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SUMMARY 

 

 

 

We made experiments with a somatostatin agonist, octreotide (OCT) to study its effects on 

sleep and water consumption. 

 

1. Intracerebroventricularly (icv) administered OCT elicited dose-dependent drinking in rats. 

2. Pretreatments with inhibitors of angiotensin (captopril, saralasin, loasartan) and 

acethylcholine (atropine) blocked the drinking response. 

3. Icv OCT stimulated vasopressin secretion, which response was prevented by 

pretreatments with captopril and atropine in rats. 

4. Icv OCT raised blood pressure, which action was also prevented by captopril and 

atropine. 

 

Previous experiments showed that OCT causes sleep suppression with consecutive sleep 

enhancement in rats. In present experiments we used transgenic MT-rGH mice, which 

produce excess growth hormone with low GHRH levels. 

 

5. These mice display robust increases in rapid eye movement (REM) sleep, slight 

enhancements in non-REM sleep, and normal sleep response to sleep deprivation. 

6. Sleep response to OCT is attenuated in MT-rGH mice. 

 

Finally we localized intracerebral structures eliciting drinking or sleep suppression in rats by 

microinjection technique. 

 

7. Drinking was elicited by OCT injected into the subfornical organ and periventricular 

nucleus. Injecting OCT into the anterior hypothalamic/ medial preoptic region and arcuate 

nucleus caused sleep suppression. In the far lateral points of the hypothalamus OCT 

stimulated non-REM sleep. 

 



The results are consistent with hypothesis that sleeping and drinking responses are mediated 

by independent mechanisms and brain structures. Drinking – with vasopressin secretion and 

rise in blood pressure – is mediated by angiotensin and acetylcholine linked to the 

angiotensinergic dypsogenic circuit in the brain. Sleep suppression by OCT is mediated by 

inhibition of GHRHergic brain structures. Sleep promoting effect of OCT in the lateral 

hypothalamus may be associated with inhibition of cholinergic basal forebrain projections. 

Depressed sleep response to OCT in the MT-rGH mice supports the importance of GHRH in 

the effects of OCT on sleep. 



INTRODUCTION 

 

 
1. Background 

 

In homoiothermic species, like humans, three states of vigilance are distinguished: 

wakefulness, rapid eye movement or paradoxical sleep (REMS) and non-REMS (NREMS). 

The sequence of the states of vigilance is called the hypnogram. The information generally 

used for the determination of the state vigilance is as follows 1. Qualitative description of the 

electroencephalogram (EEG); 2. Quantitative description of the EEG by means of spectral 

analysis or other mathematical tools which provide a measure for the depth or intensity of 

NREMS (e.g. the intensity of NREMS correlates with delta power); 3. Records of motor 

activity or the electromyogram (EMG); 4. Records of eye movements. There are a number of 

other physiological parameters, which help distinguishing among the states of vigilance. Our 

laboratory routinely records cortical brain temperature, which displays characteristic changes 

in each state (37). 

 

In the rat or the mouse, the EEG during wakefulness consists of irregular theta waves (4-8 

Hz) of low amplitude, and the animal displays motor activity. Cortical brain temperature is 

slowly increasing during wakefulness. NREMS is characterized by high amplitude, slow delta 

waves. The amplitude increases, the frequency decreases as the depth of sleep is increasing. 

The animal is immobile, the skeletal muscle tone is decreased, and the brain temperature 

slowly declines. In REMS, theta waves dominate the EEG; these are highly regular waves 

with higher amplitudes than the theta waves in wakefulness. Skeletal muscle tone is ceased 

except the activity in the respiratory and external eye muscles. The rapid eye movements 

occur in bursts together with twitches in skeletal muscles. 

 

The three states alternate periodically during the day. In humans, the long period of 

wakefulness during daylight is followed by rest at nighttime. During sleep, NREMS is 

interrupted by REMS episodes in every 60-90 minute. The period including one NREMS and 

one REMS episode is called the sleep cycle. The rodents used in our experiments are 

nocturnal animals: they are active at nighttime and sleep mostly during the day. Their sleep 



cycle is much shorter than the cycle in humans, it is between 10-12 min. In humans, 

wakefulness and sleep generally appear in longer solid blocks; in rodents these states are more 

fragmented. Nevertheless, most aspects of human and rodent sleep are very similar. The 

common features include that the deepest NREMS occurs in first sleep cycle after sleep onset, 

and sleep becomes progressively shallower towards the end of the rest period. This change in 

NREMS intensity is due to a dissipation of the need for sleep during sleep. The time spent in 

REMS increases in the second portion of the rest period because the duration of REMS 

periods increases as NREMS propensity decreases. Finally, fundamentals of sleep regulation 

discovered so far apply to both human and rodent sleep. 

 

The principles of sleep regulation have been described in a quantitative model by Alexander 

Borbély (8). Two major processes are implicated in sleep regulation: a circadian (Process C) 

and a homeostatic process (Process S). Briefly, Process C provides an oscillating threshold, 

which determines how easy is to fall asleep. The suprachiasmatic nucleus is the center of the 

circadian regulation. Rats maintained in an environment without time cues display regular rest 

(sleep) – activity periods close to 24-h periodicity. The circadian rhythm disappears after 

destruction of the suprachiasmatic nucleus (20; 54). Neurons in this nucleus show 

spontaneous, rhythmic firing pattern (27). This nucleus is also responsible for harmonizing 

circadian rhythms with longer acting influences like seasonal variations in daily illumination, 

and hormonal factors like melatonin.  The homeostatic process determines sleep need as the 

function of previous wakefulness. After long periods of wakefulness the intensity (EEG slow 

wave activity) and duration of NREMS are enhanced (1). The homeostatic process explains 

why the deepest NREMS occurs in the first sleep cycle. The periods of wakefulness can be 

extended by means of sleep deprivation (SD), and thus SD is capable of enhancing sleep 

intensity until saturation. SD is the major experimental tool when studying the function of 

homeostatic sleep regulation. After shorter SD (hours to several days) the body primarily 

endeavors to compensate NREMS, and when the NREMS rebound declines, the REMS time 

begins to rise (8). It is unclear whether REMS has an intensity dimension.  

 



Neural and humoral mechanisms are involved in the regulation of sleep-wake activity. The 

basal forebrain and thalamus play essential roles in the regulation of NREMS whereas the 

structures generating REMS reside in the brainstem. The major humoral mechanisms 

implicated in the regulation of NREMS are as follows: adenosine, prostaglandin D2 (PGD2), 

cytokines [interleukin-1, tumor necrosis factor and growth factors (e.g. NGF)], and growth 

hormone (GH)-releasing hormone (GHRH). It is noted, however, that only PGD2 is believed 

to act as a classical humoral factor, adenosine and cytokines/growth factors function as 

paracrine/autocrine substances whereas GHRH is a neurotransmitter in the basal forebrain 

sleep-promoting circuit (reviewed in (33)).  

