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ABSTRACT. Prostaglandin (PG) Dz and four lipoxygenase-derived
eicosanoids [lipoxins (LX) Aj and BJ, and
leukotrienes (LT) C, and DJ were examined for their effects on sleep and brain temperature in freely-behaving
rats. In the first series of experiments, PGD2 was infused into the third ventricle at four different locations
between 23:00 and 05:OO. In a location apposed to the medial preoptic area (MPO), PGDz at doses 1, 10 and
100 pmol/min, increased the slow wave sleep (SWS) by 23% (p d O.Ol), 35% (p d 0.05) and 44% (p s O.Ol),
respectively, during the infusion period. In the second series of experiments, LXs and LTs were infused at
the location apposed to MPO. Significant increases in SWS were detected with LXAJ at 100 pmollmin (14%.
p c 0.05), LXBJ at 100 pmollmin (20%, p c 0.05), and LTD4 at 10 pmollmin (17%, p 4 0.05). An increase
in paradioxical sleep (PS) was produced by PGDz at 1 and 10 pmol/min infusion (p s 0.05), but not by any of
the lipoxygenase-derived
eicosanoids examined. PGDz also elevated the mean brain temperature during
infusion by 0.2”C and 0.9”C at infusion doses 10 and 100 pmol/min, respectively. But PGDl infusion at 1 pmol/
min did not elevate the brain temperature. LXs (excluding LXB4 at 100 pmol/min) and LTs did not alter the
brain temperature significantly at the tested doses. We conclude that PGD2 is the most effective sleep promoter
among the eicosanoids examined so far.

INTRODUCTION

the physiological roles of LTs and LXs in the brain in
vivo have not been clarified ( 18). at picomolar concentrations LTC, relased luteining hormone from dispersed
rat anterior pituitary cells (19). LTC, also elicits a prolonged excitation of cerebellar Purkinje neurons of rats
(30). Pathological conditions such as cerebral &hernia
cause elevation in the amounts of LTa in gerbils (11)
and humans (11). Furthermore, Genis et al (22) recently
reported that human immunodeficiency
virus-infected
monocytes cocultured with human glia released increased
amounts
of LXAj and other lipoxygenase-derived
eicosanoids such as LTBJ and LTD,.
The objective of this study was 3-fold; (A) to identify
the location in the third cerebral ventricle where PGD2
promotes sleep most efficiently. (B) to determine whether
eicosanoids such as LXs and LTs also possess sleep
promoting activity at the same location. and (C) to
evaluate the effect of infusions of these eicosanoids
on the brain temperature. Though one recent report (23)
had questioned the sleep promoting effect of PGDl in
rabbits, we demonstrate that PGD, increased sleep markedly and dose-dependently
during the nocturnal hours
when continuously infused at a location apposed to the

The brain of many mammals, including humans, actively synthesizes prostaglandin
(PG) D, (l-3). Past
studies (4-6) have shown that continuous infusion of
PGD, into the third cerebral ventricle of rats during
nocturnal hours increased the slow wave sleep (SWS)
and paradoxical sleep (PS). Similarly, continuous infusion of PGD, into the lateral cerebral ventricle of monkeys during the diurnal period induced a sleep pattern
similar to physiological
night sleep (7). Among the
other cyclooxygenase-derived
prostanoids examined for
sleep promotion in monkeys, only PGD, appeared to be
somnogenic, though to a milder degree in comparison
to PGD,: but. PGD,. PGF,, and PGEz were ineffective
in promoting sleep (8).
Lipoxins (LXs) and leukotrienes (LTs) are eicosanoids
fonned via the lipoxygenase pathway (9, 10). During
the last decade. the presence of LTs (11-16) and LXs
( 17) in the brain of mammals has been reported. Though
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medial preoptic area (MPO) in freely-behaving
rats.
While LXA,, LXB4 and LTD, also increased the SWS
when infused at the same location, the dose-response
profiles and the magnitude of the increase in SWS reveal
that PGD2 is still the most effective sleep-promoting
eicosanoid in rats. Preliminary results of this study have
already been published in an abstract (24).

