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ABSTRACT  We continuously monitored the circadian sleep
patterns of unrestrained rats for more than 96 hr and infused var-
ious prostaglandins into their third ventricles for 10 hr to study the
effects on inducing sleep. Prostaglandin D, at 6 fmol/min had no
effect on either slow wave sleep or paradoxical sleep. However,
prostaglandin D; at as little as 60 fmol /min caused a significant
amount of excess slow wave sleep as compared with the control
level during saline infusion. Paradoxical sleep was induced by
prostaglandin D at doses greater than 600 fmol /min. Prostaglan-
din D; (600 fmol /min) increased slow wave sleep by 33% and par-
adoxical sleep by 56%. Although prostaglandin F5, (600 fmol /min)
increased the amount of slow wave sleep, its activity was less than
that of the same amount of prostaglandin D;. Prostaglandin E,
(600 fmol/min) had no effect on increasing the amounts of both
slow wave sleep and paradoxical sleep. During the infusion of
prostaglandin Ds, rats were easily aroused by clap sound stimu-
lation and their sleeping and waking postures remained normal.
Further, their sleep was episodic, as observed in the physiological
sleep of rats.

Prostaglandin Dy (PGDy) has been identified as a natural con-
stituent in brains of various mammals (1-4) and its synthesis and
degradation in brain have been investigated in detail (2, 5, 6).
Recently, Ueno et al. (4, 7, 8) reported that the use of the in-
tracerebral microinjection technique to administer nmol doses
of PGD; elicits several central actions. One of the prominent
actions of PGD, was the induction of sleep (7, 8). A site of action
of PGD; on inducing sleep was the preoptic area and 0.3 nmol
of PGD, induced excess slow wave sleep (SWS) (7). However,
the PGD;, content in the preoptic/hypothalamic area in rat brain
was 4-6 pmol/g (wet weight) of tissue (3, 4), indicating that even
the doses we used before were not physiologically feasible. In
the present study, we continuously infused small amounts of
various PGs into the third ventricles of conscious rats and found
that PGD; at as little as 60 fmol/min induced excess sleep.

MATERIALS AND METHODS

Experimental Animals. Male Sprague~Dawley rats, 300-350
g, 70-80 days old were used. Rats were housed in a 12-hr light
(08:00-20:00)/dark (20:00—08:00) cycle for at least 2 wk prior to
surgery. Under pentobarbital anesthesia (50 mg/kg), rats were
mounted on a stereotaxic instrument with the head fixed ac-
cording to the coordinate system of Pellegrino et al. (9). For
electroencephalogram (EEG) recordings, three silver ball elec-
trodes were placed on the cortex and asilver plate over the fron-
tal skull served as the indifferent electrode. The electromyo-
gram (EMG) electrodes were inserted into the neck muscle. For
intracerebral infusion to the third ventricle, a stainless steel can-
nula (0.d., 0.35 mm) was placed 3.4 mm lateral and 0.6 mm an-
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terior from the bregma and inserted about 9 mm from the sur-
face of the cortex at an angle of 20° from the midsagittal plane.
The position of the cannula was determined by x-ray photo-
graphs. The electrodes and cannula were fixed by using dental
acrylic resin.

Experimental Devices for Sleep Analyses (Fig. 1). After sur-
gery, each rat was housed in a cage in a sound-proof room main-
tained at 25 = 1°C and 50 + 10% relative humidity on the 12:12
hrlight/dark cycle. The electrodes and cannula were connected
to amplifiers and an infusion pump (B. Braun, Melsungen, Fed-
eral Republic of Germany), respectively, with a slip ring that
allowed unrestrained movement of the rat. Food and water were
available ad lib. Locomotor activities of the rat were detected
by a vibration transducer and the electrical signals were re-
corded on a polygraph. At the same time, the electrical signals
above a specified voltage were chosen by a comparator and sum-
marized every hour on a digital counter and printer. EEGs and
EMGs were recorded on polygraphs. The behavior of the ex-
perimental animals was monitored by a video recording system
throughout day and night. The amounts of SWS and paradoxical
sleep (PS) were determined by polygraphic recordings of cor-
tical EEG, neck EMG, and locomotor activities. SWS is iden-
tified as a high-amplitude slow-wave EEG with moderate EMG
and no locomotion. PS is defined as a low-amplitude fast-wave
EEG with lack of EMG but slight locomotion of short duration.
The whole sleep scores over 96 hr were visually analyzed in each
rat by using a digitizer (MOP, Kontron, Miinchen, Federal Re-
public of Germany). These digital data were computed and stored
by a central processing unit (Nippon Data General, Tokyo) for
further statistical analyses. Details are described elsewhere (10).

