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cus coeruleus microinjections of somastatin antagonist decrease REM sleep in rats.
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(4) 721–727, 2000.—In order to study the role of endogenous somatostatin in the physiologic modulation of REM sleep
(REMS), we measured the effect of intracerebroventricular (ICV) injection of somatostatin antagonist (SA) cyclo-(7-amino-
heptanoyl-phe-d-trp-lys-thr(bzl)) on sleep in rats. The effect of ICV SA was also tested after 24-h REMS deprivation with the
platform method. To study the role of locus coeruleus (LC) as a site of the sleep inducing action for somatostatin and galanin
we microinjected SA, somatostatin, and galanin locally into LC. In all experiments, vigilance state was analyzed visually from
6 h post-injection EEG/EMG recording. Injection of 0.5 and 2 nmol of SA ICV reduced spontaneous REMS and 2 nmol dose
reduced also rebound REMS after REMS deprivation when compared with controls (artificial cerebrospinal fluid vehicle). Mi-
croinjection of 0.25 nmol of SA into LC reduced REMS, whereas microinjection of somatostatin, galanin, and a combined in-
jection of them were not effective to induce REMS. The results suggest that endogenous somatostatin may contribute to facili-
tation of REMS. Somatostatin receptors in the LC may be one possible mediator of this effect. © 2000 Elsevier Science Inc.
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PITUITARYgrowth hormone (GH) secretion is strongly as-
sociated with deep slow wave sleep (SWS) phases in several
mammalian species. This may indicate that GH controlling
hypothalamic neuropeptides growth hormone-releasing hor-
mone (GHRH) and somatostatin are connected to the sleep
regulatory system in the brain (45). The facilitatory effect of
GHRH on SWS is well documented in humans and labora-
tory animals (reviewed in 24,38), but the possible effect of so-
matostatin on sleep is less clear. More than a decade ago it
was found that long-term intracerebroventricular (ICV) infu-
sion of somatostatin increased and depletion of endogenous
somatostatin by cysteamine decreased rapid eye movement
sleep (REMS) in rats (4). Subsequent studies revealed that in-
traperitoneal (IP) or subcutaneous (SC) injection of the long-
acting somatostatin analog octreotide (SMS 201-995) caused
a delayed facilitation of REMS in rats (3,6). IP injection of oc-
treotide also counteracted the suppression of REMS caused
pharmacologically by scopolamine (6) or by desipramine (8).
Immunoneutralization of endogenous somatostatin by ICV

infusion of somatostatin antibody decreased REMS (5) and
microinjection of somatostatin antibody into the nucleus of
the solitary tract antagonized carbachol-induced REMS in
rats (7).

According to previous animal studies it is possible that so-
matostatin facilitates particularly REMS. Also in human stud-
ies, repeated IV somatostatin boluses had a tendency to in-
creased REM density in young subjects (37), whereas in
elderly subjects the same treatment decreased REMS and
fragmented sleep structure (9). The site of action of soma-
tostatin in the brain has not been identified. REMS is con-
trolled by reciprocal activity of monoaminergic (locus coer-
uleus and raphe nuclei) and cholinergic (laterodorsal and
pedunculopontine tegmental) nuclei located in the brainstem
(13). Locus coeruleus (LC) has a dense expression of soma-
tostatin receptors, which mediate inhibition of neuronal activ-
ity by membrane hyperpolarization (15,30). The activity of
these neurons decrease during non-REM sleep (NREMS),
and during REMS the firing ceases almost completely (1,13).
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We have previously shown that both selective REMS depri-
vation (REMSD) and total sleep deprivation (TSD) in-
creased somatostatin mRNA in the rat hypothalamus mea-
sured by in situ hybridization (42,43). Increased amount of
somatostatin mRNA may be a sign of enhanced production of
somatostatin in the hypothalamus when sleep and particularly
REMS is inhibited. If endogenous somatostatin regulates
sleep, blocking the somatostatin receptors by somatostatin
antagonist (SA) should reduce the amount of REMS during
spontaneous sleep and during rebound sleep after REMSD.