MATERIALS

AND METHODS

Animals
Male rats of the Sprague-Dawley strain, weighing between
300-350 g were used in these experiments. The animals
were housed prior to experimentation
in individual
cages set in a sound-proof
chamber at an ambient
temperature of 25°C and 60% relative humidity. The
chamber was maintained on a 12 h light (08:00-20:00)/
dark (20:00-08:00) cycle. Food and water were supplied
ad libitum. Rats anesthetized with intraperitoneal injections of pentobarbital sodium (50 mg/kg body wt) underwent surgery for insertion of a stainless steel cannula for
infusion of eicosanoids, and electrodes for electroencephalogram and electromyogram as described previously
(25, 26). A thermistor probe (o.d., 0.75 mm, Technol
Seven, Yokohama) to monitor brain temperature was
also inserted into the right cerebral hemisphere through
a hole bored in the skull and positioned to allow the
sensor portion to penetrate approximately 2 mm into the
cortex.
Four locations chosen for placing the cannula inside
the third cerebral ventricle are shown in Figure 1. These
spread over the areas of von
selected locations,
Economo’s conception
(27, 28) of the locus of the

‘Schlafsteuerungszentrum’
(sleep steering center), were
as follows:
location 1: apposed to the MPO (AP -0.8, ML 1.4, DV
8.2, angle 10’)
location 2: apposed to the region above MPO (AP -0.8,
ML 1.6, DV 6.2, angle 15”)
location 3: apposed to the posterior part of anterior
hypothalamic area (AHP) (AP -2.1, ML 1.5, DV 8.6,
angle 10”)
location 4: apposed to the region near the aqueduct of
Sylvius (AP -4.8, ML 2.0, DV 6.0, angle 20”).
All coordinates, adopted from the atlas of Paxinos and
Watson (29) represent mm adjustments with bregma as
the reference point (AP and ML) and below the dural
surface (DV). The angle refers to the degree between
the entry plane of the cannula into the brain and the
mid-sagittal plane of the skull. Each rat was only used in
one experimental session in which the effect of a single
dose of one eicosanoid was assessed. For confirmatory
purposes, each infusion dose of every eicosanoid was
tested in several experimental sessions.

Experimental

procedure

Following the surgery, rats were allowed a minimum
10 day recovery period and then placed in one of the
experimental chambers of the specially designed in vivo
bioassay system, described previously (26). A minimum
of 72 h acclimation
period was allowed inside the
experimental chambers, during which sterile saline was
continuously
infused into the third ventricle of the rat.
Since each rat served as its own control, following the
72 h acclimation period, baseline recordings were taken,
while saline was being continuously
infused. On the

Fig. 1 Schematic sagittal section of rat brain showing the infusion locations. Location of the
infusion cannula in the third ventricle, based on the stereotaxic coordinates adopted from the
atlas of Paxinos and Watson (29) with bregma as the reference point, are shown as follows:
L 1 (Location 1); apposed to the medial preoptic area (MPO)
L2 (Location 2); apposed to the region above MPO
L3 (Location 3); apposed to the posterior part of anterior hypothalamic area (AHP)
L4 (Location 4); apposed to the region near the aqueduct of Sylvius
D3V: Dorsal third ventricle; Aq: Aqueduct of Sylvius; 4V: Fourth ventricle.
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subsequent
day. PGD, or one of the lipoxygenasederived eicosanoids was infused at a rate of 1, 10 or
100 pmol/0.2 pl/min for 6 h (23:0&05:00).
The sleepwake activity and brain temperature were monitored in
the rat for at least a 72 h period (baseline 24 h, experiment 24 h and recovery 24 h). After an experiment, rats
were killed with an overdose of pentobarbital sodium.
To facilitate the verification
of the site of infusion,
pontamine
sky blue dye solution (0.5% w/v) was
injected in microquantity
via the cannula. The excised
bratns were fixed in 10% formalin solution and the track
of the cannula was checked with the aid of the atlas (29).

Chemicals
PGD,, supplied in a crystalline form, was a gift from
Ono Pharmaceutical
Co. (Osaka, Japan). The stock
solution of PGD: was made in 99.5% ethanol. LXAj
and LXB+ supplied in ethanol, were purchased from
Cayman Chemical Co. (Ann Arbor, Michigan, USA).
LTC, and LTD,, supplied in methanol: water (70:30),
were obtained from Cascade Biochem Ltd (Reading,
Berkshire, England). Just before use, stock solutions
of prostanoids were dried with a stream of N2 gas and
working solutions were prepared in pyrogen-free sterile
saline.

Analysis of data
The sleep-wake activity was measured by visual scoring
of the periods of wakefulness,
SWS and PS in the
generated polygraph recordings by two researchers independently. The minimal scoring interval was set at 15 s
of recording time. Deviations in brain temperature from
the baseline during the infusion period of eicosanoids
are given as the temperature change (AT). Data are
expressed as the mean f SEM and were statistically
analyzed by the paired t-test.