 

GHRH is also part of the somatotropic axis [GHRH-GH-insulin-like growth factor-I (IGF I) + 

somatostatin + ghrelin]. In addition to the somatotropic axis a number of hormones are 

capable of modulating sleep-wake activity. Thus, the hypothalamo-ptuitary-adrenal axis 

suppresses NREMS whereas vasoactive intestinal peptide (VIP) and prolactin enhance 

REMS. The role of the somatotropic system in sleep regulation is the major research area of 

our laboratory. 

 

 

2. Somatotropic system and its role in sleep regulation 

 

GH derives from the anterior lobe of pituitary. Secretion of GH is pulsatile. The production 

and secretion of GH are stimulated by the hypothalamic GHRH. The actions of the GH are in 

part direct (lipolysis, stimulation of protein synthesis), and are in part mediated by IGF-I 

(protein synthesis, cell division). IGF-I is an autocrine/paracrine substance produced locally 

in the tissues, and it is also a hormone released from the liver in response to GH. Like GHRH, 

somatostatin is a hypothalamic neurohormone and a neurotransmitter. Somatostatin inhibits 

GHRH neurons in the hypothalamus, and GH secretion in the pituitary (6). 

 

That there are links between sleep and the somatotropic system has been known for decades. 

It was discovered at the end of the 60’s, that a robust GH release – which amounts to 2/3 of 

the daily GH output in young male human subjects – occurs during the first NREMS episode 



immediately after falling asleep (48; 52). It was also noticed that neither GH was the cause of 

NREMS nor NREMS elicited GH secretion (41). An unknown mechanism was hypothesized 

which synchronizes these events. It seems that this mechanism corresponds to GHRH: GHRH 

is capable of stimulating both GH secretion and NREMS. GHRH promotes NREMS in each 

species tested, in rats, mice, rabbits, and humans (reviewed in (34). NREMS increases after 

systemic administration of GHRH (intravenous, intraperitoneal (ip), intranasal), after injection 

into the brain intracerebroventricularly (icv) or into the anterior hypothalamus / medial 

preoptic region (AH/MPO). Blocking GHRH by competitive antagonist or antibodies 

suppresses NREMS (35; 36). Mutant mice and rats with a deficiency of GHRH receptors 

spend less time in NREMS (30; 31), and transgenic mice with decreased GHRH production 

also display less spontaneous NREMS (60). GHRH also may play role in the rebound-like 

NREMS rise following SD; the sleep response to short-term sleep loss can be prevented by 

anti-GHRH antibodies (36). Some observations suggest that GH has its own NREMS-

promoting activity (2; 24), but this has not been not confirmed by other laboratories (23; 28; 

51). IGF-I may also enhance NREMS (32). 

 

Somatostatinergic stimulation decreases the duration of NREMS (4; 5). Somatostatin may 

promote REMS (13). During SD, hypothalamic GHRH mRNA expression increases while 

somatostatin mRNA level decreases (59) suggesting that somatostatin has reciprocal 

relationship with GHRH. 

 

 

3. Role of transgenic and mutant animals in the research of the somatotropic system 

 
Transgenic and mutant animal models with hormone deficiencies or excess production of 

hormones have an important contribution to an understanding of endocrine functions and 

diseases. There are several strains of rats and mice with alterations in the somatotropic axis 

(16). Our team uses these models to study sleep in conditions with chronic alterations of the 

somatotropic system. I had the occasion to work with the MT-rGH transgenic mice as a result 

of collaboration with a Canadian scientist, Dr. David Rollo, who provided the mice. The 

transgenic MT-rGH mice are named “Supermice” because they secrete rat GH (rGH) in 

enormous quantity and therefore, they are giant mice (39; 40). The transgene is a fusion gene 



composed of the coding region of the rGH gene and the promoter region of the mouse 

metallothionein (MT) gene. There are several copies of the transgene in a single chromosome. 

The transgene is expressed practically in each tissue, e.g. the gastrointestinal tract, kidneys, 

skin, gonads, but particularly in the liver. Circulating GH concentration is 100-800-fold 

higher than normal. Secretion of GH from the pituitary is blocked, the acidophil cells 

degenerate. Through negative feedback, high circulating GH levels suppress GHRH, and 

increase somatostatin secretion. Production of IGF-I is increased by 2-3 fold resulting in 

gigantism: the Supermice’s body weight is double of normal littermates. We used these mice 

as a model of GH excess and GHRH deficiency to study spontaneous sleep and the sleep 

response to somatostatinergic stimulation.  

 

 

4. Previous observations with somatostatinergic stimulation in our laboratory 

 
For injections, instead of somatostatin, we use the somatostatin analog, octreotide (OCT). 

OCT has a half-life of 45-120 minutes while somatostatin is cleaved in minutes. In addition 

OCT is 20-75-fold more potent in blocking GH secretion (3; 42). Because of these attributes 

and its antiproliferative action, OCT is used as medicine in the treatment of pituitary 

adenomas (acromegaly) and hormone secreting gastrointestinal tumors. Of the five 

somatostatin receptor subtype, OCT has the highest affinity to the sst2 and sst5 subtypes 

though it also binds weakly to the sst3 receptor. Sst2 receptors are responsible for inhibiting 

somatotropic activity; this subtype can be found in the entire brain (43). 

 

We recorded two fundamentally different classes of responses after administration of OCT in 

rats (4; 5): 

 



A) During the sleep experiments, we noticed that the rats drank water regularly after systemic 

injection of OCT. The drinking response was particularly consistent when OCT was 

administered icv. Analysis of the rat’s behavior after OCT injection revealed a characteristic 

sequence of events: OCT first elicited drinking which started in 1-2 min and lasted for 

approximately 10 min. Drinking was followed by periods of scratching and finally by eating. 

Icv somatostatin was previously reported to elicit vasopressin secretion and to rise blood 

pressure (9; 44). The triple response, consisting of drinking, vasopressin secretion, and 

increases in blood pressure, is characteristic of angiotensinergic stimulation (11). Therefore, 

the effects of angiotensinergic blockade were tested on the OCT-induced responses. 