The neuropeptide galanin is expressed in the same brain
areas that are known to regulate sleep and wake, e.g., preop-
tic area, hypothalamus, and brainstem nuclei (20,35). Galanin
increases GH secretion from the pituitary probably by influ-
encing the GHRH-somatostatin system in the hypothalamus
(26,40). Thus galanin may affect sleep by itself and/or via the
GH regulatory system. In humans repeated IV boluses of
galanin increased REMS during the late sleep phase and in-
creased delta and theta activity in the EEG without affecting
nocturnal plasma GH content (23). We have found earlier
that 24 h REMSD increased galanin mRNA in the hypothala-
mus, although ICV injection of galanin did not modify day-
time or nighttime sleep in the rat (44). The post-synaptic ef-
fect of galanin is usually inhibitory and mediated by three
types of galanin receptors (GALR1-3) (36). In the LC, gala-
nin is co-localized in noradrenergic cell somata (21). There
are also galanin immunoreactive fibers (35) and galanin re-
ceptors that inhibit noradrenergic cells in the LC similarly as
somatostatin (34). Presumably galanin and somatostatin have
a synergistic inhibitory effect on the LC neurons and this
might affect REMS.

In order to study the possible REMS-facilitatory effects of
somatostatin and galanin, we performed a series of experi-
ments to answer the following questions: 1) Does blockade of
somatostatin receptors by ICV injected SA reduce spontane-
ous REMS? 2) Does ICV SA reduce rebound REMS after
REMSD? 3) Is the effect of SA mediated by somatostatin re-
ceptors in LC? 4) Do somatostatin and galanin either alone or
in combination increase REMS in the LC?

 

METHOD

 

Animal Preparation

 

Adult male Wistar rats weighing 290 to 390 g were im-
planted with two dental screw electrodes over the frontopari-
etal cortex for electroencephalography (EEG) and two neck
muscle electrodes for electromyography (EMG) in combined
medetomidine (Domitor

 

®

 

 Orion Pharma, Espoo, Finland)
(0.1 mg/kg SC) and pentobarbital (Mebunat

 

®

 

 Orion Pharma)
(30 mg/kg IP) anesthesia. A guide cannula for intracere-
broventricular (ICV) injections (outer diameter 0.7 mm) was
implanted into the lateral ventricle, or alternatively, a guide
cannula for the microinjection experiments (outer diameter
0.4 mm) was aimed 2 mm above LC unilaterally with stereo-
taxic coordinates: 1.3 mm posterior to lambda, 1.5 mm later-
ally from midline, and 5.2 mm ventrally from the level of
bregma and lambda (29). After the surgery the rats were al-
lowed to recover 5 to 7 days before the recordings. After the
operation and during the first post-operative day rats re-
ceived 20 

 

m

 

g/kg buprenorphine SC (Temgesic

 

®

 

, Reckitt &
Colman, Hull, England) for analgesia. During the recovery
and the experiments the animals were kept in single animal
boxes in 12/12 h light/dark cycle (150 lux at the level of the
cage floor, lights on at 0800 h) with free access to standard rat

chow and tap water. Before the experiments the placement of
the ICV cannula was checked by injecting 0.2 

 

m

 

g of angio-
tensin II (Sigma Chemical Co., St. Louis, MO, USA, product:
A9525) into the cannula. Animals that did not show a clear
drinking response were not used in the experiments. After
the experiments the cannula placements were verified by mi-
croscopy of 20 

 

m

 

m histologic cryosections made of the dis-
sected and frozen brain. Animal experiment protocols and
animal housing conditions were approved by the institutional
experimental animal board and by the provincial administra-
tive board in accordance with the laws of Finland and the Eu-
ropean convention for the protection of vertebrate animals
used for experimental and other scientific purposes.

 

Injection System

 

In the intraventricular injection experiments, a steel injec-
tion cannula (outer diameter 0.4 mm) extending 0.5 mm be-
yond the guide was used. The cannula was connected by poly-
ethylene (PE) tubing with a 25 

 

m

 

l Hamilton syringe that was
fitted into a microinjection pump (CMA100, Carnegie Medi-
cin Ab, Stockholm, Sweden). In the microinjection experi-
ments a cannula made of fused silica capillary (Composite
Metal Services Ltd., The Chase, Hallow, Worcestershire, En-
gland) (outer diameter 0.12 mm, extending 2 mm beyond the
guide) was connected with a 10

 

m

 

l Hamilton syringe in a mi-
croinjection pump. Before the injections the injection system
was first filled with distilled water and then sufficient amount
of injection solution was driven into the tubing separated
from the water by an air bubble.