Infusion into the Third Ventricle. Sterile saline was infused
continuously at a rate of 20 ul/hr to the third ventricle from the
3rd day after the operation except during the period of PG in-
fusion. Recovery of the rats from surgery, which required at least
8 days, was determined by their daily sleep rhythm. The con-
tinuous infusion of saline did not essentially affect the sleep pat-
terns of the rats (11). PGs (gifts from Ono Central Research In-
stitute, Osaka, Japan) stored at —20°C were weighed and dis-
solved in sterile saline 30 min before infusion. The sample (200
ul) containing the indicated amount of PG was set in a sample
chamber at 16:00 hr and infused to the third ventricle of a con-
scious rat for 10 hr (19:00-05:00) at a rate of 20 ul/hr. Through-
out the infusion period, rats were housed in the same cage with-
out any restriction of their movement. Rats that had been infused
with PG once were used again with an interval of at least 5 days
if their sleep rhythm returned to the control level.

RESULTS

Effects of PGD; on Induction of Sleep. The circadian sleep
patterns of saline-infused rats (control) are shown in Fig. 2. The

Abbreviations: PG, prostaglandin; SWS, slow wave sleep; PS, para-
doxical sleep; EEG, electroencephalogram; EMG, electromyogram.
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Fic. 1. Circadian bioassay systems for analysis of sleep of rats. CPU, central processing unit; Loco, locomotor activities.

amounts of both SWS and PS in the light period were about twice
as much as those observed in the dark, when the rats were ac-
tive. PGDj, (6 pmol/min) in sterile saline was infused for 10 hr
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Fic. 2. Effects of PGD; on sleep patterns of rats. Amounts of SWS
(A) and PS (B) in 2-hr (+ 1 hr of the indicated clock time) periods are
plotted. The sleep pattern of the control rat (@) under continuous saline
infusion into the third ventricle was obtained for 5 consecutive days
before PGD, infusion. Results are mean + SEM for five daily record-
ings with a single rat. 0, PGD; in sterile saline (3.6 nmol/200 ul) was
infused to the rat for 10 hr (19:00 to 05:00) at a rate of 6 pmol/min.
Throughout the infusion period, the rat was housed under the same
conditions as the control rat without any restriction of its movement.
Arrows indicate increments from control levels. Open and closed bars
indicate light and dark periods.

(19:00 to 05:00) to the third ventricle of the experimental rat 1
hr prior to the beginning of the active period. The action of PGD,
in inducing both SWS and PS started within 1 hr after the ini-
tiation of PGD, infusion and disappeared within 2 hr after the
termination of PGD; infusion (Fig. 2). These observations were
reproducible in all four rats tested (Table 1). By 1 day after ter-
mination of PGD, infusion the sleep patterns returned to the
control level and no withdrawal effect of PGD, was observed.
The effects of different doses of PGD; on inducing sleep are
shown in Table 1. In the experimental series, we used 26 rats.
During the dark period, the amounts of SWS and PS of saline-
infused rats were 228.1 = 5.8 min/12 hr and 35.0 % 4.1 min/12
hr (mean + SEM), respectively. Intraventricular infusion of PGD,
at 6 fmol/min for 10 hr failed to increase the amounts of either
SWS or PS. However, PGD; at as little as 60 fmol /min induced
excess SWS. PGDj at 600 fmol/min increased the amount of
SWS by 33% (P < 0.001) from the control level together with

Table 1. Effects of PGs on induction of excess sleep

Rate,
Treatment, fmol/min n
Saline
(control)
PGD, 6

SWS, % control  PS, % control

[ 3]

100 100
96.5 £ 2.3* 89.1 = 7.9*

60
600
6,000

122.4 + 3.61
133.3 £ 3.9t
125.5 + 4.8t

110.3 = 11.9*
156.2 + 16.0+
178.3 + 12.1%

PGF,, 600 115.2 + 6.0% 100.4 + 16.3*
PGE, 600 96.3 = 5.1* 104.3 = 11.7*

PGs were infused for 10 hr (19:00 to 05:00) and amounts of SWS and
PSin the dark period (20:00 to 08:00) were determined. Results are mean
+ SEM. SWS, 228.1 + 5.8 min/12 hr; PS, 35.0 + 4.1 min/12 hr. Sig-
nificance was calculated by ¢ test.

