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SUMMARY

1. We investigated the effect of microinjection of prostaglandin E2 (PGE2) into
the preoptic (POA) or the ventromedial hypothalamic (VMH) region on rectal
temperature in rats. Fever was induced by microinjection of PGE2 into the POA or
the VMH regions. The febrile responses induced by PGE2 injected into the VMH
region were significantly greater than those induced by injection into the POA
region.

2. The effect of temperature on neuronal activity in the POA and the VMH regions
was investigated by using slice preparations from rats. It was revealed that there
exist many thermoresponsive neurones in the VMH region as well as in the POA
region, and that the proportion of thermoresponsive neurones out of the total
neurones examined in the VMH region was almost identical to that in the POA
region. In addition, the warm-responsive neurones in the VMH region exhibited
larger thermal coefficients than those in the POA region.

3. When PGE2 was applied in a recording chamber where the tissue slice was
perfused, most of the neurones in the VMH region which responded to PGE2 showed
a decrease in their firing rate, while those in the POA region showed an increase in
their firing rate, regardless of their thermoresponsiveness. In the POA region,
PGE2 began to affect the activities of the warm-responsive neurones in the range of
5 x 10-7 to 7 x 10-6 M, whereas maximum responses were obtained between the
concentrations of 5 x 10-6 and 5 x 1O-5 M. In the VMH region, PGE2 began to change
the activities of the warm-responsive neurones in the range of 5 x 10-8 to 5 x 10-7 M,
and the maximum effect of PGE2 on the VMH warm-responsive neurones occurred
between the concentrations of 8 x 10-7 and 4 x 10-5 M.

4. The present results show that neurones exhibit different responsiveness to
PGE2 and different sensitivity to PGE2 between the POA and the VMH regions.
Nevertheless, microinjection of PGE2 into either the POA or the VMH region
produces fever. Therefore, it is suggested that fever is produced by complex neuronal
networks in the central nervous system.
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INTRODUCTION

The preoptic (POA) region has been thought to be a region sensitive to
microinjections ofprostaglandin E2 for producing fever (Stitt, 1973; Williams, Rudy,
Yaksh & Viswanathan, 1977), although relatively little information is available
concerning the febrile response to administration of prostaglandin E2 into other
brain regions. However, there is much evidence that the POA region is not the only
site for producing fever. For example, Veale & Cooper (1975) reported that, after
removal of the entire POA region of rabbits, an intravenous injection of endogenous
pyrogen still produced fever of similar magnitude to that found in control rabbits.
Similar results have been repeatedly shown in goats (Andersson, Gale, Hokfelt &
Larsson, 1965), squirrel monkeys (Lipton & Trzeinka, 1976) and rats (Blatteis &
Banet, 1986).

In our recent report (Morimoto, Murakami, Nakamori & Watanabe, 1988 a), it was
shown that microinjection of prostaglandin E2 into the ventromedial hypothalamus
(VMH) induces fever in rabbits. Furthermore, the febrile response induced by
injection of prostaglandin E2 into the VMH region is significantly greater than that
caused by injection into the POA region. Therefore, at the present time, the VMH
region, as well as the POA region, appears to play an important role in the
pathogenesis of fever.