 

ICV Injections of SA and Somatostatin

 

In the intraventricular somatostatin antagonist experi-
ment, rats (

 

n

 

 

 

5

 

 5) received in a random order either 2 

 

m

 

l of
artificial cerebrospinal fluid (aCSF) or 0.5 nmol of SA, cyclo-
(7-aminoheptanoyl-phe-d-trp-lys-thr(bzl)) (Sigma, C4801)
dissolved in 2 

 

m

 

l of aCSF or 2 nmol of SA in the same volume.
In the somatostatin experiment, 5 rats received aCSF, 0.5
nmol, or 2 nmol of somatostatin (Sigma, S9129) according to
the same protocol. Injections were given between 0930 and
1030 h after sleep onset and the injection lasted 4 min (0.5 

 

m

 

l/
min). EEG and EMG were recorded for 6 h after the injec-
tion. Every rat received altogether three injections and there
were at least two recovery days between the experiments for
the same rats.

 

ICV SA Injection After REMSD

 

In the REM sleep deprivation (REMSD) experiment, the
platform method was used to induce 24 h REMSD. Rats were
deprived of REMS in single rat boxes containing approxi-
mately 5 cm of water on the bottom and two circular plat-
forms (diameter 7 to 7.5 cm) above the water surface. Food
and fresh drinking water were freely available during the ex-
periment. At least 3 days before the first actual deprivation,
rats were deprived for 12 to 14 h overnight in order to adapt
them to the deprivation conditions and staying on the plat-
forms. The 24 h deprivations started and ended at 0900 h. Af-
ter the deprivation, rats were put into their normal cages and
an injection of aCSF or 0.5 nmol of SA (

 

n

 

 

 

5

 

 4) was given im-
mediately after the onset of recovery sleep after the REMSD.
The recovery sleep was normally initiated within 15 min after
the deprivation. A dose of 2 nmol of SA (

 

n

 

 

 

5

 

 5) was studied
using different rats with the same protocol. Every rat received
both treatments (aCSF and SA), and there were 3 to 6 nonex-
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periment days before the same rats were deprived and in-
jected again.

 

LC Microinjections

 

In the first LC microinjection experiment rats (

 

n

 

 

 

5

 

 8) re-
ceived unilaterally 0.25 nmol of SA or somatostatin dissolved
in 0.25 

 

m

 

l of aCSF or 0.25 

 

m

 

l of aCSF in a random order.
There were at least two nonexperiment days between the in-
jections. Injections were given in the morning between 0930
and 1000 h after sleep onset during 5 min (0.05 

 

m

 

l/min). The
second microinjection experiment (

 

n 

 

5 

 

5) consisted of unilat-
eral injections of 0.25 nmol of rat galanin (Bachem AG,
Bubendorf, Switzerland, product: H7450) or combined injec-
tions of 0.25 nmol of galanin 

 

1

 

 0.25 nmol of somatostatin or
0.25 

 

m

 

l of aCSF according to the same protocol.

 

Data Collection and Analysis

 

The EEG and EMG signals were amplified by an electro-
encephalograph and the amplified signal was analog-digital

converted by a CED 1401 plus interface (Cambridge Elec-
tronic Design Ltd., Cambridge, England) with a sampling rate
of 62 Hz. Data was displayed and stored by Spike 2 program
(Cambridge Electronic Design Ltd) running in a desktop
computer. During the recordings rats were observed using
video camera and monitor. Collected data was categorized vi-
sually into wakefulness, non-REM sleep (NREMS), and
REMS in 30-s epochs according to standard criteria (41).

FIG. 1. The effect of ICV injected SA (a) and somatostatin (SS) (b)
on mean proportions of REMS during three post-injection time peri-
ods. (a) ICV injection of aCSF (vehicle control), SA 0.5 or 2 nmol (n 5
5). (b) ICV injection of aCSF, somatostatin 0.5 or 2 nmol (n 5 5).
Vertical bars indicate the standard error of means (SE). *RM
ANOVA F (2, 8) 5 4.66; p , 0.05, Newman-Keuls: SA 0.5 and SA 2
vs. aCSF p , 0.05.