Pretreatment with the angiotensin convertase enzyme inhibitor, captopril verified the 

involvement of central angiotensin in the OCT-elicited drinking (fig. 1.). 
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Fig. 1. Cumulative occurrences of various behavioral responses at 30-s intervals after double 

icv injections of pyrogen-free physiological saline (PFS+PFS), PFS+ 0.1 µg octreotide 

(PFS+OCT), and 30 µg captopril + 0.1 µg OCT (CAPT+OCT) in 12 rats. There were 15 min 

in between the two icv injections, and behavioral scoring started 30 s after the second 

injection. General activity includes grooming + scratching + exploration (5). 
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B) The systemically or icv injected OCT, elicited dose-dependent and prompt suppression of 

NREMS and GH secretion which lasted for 1-2 hours in rats. Thereafter, GH secretion 

recurred and the duration and, in particular, the intensity of NREMS increased and stayed 

above baseline for hours. This response was similar as the rebound-like sleep enhancements 

after SD. Because the angiotensin-like actions of OCT themselves may inhibit sleep, it was 

important to determine whether blockage of angiotensin production interferes with the sleep 

responses. Pretreatment with captopril did not alter the effects of OCT on sleep, i.e. OCT 

continued to elicit sleep suppression followed by enhancements in sleep intensity (fig. 2.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Effects of icv captopril (30 µg) 

on the octretide (OCT, 0.1 µg)-induced 

sleep alterations during the 12-h light 

period. The rats (n=7) received two icv 

injections of pyrogen-free physiological 

saline (PFS + PFS, open circle), 

captopril + PFS (open triangle), and 

captopril + OCT (closed triangle) with 

15 min in between the two injections on 

three different days. NREMS: non-REM 

sleep, REMS: REM sleep, Tcrt: cortical 

brain temperature, and SWA: EEG slow 

wave activity (power density in the 

0.25-4 Hz range) during NREMS; for 

SWA, the deviations from baseline 

(PFS+PFS) are shown (columns) (5). 



The results suggested that the angiotensin-like and sleep suppressive actions of 

somatostatinergic stimulation are independent effects.  

 

 

5. Neuroanatomical considerations 

 
The cell bodies of the GHRHergic neurons regulating GH secretion reside predominantly in 

the hypothalamic arcuate nucleus (ARC) (12; 49). These neurons project to the median 

eminence. Extraarcuate GHRH-immunoreactive neurons have been described in the 

parvocellular portion of the paraventricular nucleus (PVN), and around the ventral rim of the 

ventromedial nucleus (VMN). The extraarcuate GHRH neurons innervate basal forebrain 

structures, particularly the AH/MPO. Terminals of extraarcuate GHRH neurons are also 

detected in other areas, which are implicated in sleep regulation, such as the suprachiasmatic 

nucleus, lateral hypothalamus, the PVN, and nucleus premamillaris. Extraarcuate GHRH 

neurons provide less fibers to the median eminence. However, ARC GHRH neurons also 

participate in the intrahypothalamic GHRHergic network, and thus they also contribute to 

sleep regulation (47). The ARC is destroyed in rats treated with monosodium glutamate as 

neonates. These rats become dwarfs, and they spend less time in NREMS than their normal 

littermates (38).  

 

Somatostatin is a ubiquitous inhibitory neurotransmitter in the brain including the 

hypothalamus (21). Thus, somatostatin-containing interneurons are found throughout the 

hypothalamus. Somatostatinergic fibers projecting to the median eminence originate from the 

periventricular nucleus. These periventricular somatostatinergic neurons also inhibit GHRH 

neurons in the ARC (25). In addition, the ARC has its own intranuclear somatostatinergic 

network which controls intraARC GHRH neurons (7).  

 

Angiotensin II (or III) is implicated in the dipsogenic circuit at multiple action sites (reviewed 

in (22). Systemic angiotensin and angiotensin in the cerebrospinal fluid elicits drinking by 

acting on the circumventricular organs, the organum vasculosum laminae terminalis (OVLT), 

and the subfornical organ (SFO). The pathways originating from these structures are also 

angiotensinergic and innervate structures along the lamina terminalis and around third 



ventricle including the PVN. Acetylcholine is another neurotransmitter involved in the 

regulation of water balance. The dipsogenic cholinergic circuit is less known.  

 

 

6. Aims 

 
The general hypothesis of our experiments was that the angiotensin-like and the sleep 

suppressive effects of OCT are independent actions, which are mediated by separate 

structures. The aims included characterization of the angiotensin-like actions of OCT, study 

of OCT effects on sleep in the Mt-rGH mouse, and localization of the structures mediating the 

drinking and sleep responses to OCT:  

 

1. Effects of OCT on drinking in rat, dose-response relationship 

2. Pharmacological characterization of OCT-induced drinking in rats 

3. Effects of icv OCT on plasma vasopressin concentrations in rats  

4. Effects of icv OCT on blood pressure in rats 

5. Characterization of sleep regulation in the MT-rGH mice (spontaneous sleep, response to 

SD) 

6. Effects of ip OCT on sleep in the MT-rGH mice 

7. Localization of the cerebral structures mediating drinking and sleep to OCT in rats 

 

The methods and results are described and discussed in details in the papers attached, 

therefore, only a summary of these papers is provided herein. 

 



METHODS 

 
 
1. Animals 

 

Male Sprague-Dawley rats (300-350 g), male MT-rGH transgenic mice, and normal mice 

were used. The transgenic mice were shipped from the McMaster University, Hamilton, 

Ontario, to the Washington State University, Pullman, WA, USA, and the mice were recorded 

here, in Dr. Krueger’s sleep laboratory.  

 

 

2. Anesthesia 

 

The rats and mice were anesthetized by means of ketamine-xylazine (87 and 13 mg/kg, 

respectively).  

 

 

3. Implantation for sleep recording 

 

The rats and mice received stainless steel EEG electrodes in the skull over the frontal and 

parietal cortices, and over the cerebellum. The rats were also implanted with a thermistor to 

record cortical brain temperature (Tcrt). EMG electrodes were implanted into the nucheal 

muscles in the mice.  

 

 

4. Cannula implantation 

 

The icv cannula was inserted into the left lateral ventricle. The location of the cannula was 

determined by the gravity method during implantation, and by means of Trypan blue staining 

after the experiments. In case of the cannulas implanted into the hypothalamus, a horseradish 

peroxidase – H2O2 reaction was visualized by means diaminobenzidine, and the histological 



sections were stained with cresyl violet. Instead of lowering vertically, some of these cannulas 

were inserted at an angle to avoid penetration of the lateral ventricle. 

 

 

5. Water intake 

 

Water consumption was determined by weighing the water bottles before and 10 min 

postinjection. 

 

 

6. Determination of vasopressin 

 

Vasopressin was determined by means of radioimmunoassay by Janos Gardi at the Endocrine 

Unit of our University. 

 

 

7. Measurements of blood pressure 

 

Rats were implanted with aortic catheter. The catheter was connected to pressure transducers, 

and the signal from the transducers was collected by computers. The blood pressure was 

measured in freely moving rats. 