D1, Lipoxins and Leukotrienes

on Sleep and Brain Temperature

of Rats

RESULTS
The rats continuously
infused with PGD: at 1, 10 and
100 pmol/min for 6 h between 23:OO and 05:OO at a
location apposed to the MPO (location 1) showed a
marked and dose-dependent
increase in the amount of
SWS during the infusion period (Table 1). At this location, PGD? at doses 1, 10 and 100 pmol/min. increased
SWS by 23% (p d 0.01). 35% (p c 0.05) and 44%
(p s O.Ol), respectively. The PS increase due to PGD,
infusion was also significant at 1 and 10 pmol/min.
In the circadian sleep profile of the rats infused with
PGD, at 100 pmol/min in location 1 (Fig. 2. panel A),
hourly amounts of SWS were above the baseline level
throughout the PGD,-infusion
period and this increment was maintained until 1 h after the cessation of the
infusion. A significant increase occurred 2 h after the
commencement
of infusion. When PGD, was infused at
the rate of 100 pmol/min in location 7 (approximately
2 mm upstream towards the dorsal third ventricle and
lateral ventricle from location 1). and location 3. the
somnogenic response became weakened (Fig. 2, panels
B and C). No sleep promoting effect was noticed when
PGD, was infused at location 4 (Fig. 2. panel Dj.
Furthermore,
administration
of PGD? at 1 pmol/min
(n = 18) and lOpmol/min (n = 12) in locations 2 and 3
did not elicit any significant increase in either SWS
or PS (data not shown).
Table 1 shows the effect on sleep due to infusion
of LXA,, LXB,. LTC, and LTD, at location 1. At
100 pmol/min infusion, both LXAJ and LXBJ increased
SWS by 14% (p s 0.05) and 20% (p .s 0.05) respectively. However, infusion of LXs at rates I pmol/min
and 10 pmol/min did not result in any significant increase in either SWS or PS. Of the LTs examined. LTD,
infusion at 10 pmol/min at location 1 also increased
SWS by 17% (p s 0.05). though this increase in
SWS was not confirmed at 100 pmol/min infusion rate.
But. LTCJ failed to produce significant
changes in

Table 1 Effects of infused eicosanoid on sleep promotion in rats
Intused eico\anoid

Infusion rate
(pmol/min)

n

Amount of SWS
(min)
(B)
(E)

mean 4 increase
in SWS

Amount of PS
(min)
(El
(BI

mean (,s increase
111PS

I
IO
100
I
IO
100
I
I0
100
IO
IO0
IO
IO0

5
6
I
8
7
8
3
4
7
5
3
6
6

98 *
89 +
92+
82 f
90 F
95 +
83 +
97 +
94 *
97*
79*
X4 +
100 +

23
35
44
I1
I
14
I‘!
4
20
IO
6
17
0

IS?.?
lYk4
I?*2
1-J+ 3
IO * 2
12+2
17*4
20 + 3
Ihk5
25 + 2
7+-l
1x+5
IO&5

6.3
h3
12
II
30
17
II
0
25
0
II
22
0

PGD,

LXA,

LXB,

L-K ,
LTD,

5
8
10
7
10
7
4
9
6
13
IS
8
6

121 f8**
120 + 8*
132*8**
91* 10
91f8
108? 9*
95 f 4
101 + 16
113*7*
107*5
84 i 3
98f7*
96 * 7

89

2-l * J*
31 ? 5:b
17rt2
It?+ 2
Ii?2
lJ?!I.J
IY+3
20 ZIz3
20 + ?
25 + 1
x+3
2’+J
I4i 3

SWS and PS values are expressed as cumulative mean * SEM (min) during the 6 h infusion period (23:00-05:00)
medial preoptic area (location 1).
(B). baseline value: (E). experimental value. * . p s 0.05: **, p s 0.01 (significant differences from corresponding
r-test).
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Fig. 2 Hourly amounts of SWS and PS, due to PGDz infusion (100 pmol/O.? pl/min) at four locations in the third ventricle. Details for
location 14 are described in Materials and Methods, and shown in Figure I. (A) Location I (n = 7): (B) Location 2 (n = 4); (C) Location 3
(n = 7); and (D) Location 4 (n = 6). 0. Baseline day. sterile saline was continuously infused. 0, Experimental day. PGDz was infused for 6 h
(23:005:00).
shown by the arrows under the abscissa. Before and after the infusion of PGD,, saline was continously infused. Vertical bars
represent SEM *. p c 0.05. **. p s 0.01 (by paired t-test).