Since thermoresponsive neurones were found to be located in the POA region
(Nakayama, Hammel, Hardy & Eisenman, 1963; Hardy, Hellon & Sutherland,
1964), these have been thought to play a role in regulation of body temperature
(Hensel, 1981). Some of the previous studies showed that the intravenous injection
or intrapreoptic injection of pyrogenic substances such as bacterial endotoxin
(Cabanac, Stolwijk & Hardy, 1968; Wit & Wang, 1968; Eisenman, 1969; Nakayama
& Hori, 1973), endogenous pyrogen (Schoener & Wang, 1975) or prostaglandin E
(Schoener & Wang, 1976) inhibits the activities of the warm-responsive neurones and
facilitates those of the cold-responsive neurones in the POA region. Those results
were consistent with the simple theory that in fever inhibition of warm-responsive
neurones and facilitation of cold-responsive neurones enhance heat production and
attenuate heat loss, subsequently raising body temperature (Boulant, 1974).
However, the possibility must be considered that when the pyrogenic substance was
injected in vivo, fever may have been induced. It is still unclear whether the previous
in vivo results are the causes or results of fever, because thermoresponsive neurones
in the POA region respond to changes in deep and peripheral body temperature
(Nakayama & Hardy, 1969). Our recent results, using the method of slice preparation
from rats, showed that many of the neurones in the POA region respond to
endogenous pyrogen and/or prostaglandin E2 with a rise in their firing rate,
regardless of their thermoresponsiveness, and that inhibitory action was rarely
observed (Watanabe, Morimoto & Murakami, 1987a,b). This in vitro method had
been chosen to exclude unknown factors arising from peripheral and/or central
thermosensors and accompanying the febrile response. Therefore, it is at present
unknown whether fever is in fact triggered by changing the activity of thermorespon-
sive neurones in the POA region specifically, and furthermore, whether thermo-
responsive neurones actually take part in the development of fever.
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The former part of the present study has shown that the febrile response induced
by microinjection of prostaglandin E2 into the VMH region is significantly greater
than that induced by injection into the POA region in rats. Given that fever is
triggered by resetting neuronal activity of thermoresponsive neurones (Boulant,
1974), it is inferred that thermoresponsive neurones also exist in the VMH region,
as well as in the POA region. Therefore, in the latter part of the present study, we
investigated whether or not thermoresponsive neurones exist in the VMH region by
using slice preparations from rats. The result revealed that there are many
thermoresponsive neurones in the VMH region, and the proportion of thermorespon-
sive neurones of the total neurones examined in the VMH region was almost identical
to that in the POA region. However, the warm-responsive neurones in the VMH
region demonstrated a higher thermal coefficient than those in the POA region.
Furthermore, when prostaglandin E2 was applied on the neurones in the POA or
VMH region, most of the neurones which responded to prostaglandin E2 showed an
increase in firing rate in the POA region and a decrease in the VMH region, regardless
of their thermoresponsiveness.
The present results clarify that there exist many thermoresponsive neurones both

in the POA and in the VMH region. However, the direction of the neuronal response
to prostaglandin E2 in these regions was quite different, and our results are not in
accordance with the simple theory believed previously. This indicates that there are
complex neuronal networks for fever production and that the central mechanism of
fever production is not explained by the simple theory that fever is processed by
inhibition of warm-responsive neurones and facilitation of cold-responsive neurones.

METHODS

The animals used in this study were male Wistar strain rats weighing 250-300 g. The present
study consisted of two experimental series (experiments 1 and 2). In experiment 1, we examined
how microinjection of prostaglandin E2 into the POA or the VMH region affects the body
temperature in rats. In experiment 2, the effect of changes in tissue temperature and prostaglandin
E2 on the neuronal activity in the POA and the VMH regions was investigated, using slice
preparations of those regions of the rat.

Microinjection of prostaglandin E2 into the POA and the VMH regions
Each of the animals (n = 6) had been implanted previously with two stainless-steel tubes

(0-8 mm o.d.), one located in the POA region at co-ordinates AP 2, L 1-5, V 8-5 mm and the other in
the VMH region at co-ordinates AP 0-4, L 1-0, V 9 mm according to the rat brain atlas (Pellegrino,
Pellegrino & Cushman, 1979) by standard stereotaxic techniques. This implantation was done at
least 10 days before the start of the experiment under general anaesthesia (sodium pentobarbitone,
50 mg/kg, i.P.). Each rat had been handled sufficiently to make it adapt to manipulation by
experimenters. Furthermore, all animals had been well trained to adapt to restraint and thus avoid
the effect of stress due to such restraint.
On the day of the experiment, rats were minimally restrained in a small wooden board in which