 

 

8. Sleep recording 

 

The rats or mice were connected to the recording cable. The recording cables were attached to 

commutators. The motor activity was assessed by means of recording potentials generated in 

electromagnetic transducers activated by movements of the cables in the rats. The digitized 

signals of the EEG, Tcrt, EMG and motor activity were collected by computers. The states of 

vigilance were scored in 8-s (rats) or 10-s (mice) epochs from signals restored on the 

computer screen. Power values were calculated by fast-Fourier transformation for consecutive 



8-s or 10-s epochs in the frequency range of 0.25-20.0 Hz for 0.25-Hz bands and were 

integrated for 0.5-Hz bins. The spectra were also displayed on the screen. The states of 

vigilance were determined over 8-s or 10-s epochs by the usual criteria as NREMS [high 

amplitude slow waves in the EEG, lack of body movements, declining cortical temperature 

after entry, predominant power in the delta range (0.5 to 4.0 Hz)];  REMS [highly regular 

theta activity in the EEG with corresponding high theta power in the spectrum, general lack of 

body movements with occasional twitches, flat EMG, a rapid rise in brain temperature at 

onset]; and wakefulness [less regular theta activity and significant theta power, higher delta 

power than during REMS, frequent body movements, and a gradual increase in brain 

temperature after arousal]. The percentage of the time spent in each state of vigilance in 

consecutive 1-h periods and for the 12-h light and 12-h dark periods was determined. The 

power values for the 0.25-4 Hz delta range during NREMS were integrated and used to 

characterize sleep intensity (1) in each recording hour. Tcrt was averaged for 1-h periods. 

 

 

9. Statistics 

 

In general, ANOVA was used which was followed by the Student-Newman-Keuls test to 

identify the group or treatment differing from the rest. 

 



RESULTS 

 

 

1. Effects of OCT on water intake in rat: dose-response relationship (Paper I) 

 

Both systemic and icv administration of OCT elicited drinking. The response was analyzed 

after icv injection of OCT. Drinking occurred in 1 min, peaked in min 4-5, and then subsided 

and ceased 10 min postinjection. The response was dose-dependent. Injections through a 

misplaced cannula not entering the lateral ventricle failed to elicit drinking. 

 

 

2. Pharmacological characterization of OCT-induced drinking (Paper I) 

 

The drinking response to icv injected 0.1 µg OCT was studied after pretreatments with 

substances as follows: icv 30 µg captopril 15 min prior to OCT (angiotensin convertase 

inhibitor); icv 10 µg saralasin 10 min prior to OCT (AT1/AT2 receptor blocker); icv 100 µg 

losartan 5 min before OCT (AT1 receptor blocker); icv 10 µg atropine sulfate 15 min before 

OCT, and 1 mg/kg subcutaneous naloxone 20 min before OCT (opiate receptor blocker). The 

control group received physiological saline or vehicle. 

 

Significant suppressions of OCT-induced drinking were observed after each drug interfering 

with the angiotensinergic system (captopril, saralasin, and losartan), and after atropine. In 

contrast, naloxone failed to alter the drinking response to OCT. 

 

 

3. Effects of icv OCT on plasma vasopressin concentrations in rats (Paper I) 

 

Icv injected 0.1 µg OCT elicited 13-fold increases in plasma concentrations of vasopressin 5-

min postinjection. Pretreatment with either captopril or atropine blocked the vasopressin 

response to OCT. 

 



4. Effects of icv OCT on blood pressure in rats (Paper I) 

 

Icv injected 0.1 µg OCT induced approximately 10-mmHg rise in mean blood pressure in 

freely moving rats. Blood pressure rose promptly in association with drinking. This initial 

response was followed by a second increase between 12 and 16 min postinjection. Both 

captopril and atropine pretreatments prevented the blood pressure changes after OCT. 

 

 

5. Characterization of sleep regulation in the MT-rGH mouse (spontaneous sleep, response 

to SD) (Paper II) 

 

Although the sleep response to OCT in the MT-rGH mouse is of primary interest for the 

current topic we will also discuss spontaneous sleep in these mice because sleep and the 

somatotropic axis is the major research area of our laboratory, and because the results 

obtained in these mice are somewhat unexpected.  

 

The diurnal rhythm of sleep-wake activity was normal in the MT-rGH mice. They did not 

display alterations in the delta power or slow wave activity during NREMS. The MT-rGH 

mice, however, spent modestly and consistently more time in NREMS than the controls 

during the light period. The increase in NREMS resulted from an increase in the mean 

duration of the longer NREMS episodes. REMS time was greatly increased in the MT-rGH 

mice, it was almost doubled in the second portion of light period. These mice had more 

REMS bouts than the control mice did. 

 

In contrast to the differences in spontaneous sleep, the sleep responses to SD were normal in 

the MT-rGH mice.  

 



6. Effects of ip OCT on sleep in the MT-rGH mouse (Paper II) 

 

The sleep response to OCT significantly differed in the MT-rGH mice from the response in 

the controls. In the control mice, injection of OCT was followed by a large suppression of 

NREMS in hour 1, and then EEG slow wave activity (delta power) during NREMS enhanced 

significantly starting in hour 2 postinjection. In the MT-rGH mice, the OCT-induced 

reduction of NREMS in hour 1 was significantly smaller than in the controls, and the EEG 

slow wave response, reflecting NREMS intensity, was practically absent.  

 

 

7. Localization of the cerebral structures mediating sleep suppression and drinking to OCT 

in rats (Paper III) 

 

7.a Drinking 

 

Out of 86 rats, OCT microinjection elicited drinking in 17 rats. The injection sites 

resided in the SFO (5.6 ± 0.4 ml; n=4), and in the PVN (2.9 ± 0.3 ml; n=10). Drinking 

was observed after 2 injections in the bed nucleus of the stria terminalis but in these 

cases OCT might have leaked into the ventricular system because injections into the 

same structure through a cannula, which did not penetrate the ventricle, failed to elicit 

drinking. Finally, drinking was obtained in 1 rat after OCT microinjection into the 

dorsomedial nucleus. 

 



7.b Sleep 

 

There were 28 rats which responded with changes in sleep to OCT. The rats were 

grouped with respect to the structure where OCT was injected. 

 

AH/MPO 

In rats (n=8), which received OCT into the AH/MPO, NREMS decreased in 

hour 1 and stayed below baseline for 5 hours. Thereafter EEG slow wave 

activity tended to increase.  

 

ARC  

The rats (n=7) injected with OCT in the ARC responded with NREMS 

suppression in hour 1, and then NREMS returned to baseline. Increases in EEG 

slow wave activity were observed after hour 4. 

 

PVN 

Sleep was also determined in the group, which drank water after OCT injection 

into the PVN. OCT failed to alter sleep in these rats. 

 

Lateral preoptic region / lateral hypothalamus (LPO/LH) 

There were 11 rats in which OCT microinjection, instead of decreasing, 

increased NREMS in hour 1. EEG slow wave activity also enhanced in hour 1. 

The microinjections resided in the far lateral sites of the LH and LPO in these 

rats. It was also characteristic of these rats that the baseline value after 

administration of vehicle or physiological saline was relatively low.  