the amounts of SWS and PS at either 1- pmol/min or
100 pmol/min infusion doses.
Comparison of the somnogenic responses produced
by PGD2, LXAp and LXB4 in terms of sleep parameters,
viz, the number and duration of SWS episodes was
also made in rats which showed a significant increase
in SWS. When PGD, was infused at location 1 at
100 pmol/min,
SWS promotion
during the infusion
period was observed with an increased number of SWS
episodes (88 + 5 for PGDz vs 73 f 7 for saline, mean +
SEM: n = 5; p d 0.05) and a prolonged duration of
SWS episodes (92 + 7 s for PGD? vs 76 + 5 s for saline;
mean + SEM; n = 5; p c 0.05). However the increase
in SWS produced by LXA4 infusion at 100 pmol/min in
location 1 was accompanied only by prolonged duration
of SWS episodes (70 +_ 9 s for LXA4 and 62 & 8 s for
saline) without any change (from the baseline) in the
number of episodes. The changes in the number and
duration of SWS episodes were not clear-cut for the
SWS increase caused by LXB4 infusion at 100 pmol/min
to location 1.
The changes in brain temperature due to infusion
of eicosanoids are presented in Table 2. In location 1,
PGD, elevated the mean brain temperature during infu-

sion by 0.2”C (p c 0.05) and 0.9”C (p s 0.01) at infusion doses of 10 and lOOpmol/min, respectively. The
dose-response profile observed for the brain temperature
response was also similar to that of increase in SWS.
However, PGD, infusion at I pmol/min in location 1 did
not alter the brain temperature, though it significantly
increased the amount of SWS. While PGD, infusion in
location 2 at 100 pmol/min elevated the brain temperature by 0.8”C (p s 0.05) infusions of PGD, in locations
3 and 4 at the same dose did not show marked responses.
Among the lipoxygenase derived eicosanoids studied.
though LXB4 at 100 pmol/min in location 1 elevated the
brain temperature by 0.4”C (p s O.Ol), LXAJ infusion
at 100 pmol/min in location 1 did not alter the brain
temperature significantly.
Also, infusions of LTC, or
LTD4 at 100 pmol/min in location 1 did not bring any
noticeable variation in the brain temperature of the rats.

DISCUSSION
Among the four locations of the third cerebral ventricle
examined in this study, the location apposed to MPO
appeared to be the most effective in promoting sleep,
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Table 2

Effects of infused eicosanoid

D,, Lipoxins and Leukotrienes

on Sleep and Brain Temperature

Infusion location
in third ventricle

Infusion dose
(pmol/min)

n

Mean T,, (“Cl
Expt
Baseline

PGD,

LI

I
10
100
I
IO
100
I
10
100
100
1
IO
100
I
IO
100
100
100

7
5
6
5
8
4
8
4
5
5
1
2
7
3
4
7
2
4

38.3 2 0. I
38.2 * 0. I
37.Y + 0.7
38. I * 0.7
38.1 + 0.1
38.3 * 0.1
38.4 + 0.1
38.1 I? 0.1
38.1 k0.I
3x.3 + 0.2
38.3 Ik 0.1
38.1
38.0 i 0.4
37.4 * 0.5
37.5 f 0.4
3x.1 i- 0.1
38.1
3x.1 * 0.1

L7-

PGD,

L3

PGD,
LXA,

L3
LI

LXB,

LI

LTC,
LTD.,

Ll
LI

YI

on brain temperature

Compound

PGDz

of Rats

AT (“CI

38.3 If-0. I

[-0. I I

3x.‘l+o.l*

0.2

38.X + 0.7**
38.2 + 0.2
38.5 i 02
3Y. I + 0.3*
38.4 t 0.1
3X.1 !I 0.1
38.6 + 0.3
38.5 + 0.2
3x.3 + 0.2
38. I
38. I t 0.4
37.4 * 0.4
37.6 ?I 0.3
3x.5 +- 0. I **
3x.3
38.3 t 0.1

(1.0
(I. 1
(I.-1
0.x
0
0
0.5
0.2
(I
0

0.I
0
0. I
0.4
0.7
11.2

Brain temperature CT,,) values are expressed as mean * SEM during the 6 h infusion permd (23:00-05:001
of the eicosanoid. Infusion locations are identified in Figure I *. p s 0.05: **. p s 0.01 (significant
differences from corresponding baseline values, by paired t-test).