they could freely move their extremities except their tails which were fixed by adhesive plaster
(1 cm in width) to rods horizontally attached to the board. Throughout the experiment, the rectal
temperature (Tre) was measured every minute by a copper-constantan thermocouple. All
experiments were performed at an ambient temperature of 26+ 1 °C which is the thermoneutral
temperature of rats. The rectal temperature of each rat was allowed to stabilize for a period of
90 min before injections. Only rats whose body temperatures were stable and in the range of
38-0-39-2 °C were used to determine the effect of the injection of prostaglandin E2, because Szekely
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& Szelenyi (1979) reported that the maximal febrile response is strongly affected by body core
temperature at the time of injection. Intracerebral injections were made through a stainless-steel
needle (04 mm o.d.) attached to a polyethylene tube. The injection doses of prostaglandin E2
ranged from 25 to 200 ng, and the volume injected was always 1 pl.
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Fig. 1. A, the filled circles represent the positions of the injection sites in the brain regions
of the same group of six rats. Abbreviations: POA, preoptic region; VMH, ventromedial
hypothalamic region; CA, commissura anterior; CO, chiasma opticum; F, fornix. B, mean
changes (mean±s.E.m.) in rectal temperature (,LTJ) in the same group of six rats after
intrapreoptic (POA, *) and intraventromedial hypothalamic (VMH, 0) injection of
prostaglandin E2 (50 ng). C, mean maximum rise in rectal temperature (A,8)T in the same
group of six rats after intrapreoptic (POA, *) and intraventromedial hypothalamic
(VMH, A) injection of differing doses of prostaglandin E2. *P < 0 05.

After the completion of the experiment, the animal was killed by a large dose of sodium
pentobarbitone. The thorax was then opened and formaldehyde solution (10%) was perfused via
cardiac puncture. The brain was removed, frozen in Freon chilled with liquid N2 and cut into
sections (28 sum) in a cryostat. These sections were stained with Haematoxylin and Eosin which
allowed histological identification of the location of tip of the stainless-steel tube. The data were
analysed for statistical significance by Student's t test for unpaired data.

Slice preparation and unitary recording
Single-unit activity was recorded in tissue slices of the hypothalamus which were prepared from

male Wistar strain rats, weighing 200-250 g. Detailed descriptions of slice preparation and unit
recording methods have been reported previously (Hori, Nakashima, Hori & Kiyohara, 1980;
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Kelso, Perlmutter & Boulant, 1982; Watanabe, Morimoto & Murakami, 1986). Several slices
(400 ,sm thick) including the POA or the VMH region were obtained by using a guillotine-type
razor-blade slicer (Hotta Rika, model YH-1OS). One hour pre-incubation time in a pre-incubation
chamber (37 °C) filled with Krebs-Ringer solution was allowed for recovery of the slices from the
damage due to preparation. The Krebs-Ringer solution had the following composition (in mm at
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Fig. 2. Representative example of a warm- and a cold-responsive neurone in the
ventromedial hypothalamic (VMH) region.

pH 7-4): NaCl, 124; KCI, 5; KH2PO4, 1-24; MgSO4, 1-3; CaCl2, 2-6; NaHCO3, 26; and glucose, 10,
equilibrated with a gas mixture (95% 02 and 5% C02). Thereafter, the slice was subjected to unit
recording in a recording chamber perfused with Krebs-Ringer solution as mentioned above. The
temperature of the tissue slice, varied by control of the temperature of the Krebs-Ringer solution
in the recording chamber, was continuously measured, and single-unit activity was extracellularly
recorded with a glass microelectrode. Prostaglandin E2 was applied to the perfusate through a side
route by a microsyringe pump (Infors AG CH-4015), a procedure called 'bath application'. The
concentration of prostaglandin E2 in the recording chamber was determined as described
previously (Watanabe et al. 1987 a, b). After the end of the experiment, different brain regions were
histologically identified by Haematoxylin and Eosin staining.

