and HPA axis regulation—changes similar to those seen
in human depression. These data suggest that several important
symptoms of depression, i.e., disturbed sleep, altered seroton-
ergic neurotransmission, and changes in HPA axis regulation,
may be interrelated. In fact, whereas changes in serotonin-1A
receptor sensitivity may in part explain the alterations in HPA
axis responsivity, sleep disturbance may be causal to both the
neurobiological and neuroendocrine changes. On the basis of
changes in the regulation and activity of neuroendocrine stress
systems, depression is often considered a disorder of stress.
However, our study suggests that some of the symptoms tra-
ditionally ascribed to stress may also be a result of insufficient
sleep. This experimental study thus provides support for the hy-
pothesis that sleep disturbance and insomnia may contribute to
the symptomatology of psychiatric disorders. Chronically dis-
rupted and restricted sleep may lead to alterations in neurobio-
logical systems and altered regulation of stress systems, which
may eventually sensitize individuals to stress-related disorders
such as depression.
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