DISCUSSION 

 

 

The Discussion below attempts to focus to general issues to reach broad conclusions; detailed 

discussion of the results is provided with each paper. 

 

 

1. Effects of OCT on water intake, vasopressin secretion and blood pressure 

 
Drinking elicited by somatostatinergic stimulation is an original observation in our laboratory 

while the somatostatin-induced vasopressin secretion and rise in blood pressure were 

previously reported (9; 44). Somatostatin stimulates water intake in water depleted sheep (56). 

Drinking completed the two previously described somatostatin actions, vasopressin secretion 

and the increase in blood pressure, to match the response triad characteristic of both 

angiotensin and acetylcholine. The change in pressure is most likely results from vasopressin 

(9; 44). Pharmacological analysis of the OCT-induced responses suggests that both 

angiotensin and acetylcholine are required for these actions. The results also provide evidence 

that the angiotensin-like effects are mediated by AT1 receptors whereas the acteylcholine-like 

effects are mediated by muscarinic receptors.  

 

That angiotensin and acetylcholine are both necessary for the OCT-elicited responses might 

not be obvious because angiotensin and acetylcholine are proposed to be parallel pathways in 

the central water homeostasis (19; 26). In addition, the fact that OCT or somatostatin 

stimulates a function is also unusual for somatostatin is an inhibitory neurotransmitter. 

Therefore, we suggest that somatostatin acts via disinhibition, i.e. removal of a tonic 

inhibition from the activation of water homeostasis. The inhibition is hypothesized to control 

both the angiotensinergic and acetylcholinergic pathways simultaneously, and the release of 

only one of these mechanisms does not seem to be enough for a response. Our laboratory 

provided evidence for the stimulation of angiotensin release by OCT. By determining 

hypothalamic angiotensin II contents, significant depletion was observed 10 and 60 min after 

icv injection of OCT (17). We also propose that a GABAergic mechanism keeps the 



angiotensinergic and cholinergic mechanisms suppressed, and thus OCT or somatostatin acts 

by inhibiting this GABAergic inhibition (fig. 3.).  

 

 

 

 

 

GABAergic inhibition of drinking has been reported (55), and there are also findings showing 

that somatostatin and GABA may interact and are often co-localized in neurons (29; 50; 53). 

Apart from this, however, we did only the first steps to localize the site of somatostatin action 

on water homeostasis. The localization experiments focused on the intracerebral 

angiotensinergic system because this system is much better known than the cholinergic 

pathways participating in drinking. Nevertheless, both the PVN and the supraoptic nucleus 

receive cholinergic innervation, which is likely to stimulate vasopressin secretion and perhaps 

drinking (reviewed in (22). As mentioned in the Introduction, angiotensin is involved at 

multiple action sites in the dipsogenic circuit. First, both the SFO and the OVLT are 

stimulated by angiotensin II. Second, the angiotensin-responsive neurons are themselves, at 

least in part, angiotensinergic, and the locally released angiotensin recruits further active 

neurons. Third, the descending pathways from the circumventricular organs are also 

angiotensinergic. It is noted that angiotensin III might be the major active angiotensin species 

produced in the brain (57). Angiotensin III is the C-terminal heptapeptide in angiotensin II. 

Fig. 3.  Proposed model of somatostatinergic control of water homeostasis. 



Our experiments with microinjections show that somatostatin is capable of activating the 

angiotensinergic system in both the SFO and the PVN. Further experiments may explore the 

OVLT, and in particular, the median preoptic nucleus (MnPO), which seems to be a central 

nucleus receiving innervation from both the SFO and OVLT in the dipsogenic circuit.  

 

Finally, the fact that somatostatin controls both angiotensinergic and cholinergic pathways 

may make somatostatin a fundamental participant in the regulation of water homeostasis. In 

spite of this, we are aware of only one report, which demonstrates that the vasopressin 

response to blood loss is compromised after depletion of intracerebral somatostatin (10). 

Further experiments may clarify this issue.  

 

 

2. The role of somatostatin in sleep regulation 

 
OCT caused prompt sleep suppression in rats in our previous experiments (4; 5), and this 

action was consistent with the first description of the effects of somatostatin on sleep (18; 45). 

Later, however, stimulation of REMS was reported in response to somatostatin (13), which 

we could not replicate apart from a slight increase in REMS after systemic OCT (5). A brain 

stem action site has been suggested for somatostatin-induced REMS enhancements (14), and 

the fact that hypothalamic OCT microinjections failed to alter REMS, may support this 

suggestion. Our previous experiments also revealed that the angiotensin-like actions of OCT 

are not involved in the sleep response to OCT. It was known that somatostatin inhibits 

GHRHergic neurons, and GHRH is a NREMS-promoting substance but besides these, we 

have had little evidence showing that GHRH mediates the sleep effects.  

 

The high concentration of circulating GH suppresses GHRH production in the MT-rGH mice. 

Therefore, the importance of this model was that the sleep response to OCT could be tested in 

a condition with low GHRH. The effects of OCT were significantly attenuated in the MT-

rGH mice thereby suggesting that normal GHRH is necessary for the OCT-induced sleep 

suppression and the subsequent enhancements in EEG slow wave activity. Recently, further 

evidence has been collected in our laboratory, which supports the importance of GHRH. OCT 

was tested in lit/lit mice which have a point mutation in the GHRH receptor gene, and the 



mutation makes the receptor non-functional. OCT was completely ineffective in altering sleep 

in the lit/lit mice though it continued to elicit drinking (30). We have also determined the 

GHRH contents of the hypothalamus after icv OCT injections in rats (17). OCT promptly 

inhibited GHRH release (which appeared as an increase in GHRH contents); this effect 

peaked 1 h postinjection. The accumulated GHRH released thereafter. The time course of 

these changes corresponds to the initial sleep suppression and to the subsequent enhancements 

in NREMS intensity. Important findings showing that OCT modulates sleep through GHRH 

were obtained in the experiments with hypothalamic microinjections. The sleep response to 

OCT after hypothalamic microinjections was similar (ARC) to, or stronger (AH/MPO) than 

after icv injections. The positive hypothalamic injection sites correspond to the area where 

cell bodies of GHRHergic neurons reside (ARC) and to the area where GHRHergic neurons 

project (AH/MPO). The somatostatinergic control of GHRHergic neurons via sst2 receptors is 

well documented in the literature (25). GHRHergic neurons stimulate GABAergic neurons in 

the AH/MPO (15). Theoretically, the same GABAergic neurons can be the target of 

somatostatin-induced inhibition; this would be a mechanism similar to the inhibition of GH 

secretion in the pituitary. Alternatively, somatostatin may cause presynaptic inhibition of 

GHRHergic projections (fig. 4.). Sst2 receptor-mediated presynaptic inhibition was previously 

reported in the hypothalamus (25).  