RESULTS

Effect of microinjection of prostaglandin E2 into the POA or VMH region on body
temperature

Figure 1A summarizes the positions of the tips of the stainless-steel tubes. Figure
1B depicts the changes in rectal temperature (ATre) of rats (n = 6) after intrapreoptic
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or intraventromedial hypothalamic injections ofprostaglandin E2 at 50 ng. As shown
in Fig. 1 B, prostaglandin E2 produced a monophasic fever with a rapid onset when
injected into either the POA or the VMH region. The peak of the fever occurred
between 20 and 30 min after injections. However, the febrile responses induced by
prostaglandin E2 injected into the VMH region were significantly greater than those
induced by the injection of prostaglandin E2 into the POA region. Figure 1C shows
the mean maximum rise in the rectal temperature for 2 h after intrapreoptic or
intraventromedial hypothalamic injection of several doses of prostaglandin E2 over
the range of 25-200 ng. In Fig. 1C, it is apparent that the febrile response induced
by intraventromedial hypothalamic injection of prostaglandin E2 is significantly
greater than that induced by intrapreoptic injection.

Neuronal responses of the POA and VMH regions to thermal stimulation and
prostaglandin E2

Eighty-nine neurones in the POA region were examined for responsiveness to
changes in slice temperature and changes in the concentration of prostaglandin E2.
Of the eighty-nine neurones in the POA region, fifty-five neurones increased their
firing rates with a rise in slice temperature (i.e. warm-responsive neurones), three
neurones decreased their firing rates with a rise in slice temperature (i.e. cold-
responsive neurones), and thirty-one neurones were thermally insensitive neurones
and did not respond to the temperature change. The criterion for warm- or cold-
responsiveness in each neurone was based on a thermal coefficient of 05 or -0-5
impulses/(s TC) respectively. In addition, the effects of changes in slice temperature
on neuronal activity were also investigated in sixty-two neurones in the VMH region.
However, we could investigate the effect of prostaglandin E2 on only forty-three
neurones out of the sixty-two neurones examined in the VMH region. Figure 2 shows
two types of neurones in the VMH region that change their firing rate with a change
in slice temperature. In Fig. 2A, one neurone increases its firing rate with a rise in
slice temperature, while the other neurone shown in Fig. 2B decreases its firing rate
with a rise in slice temperature. Among the neurones examined in the VMH region,
forty-one were warm-responsive, three were cold-responsive, and eighteen were
thermally insensitive. In Table 1, we classified the neurones in the POA and VMH
regions by their thermal coefficients. The percentages of warm-responsive, cold-
responsive and thermally insensitive neurones in the VMH region were similar to
those in the POA region. Most of the warm-responsive neurones (forty-five out of
fifty-five) in the POA region had thermal coefficients of 0 5-09 impulses/(s °C), while
more than half of the warm-responsive neurones had a thermal coefficient above 1-0
impulses/(s TC) in the VMH region. This indicates that the warm-responsive
neurones in the VMH region possess a greater thermal coefficient than those in the
POA region. After each neurone was examined for thermoresponsiveness, prosta-
glandin E2 was added to the perfusate, keeping the slice temperature constant.
Injection of prostaglandin E2 terminated after changes in the firing rates had reached
a constant level. Several different concentrations of prostaglandin E2 were applied in
turn to each neurone in the same manner.

Figure 3 shows a warm-responsive neurone of the POA region whose activity
increased dose dependently when prostaglandin E2 was applied into the culture of

718



PROSTAGLANDINS AND THERMORESPONSIVE NEURONES 719

40

a'.

E

</) 35_

692 3161568 167 316 x10-7 M-prostaglandinE2

E

1 min

Fig. 3. Representative example of a warm-responsive neurone in the preoptic region with
a bath application of prostaglandin E2. Concentrations of prostaglandin E2 are expressed
in molar concentrations.
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Fig. 4. Representative example of a warm-responsive neurone in the ventromedial
hypothalamic region with a bath application of prostaglandin E2. Concentrations of
prostaglandin E2 are expressed in molar concentrations.

the POA slice. As the concentration of prostaglandin E2 in the chamber increased
stepwise in the range from 6-92 x 10- to 3-16 x 1O-5 M, the firing rate gradually
increased and eventually reached a stationary discharge rate. Figure 4 shows a
warm-responsive neurone of the VMH region which decreases its firing rate with the
application of prostaglandin E2 into the chamber. The stepwise increase in the
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concentration ofprostaglandin E2, ranging from 2-81 x 10-7 to 1-35 x 10-6 M, inhibited
the firing rate of the warm-responsive neurone.