 

TABLE 1

 

MEAN PROPORTION OF REM SLEEP (REMS) AND NON-REM SLEEP 
(NREMS) DURING 24 H REM SLEEP DEPRIVATION (0900H–0900H, 

LIGHTS: 0800H–2000H) WITH THE PLATFORM METHOD AT
6-H INTERVALS

0–6 h 6–12 h 12–18 h 18–24 h

 

REMS% 0.1 0.3 0.1 0.0
SE 0.1 0.2 0.1 0.0
NREMS% 34.1 27.9 20.5 21.0
SE 1.8 2.2 4.0 4.1

 

n

 

 

 

5

 

 5, SE: standard error of means.

FIG. 2. The effect of ICV injected SA on mean proportions of
REMS after 24 h REMSD during three post-injection time periods.
(a) ICV injection of aCSF (vehicle control) or SA 0.5 nmol (n 5 4).
(b) ICV injection aCSF or SA 2 nmol (n 5 5). Vertical bars indicate
the standard error of means (SE). *Paired t-test: t (4) 5 4.36, p , 0.05.
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Transition from NREMS to REMS (“pre-REMS”) was allo-
cated equally between NREMS and REMS.

 

Statistics

 

Proportion of vigilance states per 2-h time intervals were
calculated. The first 30 min after the injection was excluded

because of the arousal caused by the injection procedure.
Sample normality was checked by Kolmogorov-Smirnov test
and equal variances of the treatment groups were checked by
Levene median test with significance level 

 

p

 

 

 

,

 

 0.05. Differ-
ences between the groups were compared by analysis of vari-
ance for repeated measurements (RM ANOVA). Significant
results 

 

p 

 

, 

 

0.05) were tested by Student-Newman-Keuls or by
Bonferroni (SA and somatostatin microinjections) multiple
comparison method at significance level of 

 

p

 

 

 

,

 

 0.05. In the
REMSD experiments the treatments (aCSF vs. SA) were
compared by paired Student’s 

 

t

 

-test. 

 

p 

 

, 

 

0.05 was accepted as
a limit of statistical significance.

 

RESULTS

 

ICV SA and Somatostatin

 

ICV injection of 0.5 and 2 nmol of SA reduced the amount
of REMS during the post injection period from 0.5 to 2 h
when compared with aCSF controls (Fig. 1a). There was no
difference between the two doses of SA. Later, during the pe-
riods 2 to 4 and 4 to 6 h, there was no significant difference in
the amount of REMS between the treatments. SA did not af-
fect the amount of NREMS during the 6-h post-injection re-
cording period (data not shown). ICV injected boluses of cor-
responding doses of somatostatin did not affect the amount of
REMS or NREMS during any post-injection time period
when compared to aCSF (Fig. 1b).

 

ICV SA After REMSD

 

Platform REMSD for 24 h caused almost total inhibition of
daytime and nighttime REMS during the procedure (Table 1).

FIG. 3. Schematic illustration of the microinjection sites in the
brainstem between the coronal levels of Bregma 29.3 and 29.8 (29)
according to photomicroscopic verification. (right): SA/somatostatin
(n 5 8), (left): galanin/somatostatin (n 5 5) (for clarity, plotted on
the left side, actual injections were performed to the right). 4V: fourth
ventricle, LC: locus coeruleus. The rectangle frame indicates the area
viewed in the Fig. 4.

FIG. 4. Photomicrograph of the coronal section in rat brainstem at the level of Bregma 29.5 mm
(unstained 20 mm cryosection in darkfield illumination). 0.25 ml of methyl blue was injected via the can-
nula for visualization of the unilateral injection site in the locus coeruleus. *: position of the tip of the
injection cannula, 4V: fourth ventricle, scale bar: 0.2 mm.
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ICV injection of 2 nmol of SA after 24 h REMSD reduced
REMS during the time period 2 to 4 h after the injection when
compared with aCSF (Fig. 2b). During the periods 0.5 to 2 and
4 to 6 h there was no significant difference in the amount of
REMS. NREMS was not affected significantly (data not shown).
Injection of 0.5 nmol of SA after REMSD did not significantly
affect the amount of REMS or NREMS during the 6 h recording
of recovery sleep when compared with aCSF injection
(Fig. 2a).