 

Instead of sleep suppression, increases in NREMS were observed after OCT microinjection in 

the far-lateral points of the basal forebrain. As discussed in Paper 3, we assume that OCT acts 

via inhibiting predominantly cholinergic (and some non-cholinergic, e.g. orexinergic) 

projection neurons which are involved in the maintenance of waking (58). This action is the 

function of local somatostatinergic interneurons and is independent of GHRH.  

 

 



 

 

 

 

 

 

3. Sleep in the MT-rGH mouse 

 
There are a number of observations, which implicate GHRH in NREMS promotion; many of 

these are reviewed in the Introduction. The list includes the positive sleep responses in 

various species, the suppression of NREMS after GHRH inhibitors, decreases in NREMS 

after activation of the feedback mechanisms inhibiting GHRH, decreases in sleep in animals 

with chronic GHRH deficiency, the correlation between hypothalamic GHRH contents / 

mRNA levels and sleep, sleep reduction in rats after lesioning the rostral projections of ARC, 

and the demonstration of the involvement of GHRH in the sleep promoting activity of the 

cytokine, interleukin-1 (34). Because any defects in GHRH actions are always coupled with 

deficiencies downstream from GHRH, i.e. GH and IGF-I, and cause dwarfism, two findings 

are particularly important. First, GH replacement in the lit/lit mouse with a defect in GHRH 

Fig. 4. Proposed models of somatostatinergic inhibition of GHRH actions. 



signaling normalizes REMS but leaves NREMS suppressed (30). Second, the “spontaneous 

dwarf rat” (SDR), which has a point mutation in the GH gene, and does not produce GH but 

their GHRH functions normally, displays less REMS but more than normal NREMS (34). 

These observations suggest that GHRH is responsible for alterations in NREMS whereas GH 

modulates REMS.  

 

In fact, several other lines of evidence indicate that GH is capable of stimulating REMS; these 

reports are reviewed in the Discussion of Paper 3. Therefore, the robust increments in REMS 

could be anticipated in the MT-rGH mice. Whether these changes in REMS contribute the 

higher learning ability of these mice remains to be clarified. 

 

The problem with the MT-rGH mice is that they also display slight increases in NREMS time 

though they have less GHRH and therefore they are anticipated to exhibit less NREMS. It is 

noted that before our experiments started it was already reported that behavioral sleep time 

increased in the MT-rGH mice (24). There are some papers suggesting that chronic GH 

excess may stimulate NREMS independently of GHRH (2). That behavioral sleep time can be 

normalized by increased sugar intake in the MT-rGH mice (46) is a strong argument for a 

metabolic cause of the enhanced NREMS. In addition, the enhancements in NREMS might be 

mediated by IGF-I because IGF-I seems to have a NREMS-promoting activity (32).  

 

 



4. Conclusions 

 
1. OCT, particularly after intracerebral administration, elicits dose-dependent drinking. The 

drinking response to somatostatinergic stimulation is an original observation in our 

laboratory. 

2. Stimulation of drinking by OCT involves both angiotensinergic and muscarinic cholinergic 

mechanisms. 

3. Through the same intracerebral mechanism, OCT elicits vasopressin secretion. 

4. OCT also increases blood pressure via angiotensinergic and cholinergic mechanisms.  

5. The MT-rGH mice, which produce excess GH, display robust increases in REMS, slight 

enhancements in NREMS, and normal sleep response to SD. The changes in sleep are 

attributed to the metabolic actions of GH. 

6. The GHRH production and the sleep response to OCT are suppressed in the MT-rGH mice 

supporting the importance of GHRH in the effects of OCT on sleep. 

7. The drinking response to OCT is elicited from the angiotensinergic circuit in the brain 

(SFO, PVN) whereas the sleep suppression by OCT is mediated by structures hosting the cell 

bodies and terminals of GHRHergic neurons (ARC, AH/MPO). In addition, OCT stimulates 

NREMS when injected in the far lateral sites of the basal forebrain. This effect is attributed to 

inhibition of cholinergic and non-cholinergic neurons promoting arousal. 

 

The results are consistent with the hypothesis that 

� The angiotensin-like effects and the sleep responses to OCT are independent. 

� Sst2 somatostatin receptors may have a predominant role in eliciting the angiotensin-like 

effects and the sleep responses. 

� Somatostatin may have an important role in the regulation of central water homeostasis 

� Somatostatin contributes to sleep regulation via modulating GHRH 

 



ACKNOWLEDGEMENTS 

 
 
 
I am indebted to my supervisor, Dr. Ferenc Obál for his scientific guidance, encouragement, 

and support throughout my graduate and PhD studies. I express my gratitude to Dr. Gábor 

Jancsó, the head of the Neuroscience Program and of the Department of Physiology, and to 

Dr. György Benedek, the former head of the Department for allowing me to work in this 

Program and Department, respectively. I am thankful for the help I received from dr. Balázs 

Bodosi, dr. János Gardi, Anikó Jász, dr. Levente Kapás, dr. Zoltán Lelkes, Péter Liszli, dr. 

Zoltán Péterfi, dr. Gyula Sáry and dr. Éva Szentirmai in the laboratory, and for the excellent 

technical assistance by Szilveszter Tóth. Finally, I would like to thank Dr. James M Krueger 

for my 8-month stay and work in his laboratory at the Department of Veterinary and 

Comparative Anatomy, Pharmacology and Physiology, Washington State University, 

Pullman, WA, USA, and to colleagues in Pullman, especially to Richard Brown, Jidong Fang 

and Ping Taishi.  

 

These experiments were supported by grants to Dr. Ferenc Obal and to Dr. James M. Krueger 

(OTKA-30456, OTKA-043156, ETT P04/033/2000, ETT 103 04/2003, and NIH NS-

25378,NS-27250). 

 



REFERENCES 

 

 1.  Achermann P and Borbély AA. Mathematical models of sleep regulation. Frontiers in 

Bioscience 8: s683-s693, 2003. 

 2.  Aström C. Interaction between sleep and growth hormone. Acta Neurol Scand 92: 

281-296, 1997. 

 3.  Bauer W, Briner U, Doepfner W, Haller R, Huguenin R, Marbach R, Petcher TJ and 

Pless J. SMS 201-995: a very potent and selective octapeptide analogue of 

somatostatin with prolonged action. Life Sci 31: 1133-1140, 1982. 

 4.  Beranek L, Hajdu I, Gardi J, Taishi P, Obal F, Jr. and Krueger JM. Central 

administration of the somatostatin analog octreotide induces captopril-insensitive 

sleep responses. Am J Physiol 277: R1297-R1304, 1999. 