* Not significant (P > 0.05).
tP < 0.001.
P < 0.05.
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that of PS by 56% (P < 0.05). Although increasing the dosage
to 6 pmol/min failed to further increase the amount of SWS, it
increased the amount of PS to almost twice that of the control
level. However, the larger increments in PS were statistically
less significant because of larger individual differences and be-
cause the amount of PS was smaller as compared with that of
SWS. Judging from the recordings of EEG, EMG, and loco-
motor activities, the SWS and PS during PGDj infusion were
normal and no alteration from the state of waking to PS without
SWS was observed. During the sleep caused by PGDy, rats were
easily aroused by clap sound stimulation. Their sleep was epi-
sodic, as observed in the controls, and their posture remained
normal.

To compare the effects with that of PGD,, we also infused
PGF,, (600 fmol/min) and PGE, (600 fmol/min) into the third
ventricle of conscious rats. As shown in Table 1, PGF,, at this
dose increased the amount of SWS by 15% without changing the
amount of PS. Although the effect of PGFs, on inducing SWS
was weaker than that of PGD, (600 fmol/min), the increase of
SWS was statistically significant (P < 0.05). On the other hand,
PGE; (600 fmol/min), which is an isomer of PGDy, had no ef-
fect on the amounts of either SWS or PS.

DISCUSSION

In the present study, we used a circadian bioassay system for
sleep analysis and found that PGDj exerted the strongest action
among the PGs tested. The effective dose of PGD for induction
of sleep was as little as 60 fmol/min, which might be physio-
logically feasible, because the preoptic/hypothalamic area, the
site of action of PGDy in inducing sleep (7), contained 4-6 pmol
of PGD,/g (wet weight) of tissue after sacrifice of the rats by
microwave radiation (3, 4). It has been reported that mono-
amines (12) and several peptides such as 8-sleep-inducing pep-
tide (13), factor S (14, 15), and muramyl peptides (16) induce
excess sleep. However, factor S from brain is not yet purified
and muramyl peptides probably originate from bacteria. Re-
cently, the effects of 8-sleep-inducing peptide and of muramyl
peptide have been investigated using the bioassay system de-
scribed here (unpublished data). It was found that muramyl
peptide at 200 fmol/min fails to induce excess sleep in rats and
that a dose of 2 pmol/min is required to elicit an effect. 5-Sleep-
inducing peptide at a dose of 4 pmol/min was effective on in-
ducing sleep. In comparison with these substances, PGD; ap-
pears to be a far more potent sleep-inducing compound under
our experimental conditions. Although it has been reported that
acetaminophen, a weak inhibitor of PG synthetase (17, 18), re-
duces the fever caused by a muramyl peptide without affecting
sleep, the minimal doses of PGs effective in inducing sleep may
be so low that the amount of sleep is not affected significantly
by acetaminophen treatment.

Proc. Natl. Acad. Sci. USA 80 (1983) 1737

We propose that PGD, in the brain may be an endogenous
regulator of physiological sleep, at least in the rat, for the fol-
lowing reasons. (i) PGD; is actively synthesized (2-5) and me-
tabolized (6) in the brain. (if) Sleep induced by PGD; is indis-
tinguishable from physiological sleep as judged by EEG, EMG,
and the locomoter activities and behavior of the rat. (iii) PGD,
at as little as 60 fmol/min causes excess sleep and the concen-
tration of endogenous PGD; in the brain (3, 4) appears suffi-
cient to induce sleep. (iv) PGD; is not pyrogenic and it slightly
decreases body temperature (4, 7) as observed in physiological
sleep (19-23). In support of this hypothesis, Krueger et al. (16)
have reported that indomethacin, a potent inhibitor of PG syn-
thetase (17, 18), blocks normal sleep.

This work was supported in part by a grant-in-aid for scientific re-
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