 

LC Microinjections of SA, Somatostatin, and Galanin

 

Accepted microinjection sites were in the LC or in the im-
mediate vicinity of the nucleus, not penetrating the fourth ven-
tricle (Figs. 3 and 4). Microinjection of 0.25 nmol of SA into
the LC reduced REMS during the post-injection period 0.5 to
2 h (Fig. 5a). NREMS was not affected significantly (data not
shown). A corresponding dose of somatostatin did not affect
post-injection proportions of sleep phases when compared
with aCSF. Microinjection of 0.25 nmol of galanin or a com-
bined injection of 0.25 nmol of galanin and 0.25 nmol of soma-

tostatin did not affect REMS or NREMS during the 6 post-
injection hours when compared with aCSF injection (Fig. 5b).

The higher ICV dose (2 nmol) of both SA and somatostatin
tended to cause in some rats motor restlessness and rotation
around the rostrocaudal axis (barrel rotation) for 5 to 10 min
immediately after the injection. The lower dose (0.5 nmol) and
the microinjected dose (0.25 nmol) of SA, somatostatin, gala-
nin, or a combined dose of somatostatin and galanin did not
cause any observable behavioral effects in the rats.

 

DISCUSSION

 

Our results showed that SA reduces the amount of daytime
REMS in rats when injected ICV, which may indicate that
spontaneous REMS is facilitated by endogenous somatostatin.
Both doses (0.5 and 2 nmol) gave an equal response in the
magnitude and duration of REMS suppression. The 2 nmol
dose tended to cause short lasting motor restlessness and bar-
rel rotation in some rats. A similar effect of somatostatin and
SA has been described in earlier studies, when these peptides
were injected in high doses into CSF spaces (11,18).

The higher ICV dose of SA also decreased REMS, when
REMS pressure was elevated by 24 h REMSD preceding the
injection. This indicates that somatostatin may have a role in
the REMS rebound after REMSD. We have previously found
that after 24 h REMSD or 6 to 12 h total sleep deprivation the
amount of somatostatin mRNA is elevated in the arcuate nu-
cleus of the hypothalamus (42,43), which probably indicates
an increased rate of synthesis of somatostatin peptide as a
consequence of REMS inhibition. Activation of somatostatin
cells may cause inhibition of GH secretion, which occurs dur-
ing both REM (43) and total sleep deprivation (16) in rats.
Somatostatin production in the hypothalamus could also me-
diate increased REMS pressure caused by lack of REMS and
facilitate REMS rebound during recovery sleep. Because the
effect of SA occurred after REMSD only when the higher (2
nmol) dose was used and after a delay, it is probable that
REMSD activates also other REMS-facilitating transmitter
systems, e.g., vasoactive intestinal peptide and prolactin (25).
These factors may partially bypass the somatostatin system
when it is blocked by SA, and thus reduce the effect of SA on
REMS during the recovery after REMSD. The effect of SA
on spontaneous and rebound REMS lasted longer than the
effect of ICV injected SA on the baroreceptor reflex (17).
This may be a consequence of the action of secondary neu-
ronal systems mediating the effect of SA on REMS, whereas
the effect on the baroreceptor reflex may be more direct.

A single ICV bolus of somatostatin in the morning did not
increase REMS during the 6 post-injection hours recorded. In
the former study of Danguir, an increased amount of REMS
was found when somatostatin was infused continuously for 48
h (4). A single ICV bolus of somatostatin may be degraded
too fast and/or the REMS-facilitation may require long-last-
ing, continuous stimulation of somatostatin receptors. In
plasma, somatostatin degrades very fast, the half life is 0.4 to 3
min depending on species (28), but there is no exact informa-
tion about the half-life of somatostatin in CSF and in the
brain tissue. The maximal effect of ICV somatostatin and SA
on the baroreceptor reflex were achieved 30 to 35 min after
the injection, and a statistically significant response continued
60 min (somatostatin) and 40 min (SA) after a 2 nmol dose
(17). An effect on REMS might need a longer duration of ac-
tion. Furthermore, Danguir calculated REMS amount in 24-h
periods that included both light and dark phase. It is possible
that the increase of REMS during somatostatin infusion oc-

FIG. 5. The effect of LC microinjections on the mean proportion of
REMS during three post-injection time periods. (a) microinjection of
aCSF (vehicle control), somatostatin (SS) 0.25 nmol or SA 0.25 nmol
(n 5 8). (b) microinjection of aCSF, galanin (GAL) 0.25 nmol or
combined injection of galanin 0.25 nmol and somatostatin 0.25 nmol
(n 5 5). Vertical bars indicate the standard error of means (SE). *RM
ANOVA F (2, 10) 5 8.09, p , 0.01, Bonferroni t-test: SA vs. aCSF t
(6) 5 5.10, p , 0.01.
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curs mainly during the dark phase, when the amount of natu-
ral REMS is low.