Figure 5 summarizes the dose-response relationships between neuronal activity of
warm-responsive neurones in the POA and VMH regions, and prostaglandin E2
concentration. Prostaglandin E2 increased the activity of warm-responsive neurones

100
POA

50

0

107 10-6 10- M

0
N _ VMH

-50

-100 6

Fig. 5. Dose-response relationship when warm-responsive neurones in the preoptic (POA)
and the ventromedial hypothalamic (VMH) regions changed their activities with
application of prostaglandin E2. Response was expressed as percentage changes.
Maximum change in firing rate from the basal value was considered as 100% change in
response.

located in the POA region, while decreasing that of those in the VMH region. When
the firing rate of a neurone did not continue to change during stepwise increases in
the concentration of prostaglandin E2 applied, this was taken as the maximum
response. To obtain a dose-response relationship, the maximum change from the
basal firing rate was considered to be 100 %. Then, changes in the firing rates from
the basal level, induced by selected doses of prostaglandin E2, were divided by the
100% value in order to determine the percentage change in the firing rate of the
neurone. These percentages were plotted against the concentration of prostaglandin
E2. In the case of the POA region, prostaglandin E2 starts to affect the activities of
the warm-responsive neurones in the range of 5 x 10' to 7 x 10-6 M. The maximum
responses were obtained between the concentrations of 5 x 10-6 and 5 x 10- M.
Meanwhile, the VMH warm-responsive neurones decreased their firing rates with a
prostaglandin E2 concentration in the range of 5 x 10- to 5 x 10-7 M. The maximum
effects of prostaglandin E2 on warm-responsive neurones occurred between the
concentrations of 8 x 10-7 and 4 x 10' M.
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Table 2 summarizes changes in response to prostaglandin E2 and the number of
neurones investigated on the effect of prostaglandin E2 in the POA and the VMH
regions. In Table 2, a large population (62%) of warm-responsive neurones in the
POA region responded to prostaglandin E2 with an increase in their firing rate.
Furthermore, in thermally insensitive neurones, prostaglandin E2 increased the firing
rates in thirteen of the thirty-one neurones. One of three cold-responsive neurones
showed a facilitatory response to prostaglandin E2. When prostaglandin E2 was
applied in the VMH region, more than 50% of the warm-responsive, cold-responsive
and the thermally insensitive neurones decreased their firing rates.

DISCUSSION

Since Milton & Wendlandt (1970) observed the strong pyrogenic action of
prostaglandin E, the prostaglandin E series has been thought to be a candidate for
the causative agent of the development of fever. Furthermore, the target site of
prostaglandin E for producing fever has been considered to be localized exclusively
in the POA region (Stitt, 1973; Williams et al. 1977). However, recent reports have
shown that the organum vasculosum laminae terminalis (Stitt & Shimada, 1986) and
the VMH region (Morimoto et al. 1988a) are more sensitive sites to prostaglandin
E2for inducing fever than the POA region when prostaglandin E2 is locally injected.
Furthermore, it is now suggested that there exist multiple control mechanisms for
fever production in the central nervous system (Morimoto, Murakami, Nakamori &
Watanabe, 1988 b). The present results show that fever was induced by microinjection
of prostaglandin E2 into either the POA or the VMH region in rats, as previously
reported using rabbits (Morimoto et al. 1988a). Furthermore, febrile responses
induced by intraventromedial hypothalamic injection of prostaglandin E2 were
significantly greater than those by intrapreoptic injection. This confirms that these
two brain regions, POA and VMH, are closely related to the pathogenesis of
fever.