 5.  Beranek L, Obal F, Jr., Taishi P, Bodosi B, Laczi F and Krueger JM. Changes in rat 

sleep after single and repeated injections of the long lasting somatostatin analog 

octreotide. Am J Physiol 271: R1484-R1491, 1997. 

 6.  Bertherat J, Bluet-Pajot M-T and Epelbaum J. Neuroendocrine regulation of growth 

hormone. Eur J Endocrinology 132: 12-24, 1995. 

 7.  Bertherat J, Dournaud P, Berod A, Normand E, Bloch B, Rostene W, Kordon C and 

Epelbaum J. Growth hormone-relesing hormone-synthesizing neurons are a 

subpopulation of somatostatin receptor-labelled cells in the rat arcuate nucleus: a 

combined in situ hybridization and receptor light-microscopic radioautographic study. 

Neuroendocrinology 56: 25-31, 1992. 



 8.  Borbély AA. A two process model of sleep regulation. Hum Neurobiol 1: 195-204, 

1982. 

 9.  Brown MR. Somatostatin-28 effects on central nervous system regulation of 

vasopressin secretion and blood pressure. Neuroendocrinology 47: 556-562, 1988. 

 10.  Brown MR, Mortrud M, Crum R and Sawchenko P. Role of somatostatin in the 

regulation of vasopressin secretion. Brain Res 452: 212-218, 1988. 

 11.  Culman J, Hohle S, Quadri F, Edling O, Blume A, Leburn C and Unger T. 

Angiotensin as neuromodulator/neurotransmitter in central control of body fluid and 

electrolyte homeostasis. Clin Exper Hypertension 17: 281-293, 1995. 

 12.  Daikoku S, Kawano H, Noguchi M, Nakanishi J, Tokuzen M, Chihara K and Nagatsu 

I. GRF neurons in the rat hypothalamus. Brain Res 399: 250-261, 1986. 

 13.  Danguir J. Intracerebroventricular infusion of somatostatin selectively increases 

paradoxical sleep in rats. Brain Res 367: 26-30, 1986. 

 14.  Danguir J and De Saint-Hilaire-Kafi Z. Somatostatin antiserum blocks carbachol-

induced increase of paradoxical sleep in the rat. Brain Res Bull 20: 9-12, 1988. 

 15.  De A, Churchill L, Obal F, Jr., Simasko S and Krueger JM. GHRH and IL1b increase 

cytoplasmic Ca2+ levels in cultured hypothalamic GABAergic neurons. Brain Res 949: 

209-212, 2002. 

 16.  Frohman LA. New insights into the regulation of somatotrope function using genetic 

and transgenic models. Metabolism 45 S1: 1-3, 1996. 



 17.  Gardi J, Szentirmai E, Hajdu I, Obal F, Jr. and Krueger JM. The somatostatin analog, 

octreotide, causes accumulation of growth hormone-releasing hormone and depletion 

of angiotensin in the rat hypothalamus. Neurosci Lett 315: 37-40, 2001. 

 18.  Havlicek V, Rezek M and Friesen H. Somatostatin and thyrotropin releasing hormone: 

central effects on sleep and motor system. Pharmacol Biochem Behav 4: 455-459, 

1976. 

 19.  Hoffman WE and Phillips MI. Independent receptors for pressor and drinking 

responses to central injections of angiotensin II and carbachol. Brain Res 124: 305-

315, 1977. 

 20.  Ibuka N, Inouye ST and Kawamura H. Analysis of sleep-wakefulness rhythms in male 

rats after suprachiasmatic nucleus lesions and ocular enucleation. Brain Res 122: 33-

47, 1977. 

 21.  Johansson O, Hokfelt T and Elde RP. Immunohistochemical distribution of 

somatostatin-like immunoreactivity in the central nervous system of the adult rat. 

Neuroscience 13: 265-339, 1984. 

 22.  Johnson AK and Thunhorst RL. The neuroendocrinology of thirst and salt appetite: 

visceral sensory signals and mechanisms of central integration. Fron Neuroendocrinol 

18: 292-353, 1997. 

 23.  Kern W, Halder R, Al-Reda S, Späth-Schwalbe E, Fehm HL and Born J. Systemic 

growth hormone does not affect human sleep. J Clin Endocrinol Metab 76: 1428-

1432, 1993. 



 24.  Lachmansingh E and Rollo CD. Evidence for a trade-off between growth and 

behavioural activity in giant "Supermice" genetically engineered with extra growth 

hormone genes. Can J Zool  72: 2158-2168, 1994. 

 25.  Lanneau C, Peineau S, Petit F and Epelbaum J. Somatostatin modulation of excitatory 

synaptic transmission between periventricular and arcuate hypothalamic nuclei in 

vitro. J Neurophysiol 84: 1464-1474, 2000. 

 26.  Mangiapane ML and Simpson JB. Pharmacologic independence of subfornical organ 

receptors mediating drinking. Brain Res 178: 507-517, 1979. 

 27.  Meijer JH and Rietveld WJ. Neurophysiology of the suprachiasmatic circadian 

pacemaker in rodents. Physiol Rev 69: 671-707, 1989. 

 28.  Mendelson WB, Slater S, Gold P and Gillin JC. The effect of growth hormone 

administration on human sleep: a dose response study. Biol Psychiatry 15: 613-618, 

1980. 

 29.  Meyer DK, Conzelmann U and Schultheiss K. Effects of somatostatin-14 on the in 

vitro release of [3H]GABA from slices of rat caudatoputamen. Neuroscience 28: 61-

68, 1989. 

 30.  Obal F, Jr., Alt J, Taishi P, Gardi J and Krueger JM. Sleep in mice with nonfunctional 

growth hormone-releasing hormone receptors. Am J Physiol 284: R131-R139, 2003. 

 31.  Obal F, Jr., Fang J, Taishi P, Kacsóh B, Gardi J and Krueger JM. Deficiency of 

growth hormone-releasing hormone signaling is associated with sleep alterations in 

the dwarf rat. J Neuroscience 21: 2912-2918, 2001. 



 32.  Obal F, Jr., Kapás L, Bodosi B and Krueger JM. Changes in sleep in response to 

intracerebral injection of insulin-like growth factor-1 (IGF-1) in the rat. Sleep 

Research Online 1: 87-91, 1998. 

 33.  Obal F, Jr. and Krueger JM. Biochemical regulation of non-rapid-eye-movement 

sleep. Frontiers in Bioscience 8: d520-550, 2003. 

 34.  Obal F, Jr. and Krueger JM. GHRH and sleep. Sleep Med Rev in press: 2004. 

 35.  Obal F, Jr., Payne L, Kapás L, Opp M and Krueger JM. Inhibition of growth hormone-

releasing factor suppresses both sleep and growth hormone secretion in the rat. Brain 

Res 557: 149-153, 1991. 