when PGD, was infused. Infusion of PGDz in the other
locations. especially locations 3 and 4, situated in the
direction downstream of the flow of cerebrospinal fluid,
resulted in a noticeable decrease in the somnogenic
response. These data indicate that PGD,! exhibits its
sleep promoting property by acting in the rostra1 region
surrounding the ventricular system of the brain, rather
than in the caudal regions.
Previously. Ueno et al (4) had reported a 26-33%
increase in SWS and M--78% increase in PS, When
PGD, was continuously infused for 10 h (19:00-05:00)
at the rates of 0.6-6 pmol/min into the third ventricle
of rats. In the present study, PGD, infusion at rates of 1
and 10 pmol/min resulted in a 23-35% increase in SWS
from the baseline values. The increase in PS amounted
to 63% at both infusion rates of PGDl (Table 1). While
Ueno et al (4) infused PGD, between 19:OO and 05:OO
and measured the amounts of sleep during the period
between 20:00 and 08:00, in the present study, PGDz
was infused between 23:00 and 05:OO and amounts of
SWS and PS were measured during the same period.
Despite the variation in the experimental
protocols,
similar somnogenic responses obtained in the present
study confirming the results reported by Ueno et al (4).
The sleep promoting effects of LXs and LTs were
examined by infusing mainly at location 1 for two reasons. First. the maximum increase in SWS and PS due
to PGDl infusion occurred at this location. Secondly,
it is located near the preoptic area, a purported sleep
center. In comparison to PGD,, the overall sleep promoting responses shown by LXs and LTs were characterized
by the absence of a definite dose-response relationship
and smaller magnitudes of the generated somnogenic
responses. However, when infused at 100 pmol/min,
LXB, significantly
increased the amount of SWS at
location I. These results indicate that LXB4 also pos-

sesses a SWS-promoting
property. LXA+ like LXB,,
also showed a detectable SWS-promoting
property,
though it did not significantly alter the brain temperature
in comparison to LXB,.
Little is known about the physiological role of LXs
in the brain, if they do possess one. Previously. Busija
et al (30) had reported that both LXAa and LXBl dilate
cerebral arterioles of newborn pigs. This observation
suggests a possibility of linking the SWS-promoting
effect of LXs to dilation of cerebral arterioles. But, both
(sleep promoting) PGDz and (sleep-suppressing)
PGE,
also dilate pial arterioles in cats (3 1). Therefore, it is
uncertain whether the SWS-increasing
effect of LXs is
mediated via their actions on the arterioles. Infusion of
LTD, at 10 pmol/min also increased the SWS though
this effect could not be confirmed at 100 pmol/min
infusion rate. Thus the effect of LTDl on sleep needs
further verification, since the exhibited increase in SWS
appears relatively weak and variable. The responses
obtained with LTC, could serve as a negative control in
these experiments for the sleep promoting properties
of eicosanoids.
The variations in brain temperature were also recorded in combination with the sleep-wake activity in
this study. An elevation of brain temperature,
not
exceeding l”C, was observed during PGD, infusion. A
consensus is lacking on the available information related
to the variation in body temperature in response to
PGDl administration
into the brain. In 1982. Ueno et
al (32) reported that 881 ng (2.5 nmol) of PGD?. when
microinjected
into the preoptic area of rats caused a
fall in colonic temperature (-0.9”C) after a lapse of
1 h from the sleep promotion caused by PGD,. However,
Siren (33) showed that injection of PGDz at IOOng.
1 mg and 10 mg doses into the right lateral ventricle
of rat brain increased the rectal temperature by 0.7 to
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1.7”C. Subsequently, Forstermann et al (34, 35) demonstrated that while injection of a bolus dose of 20.0 mg
PGD2 into the ventricle of rats increased the rectal temperature by nearly 1°C a bolus dose of 2.0 mg PGDz
decreased the rectal temperature by 05°C. According
to Matsumura et al (25), microinjection
of a bolus
dose of 881 ng (2.5 nmol) PGD? into the preoptic area
resulted in a 05°C increase in the rectal temperature.
From these results, one can only infer that the effect
of PGD, administration
into the brain on body/brain
temperature may vary depending on the administered
dose, route and time, as well as the arousal state of the
rat. A mild elevation in rectal temperature due to PGD,
infusion into the third ventricle of cats (36) and lateral
ventricle of monkeys (6) have also been reported previously. The data obtained in the present study also agrees
with the results of O’Rourke and Rudy (37) reporting an
absence of febrile effect due to intracerebroventricular
injection of LTC4 and LTD4.
The present results, considered together with the
findings of previous studies from our group, demonstrate
that PGD2 is the most effective endogenous somnogenic
substance in rats among the eicosanoids examined so
far. This sleep promoting effect was most efficiently
exhibited when PGD? was infused into the third ventricle
at the location apposed to the preoptic area when compared with the infusion to the locations caudal towards
the downstream of the cerebrospinal fluid flow.
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