It is well known that thermoresponsive neurones are concentrated in the POA
region (Nakayama et al. 1963; Hardy et al. 1964) and these neurones have been
thought to play an important role in fever production (Boulant, 1974). Previous
studies using the method of slice preparations (Hori et al. 1980; Kelso et al. 1982;
Watanabe et al. 1986) demonstrated that there exist many thermoresponsive
neurones in the POA region. Additionally, our recent report showed that
prostaglandin E2 facilitates the neuronal activity of most of the neurones responding
to prostaglandin E2, although the direction of the response to prostaglandin E2 could
not be classified by thermal responsiveness of neurones of the POA region (Watanabe
et al. 1987 a, b). Since a febrile response was induced by microinjection of
prostaglandin E2 into the VMH region in the present results, thermoresponsive
neurones and the neurones sensitive to prostaglandin E2 might be anticipated to
exist also in the VMH region. In the present study, the effects of thermal stimulation
and prostaglandin E2 on the neuronal activity in the VMH region were compared to
those in the POA region. The present results show that there exist thermoresponsive
neurones in the VMH region, both warm- and cold-responsive neurones, and that the
proportion of the thermoresponsive neurones in the VMH region was almost identical
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to that in the POA region. However, when the thermal coefficient of the
thermoresponsive neurones in the VMH region was compared with that in the POA
region, the warm-responsive neurones in the VMH region showed a higher thermal
coefficient than those in the POA region. There are several reports that the VMH
region plays an important role in thermoregulation, especially regulation of non-
shivering thermogenesis (Shimazu & Takahashi, 1980; Perkins, Rothwell, Stock &
Stone, 1981; Niijima, Rohner-Jeanrenaud & Jeanrenaud, 1984). Therefore, these
thermoresponsive neurones in the VMH region might be related to development of
the thermal response. Indeed, electrical stimulation of the VMH region is reported to
elicit cold defence responses in rabbits (Morimoto, Murakami, Ono, Watanabe &
Sakata, 1986).

Furthermore, the present study showed that most of the neurones in the VMH
region which responded to prostaglandin E2 react with a decrease in firing rate, while
those in the POA region react with an increase in firing rate. However, in neither
region could we classify the direction of the neuronal response to prostaglandin E2,
based on thermoresponsiveness of the neurones. Thus, the direction of neuronal
responses to prostaglandin E2 in the two regions is quite different. Moreover,
prostaglandin E2 is considered to act simultaneously on the neurones in both the
POA and the VMH regions during naturally occurring fever, because the
concentration of prostaglandin E2 in the cerebrospinal fluid increases during fever
(Feldberg & Gupta, 1973; Philipp-Dormston & Siegert, 1974; Bernheim, Gilbert &
Stitt, 1980). Therefore, it is suggested that there are complex neuronal networks
between the POA and VMH regions involved in the development of fever.

Additionally, from the present results on the responses of neurones examined in
the POA and the VMH regions to prostaglandin E2, the neurones in the VMH region
respond to prostaglandin E2 at lower concentrations than those in the POA region.
These in vitro results are in good accordance with the in vivo febrile responses induced
by microinjection of prostaglandin E2, because fever is induced by injections of lower
concentrations in the VMH region than in the POA region.

It has been repeatedly shown that the activation of the VMH region is concerned
with the development of non-shivering thermogenesis (Shimazu & Takahashi, 1980;
Perkins et al. 1981 ; Niijima et al. 1984). Therefore, provided that the activation of the
non-shivering thermogenesis was responsible for the induction of fever which was
produced by the microinjection of prostaglandin E2 into the VMH region, the
neurones in the VMH region may be expected to be facilitated by prostaglandin
E2. However, in the present study, prostaglandin E2 clearly inhibited the activity of
the neurones in the VMH region. Therefore, it remains to be elucidated whether these
discrepancies indicate that the mechanism for induction of fever might be different
from that for induction of non-shivering thermogenesis.
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