 36.  Obal F, Jr., Payne L, Opp M, Alföldi P, Kapás L and Krueger JM. Growth hormone-

releasing hormone antibodies suppress sleep and prevent enhancement of sleep after 

sleep deprivation. Am J Physiol 263: R1078-R1085, 1992. 

 37.  Obal F, Jr., Rubicsek G, Alföldi P, Sáry Gy and Obal F. Changes in the brain and core 

temperatures in relation to the various arousal states in rats in the light and dark 

periods of the day. Pflügers Arch 404: 73-79, 1985. 

 38.  Opp M, Obal F, Jr., Payne L and Krueger JM. Responsiveness of rats to interleukin-1: 

effects of monosodium glutamate treatments of neonates. Physiol Behav 48: 451-457, 

1990. 

 39.  Palmiter RD, Brinster RL, Hammer RE, Trumbauer ME, Rosenfeld MG, Brinberg NC 

and Evans RM. Dramatic growth of mice that develop from eggs microinjected with 

metallothionein - growth hormone fusion genes. Nature 300: 611-615, 1982. 



 40.  Palmiter RD, Norstedt G, Gelinas RE, Hammer RE and Brinster RL. Metallothionein - 

human GH fusion genes stimulate growth of mice. Science 222: 809-814, 1983. 

 41.  Parker DC, Sassin JF, Mace JW, Gotlin RW and Rossman LG. Human growth 

hormone release during sleep: electroencephalograhic correlation. J Clin Endocrinol 

Metab 29: 871-874, 1969. 

 42.  Pless J, Bauer W, Briner U, Doepfner W, Marbach P, Maurer R, Petcher TJ, Reubi J-C 

and Vonderscher J. Chemistry and pharmacology of SMS 201-995, a long-acting 

octapeptide analogue of somatostatin. Scand J Gastroenterol 21 S119: 54-64, 1986. 

 43.  Reisine T. Somatostatin receptors. Am J Physiol 269: G813-G820, 1995. 

 44.  Rettig R, Geist R, Sauer U, Rohmeiss P and Unger T. Central effects of somatostatin: 

pressor response, AVP release, and sympathoinhibition. Am J Physiol 257: R588-

R594, 1989. 

 45.  Rezek M, Havlicek V, Hughes KR and Friesen H. Cortical administration of 

somatostatin (SRIF): effect on sleep and motor behavior. Pharmacol Biochem Behav 

5: 73-77, 1976. 

 46.  Rollo CD, Foss J, Lachmansingh E and Singh R. Behavioural rhytmicity in transgenic 

growth hormone mice: trade-offs, energetics, and sleep-wake cycles. Can J Zool 75: 

1020-1034, 1997. 

 47.  Saeb-Parsy K, Lombardelli S, Khan FZ, McDowall K, Au-Yong ITH and Dyball REJ. 

Neural conections of hypothalamic neuroendocrine nuclei in the rat. J 

Neuroendocrinol 12: 635-648, 2000. 



 48.  Sassin JF, Parker DC, Mace JW, Gotlin RW, Johnson LC and Rossman LG. Human 

growth hormone release: relation to slow-wave sleep and sleep-waking cycles. Science 

165: 513-515, 1969. 

 49.  Sawchenko PE, Swanson LW, Rivier J and Vale WW. The distribution of growth-

hormone-releasing factor (GRF) immunoreactivity in the central nervous system of the 

rat:an immunohistochemical study using antisera directed against rat hypothalamic 

GRF. The Journal of Comparative Neurology 237: 100-115, 1985. 

 50.  Scharfman HE and Schwartzkroin PA. Selective depression of GABA-mediated IPSPs 

by somatostatin in area CA1 of rabbit hippocampal slices. Brain Res 493: 205-211, 

1989. 

 51.  Stern WC, Jalowiec JE, Shabshelowitz H and Morgane P. Effects ot growth hormone 

on sleep-waking patterns in cats. Horm Behav 6: 189-196, 1975. 

 52.  Takahashi Y, Kipnis DM and Daughaday WH. Growth hormone secretion during 

sleep. J Clin Invest 47: 2079-2090, 1968. 

 53.  Tamamaki N, Yanagawa Y, Tomioka R, Miyazaki J, Obata K and Kaneko T. Green 

fluorescent protein expression and colocalization with calretinin, parvalbumin, and 

somatostatin in the GAD67-GFP knock-in mouse. J Comp Neurol 467: 60-79, 2003. 

 54.  Tobler I, Borbély AA and Groos G. The effect of sleep deprivation on sleep in the rats 

with suprachiasmatic lesions. Neurosci Lett 42: 49-54, 1983. 

 55.  Unger T, Bles F, Ganten D, Lang RE, Rettig R and Schwab NA. GABAergic 

stimulation inhibits central actions of angiotensin II: pressor responses, drinking and 

release of vasopressin. Eur J Pharmacol 90: 1-9, 1983. 



 56.  Weisinger RS, Blair-West J, Burns P, Denton DA and Purcell B. Cerebral Na 

concentration, Na appetite and thirs pf sheep: influence of somatostatin and losartan. 

Am J Physiol 280: R686-R694, 2001. 

 57.  Wright JW, Tamura-Myers E, Wilson WL, Roques BP, Llorens-Cortes C, Speth RC 

and Harding JW. Conversion of brain angiotensin II to angiotensin III is critical for 

pressure response in rats. Am J Physiol 284: R725-R733, 2003. 

 58.  Zaborszky L and Duque A. Local synaptic connections of basal forebrain neurons. 

Behav Brain Res 115: 143-158, 2000. 

 59.  Zhang J, Chen Z, Taishi P, Obal F, Jr., Fang J and Krueger JM. Sleep deprivation 

increases rat hypothalamic growth hormone-releasing hormone mRNA. Am J Physiol 

275: R1755-R1761, 1999. 

 60.  Zhang J, Obal F, Jr., Fang J, Collins BJ and Krueger JM. Non-rapid eye movement 

sleep is suppressed in transgenic mice with a deficiency in the somatotropic system. 

Neurosci Lett 220: 97-100, 1996. 



APPENDIX 

 

 

I. Hajdu I, Obál F Jr, Gardi J, Laczi F, Krueger JM. Octreotide-induced drinking, 

vasopressin and pressure responses: role of central angiotensin and acetylcholine. 

Am J Physiol Regul Integr Comp Physiol 279: R271-R277, 2000 

 

 

II. Hajdu I, Obál F Jr, Fang J, Krueger JM, Rollo CD. Sleep of transgenic mice producing 

excess rat growth hormone. Am J Physiol Regul Integr Comp Physiol 282: R70-R76, 

2002 

 

 

III. Hajdu I, Szentirmai E, Obál F Jr, Krueger JM. Different brain structures mediate 

drinking and sleep suppression elicited by the somatostatin analog, octreotide, in 

rats. Brain Res 994, 115-123, 2003 

 