Microinjection of 0.25 nmol of SA locally into LC reduced
the amount of REMS 0.5 to 2 h after the injection. This may in-
dicate that the effect of ICV SA is partly mediated by blockade
of somatostatin receptors in the LC (30). There are five cloned
subtypes somatostatin receptors (SSR1-5) distributed widely in
the CNS (32). Of these subtypes, at least SSR1-3 are expressed
in the LC (30,33). During REMS there is a strong inhibition of
LC cells that may, at least partly, be due to somatostatin re-
leased from the somatostatin immunoreactive nerve fibers
present in the LC (39). These fibers originate from hypothala-
mus and, possibly, also from other brain areas (22). Transec-
tion of the hypothalamic periventricular somatostatin efferents
decreases the amount of somatostatin in the LC (27) and ac-
cording to a retrograde tracer study, the dorsal part of the
paraventricular nucleus, which contains somatostatin cells, is
connected to the LC (19). Nevertheless, ICV somatostatin and
SA can affect LC receptors because the nucleus is located in
the immediate vicinity of the fourth ventricle.

The microinjected volume (0.25 

 

m

 

l) was sufficient that the
injected solution was able to reach the cells in the proper LC
cells and the adjacent area around the nucleus (peri LC). The
latter area consists of the dendrites of the LC neurons and it is
probable that many of the synapses of the afferent connec-
tions to the LC cells are located here (19). Binding sites of so-
matostatin and galanin are concentrated to LC cells in the
brainstem and local injection of these peptides decreases the
activity of LC cells (reviewed in 22), which suggests that so-
matostatin and galanin affect LC neurons when injected into
the vicinity of this nucleus.

Although somatostatin receptor antagonist (SA) had a
clear effect on REMS, the agonist (somatostatin) failed to
show effect when microinjected into LC. Injection of galanin,
which is known to reduce the activity of LC noradrenergic
neurons (34), was also ineffective as was the combination of

somatostatin and galanin. Several factors may explain this:
First, these peptides, which are also endogenous, may be de-
graded too fast in the brain tissue when administered as a sin-
gle bolus. Secondly, during the first half of the light phase,
when the amount of spontaneous sleep is high in the rat, en-
dogenous somatostatin and galanin may inhibit LC cells so ef-
ficiently that injection of the same peptides fail to induce any
additional inhibition to increase REMS. Microinjected soma-
tostatin may also inhibit the release of endogenous soma-
tostatin by activation of presynaptic autoreceptors in the so-
matostatin terminals. Autoregulation of somatostatin cells in
the hypothalamus is possibly mediated by the SSR1 receptor
subtype (12). The SA that we used might be more specific for
SSR2 in the rat. SSR2 is possibly the most important receptor
subtype controlling GH release in the pituitary somatotropic
cells (31). Low doses up to 0.2 

 

m

 

g/kg SC of SA are able to an-
tagonize the effect of endogenous and exogenous somatosta-
tin to GH secretion in rats, while higher doses are ineffective
(10), which may due to action of SA as a somatostatin agonist
at higher doses (14). Novel, more potent and specific antago-
nists of somatostatin have recently been synthesized (2,14),
but they are not yet commercially available. These com-
pounds might resolve the receptor identity of the effect of so-
matostatin on REMS.

In conclusion, this study revealed that blockade of the so-
matostatin receptors by ICV injection of SA reduces REMS
during spontaneous sleep and during recovery sleep after
REMSD which supports the hypothesis that endogenous so-
matostatin may facilitate REMS. Local microinjection of SA
into LC reduced REMS, which suggests that the effect of en-
dogenous somatostatin on REMS may be partly mediated by
the noradrenergic system in the LC.
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