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CUI, Y., T. F. LEE AND L. C. H. WANG. Thermoregulatory responses following injection of 5-hydroxytryptamine
into the septohippocampal complex in rats. PHARMACOL BIOCHEM BEHAV 45(4) 935-939, 1993. —The present study
investigated the change in thermoregulatory responses following microinjection of 5-hydroxytryptamine (5-HT) into the
lateral septum and the hippocampus of unanesthetized, unrestrained rats. Intraseptal injection of 5-HT (5 to 20 ug) caused a
dose-related fall in core temperature (T,), which was associated with a decrease in heat production (HP). As the decrease in
HP can not completely account for the magnitude of the decrease in T, increase in heat loss may also be involved in the
5-HT-induced hypothermia. In contrast to observed changes following intraseptal injection, no significant change in either T,
or HP was observed after microinjection of the same doses of 5-HT into the hippocampal areas, indicating that the hypother-
mic response to intraseptal injection of 5-HT is site specific. Further, the hypothermic response to intraseptal injection of
5-HT was only attenuated by systemic pretreatment with cyproheptadine, but not by naloxone or scopolamine, indicating

that the hypothermic response is mediated by 5-HT receptor, but not by endogenous opioid and cholinergic systems.
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SINCE the monoamine theory was proposed by Feldberg and
Myers (7), 5-hydroxytryptamine (5-HT) has been implicated
as one of the principle neurotransmitters in regulating body
temperature (T,). However, the role of this amine in thermo-
regulation still evokes controversy. When injected intracere-
broventricularly, 5-HT elicits hyperthermia in cats, dogs, and
monkeys, but hypothermia in goats, oxen, mice, and pigeons,
and both hyper- and hypothermia in sheep, rabbits, and rats
[for references see (15,27)]. Apart from differences in species
and ambient temperature used, the divergent thermoregula-
tory responses of the animal to 5-HT could be attributed to
anatomical specificity in site of application. This is evidenced
by the fact that hyper- and hypothermia are observed follow-
ing microinjection of 5-HT into the rostral and the preoptic
anterior hypothalamic regions, respectively, of the cat and the
rat [for references see (15)].

As compared with other monoamines, few studies have
been carried out to examine the local sensitivity to 5-HT in
sites other than the hypothalamus [for reference see (15)].
Circumstantial evidence indicates that the septohippocampal
complex may play a role in thermoregulation. Electrical stimu-
lation of the hippocampus in rats has been shown to elicit a
rise and a fall in T, in the warm and cold environment, respec-
tively (18). Furthermore, thermosensitive neurons have also

been found in the septum (10,16), and neuroanatomical cir-
cuits have been described between the hypothalamus and the
septohippocampal complex (3,12,24). Using either autoradio-
graphic or immunocytochemical technique, high densities of
5-HT fibers and terminals have been observed in the hippo-
campal and lateral septal areas in the rat brain (19,25). These
raise the possibility that activation of the serotonergic system
within the septal-hippocampal complex may invoke thermo-
regulatory responses. In order to test this hypothesis and to
provide direct evidence, 5-HT was microinjected into the sep-
tum and the hippocampus of conscious rats and the ensuing
thermoregulatory responses were documented.

METHOD

All experimental protocols used in the present study have
received prior approval of the University of Alberta Animal
Care Committee following the guidelines of the Canadian
Council on Animal Care. Adult male Sprague-Dawley rats
weighing approximately 400 g were used. They were housed
individually at 20°C in a walk-in environmental chamber un-
der 12L : 12D photoperiod. Food was rationed daily to main-
tain body weight around 400 g throughout the experimental
period. Water was available at all times.
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Stereotaxic Procedure

Under halothane anesthesia, guide cannulae (23-ga stain-
less steel tubing) were implanted unilaterally into the lateral
septum and the hippocampus of each rat utilizing the fol-
lowing stereotaxic coordinates: AP = 8.2 mm, L = 0.7 mm,
H = 50mm; and AP = 3.6 mm, L = 2.0 mm, H = 3.0
mm below the dura matter for septum and hippocampus, re-
spectively (21). The tip of each guide tube was beveled and
positioned 1.0 mm above the injection site in order to mini-
mize damage to the actual injection site. After completion of
the experiments, the precise anatomical location of the injec-
tion site was subsequently verified histologically.

Body Temperature and Oxygen Consumption
Measurements

One week postoperatively, each rat was transferred to a
circular, Plexiglas water-jacketed metabolism chamber (20
cm X 20 cm, diameter X height) in which the ambient tem-
perature could be controlled accurately at 20 + 1°C. The T,s
of the rats were recorded continuously with a precalibrated
temperature-sensitive radiotransmitter (Model T-M, Mini-
Mitter Co.), which was implanted in the peritoneal cavity un-
der halothane anesthesia at the same time as the guide can-
nula. Exhaust gas from the metabolism chamber was divided
into two streams: one stream for O, measurement (Applied
Electrochemistry O, analyzer, S-3A/1I) after desiccation with
Drierite and CO, removal with Ascarite, and the second
stream for measurement of CO, after desiccation (Applied
Electrochemistry CO, analyzer, CD-3A). Using an IBM per-
sonal computer interfaced with an ISAAC 91-I data acquisi-
tion system, oxygen consumption and CO, production were
recorded and integrated simultaneously with transmitter sig-
nal. Heat production (HP) was calculated from oxygen con-
sumption and respiratory quotient using Kleiber’s equation
(26), and the T, was calculated using preestablished calibra-
tion curves for each individual transmitter.

Once placed in the test chamber, the animals were not
handled throughout the experimental period. At least 1.5 h
elapsed before drug injection in order to ensure that the T,
and HP had attained a stable baseline upon which the drug
effects could be assessed accurately. Behavioral observations
were also noted throughout the experimental period.

Drugs Used and Data Analysis

The following compounds were used in the present study:
cyproheptadine hydrochloride (Sigma), 5-HT creatinine sul-
phate (Sigma), naloxone hydrochloride (Sigma), and scopol-
amine hydrobromide (RBI). The doses in the Results section
are expressed in terms of the salt. Each drug was prepared
immediately before an experiment in a pyrogen-free artificial
cerebrospinal fluid (CSF) containing 0.01 mg/ml sodium met-
abisulfite. All test solutions were passed through a 0.22 um
Swinnex Millipore filter to ensure sterility. Either CSF or vari-
ous doses of 5-HT was injected into either the septum or
hippocampus in a dose volume of 1 ul. For antagonism stud-
ies, drugs were injected intraperitoneally (IP) in a dose volume
of 1 ml/kg 15 min before central 5-HT injection.

Wilcoxon’s signed ranks test was used for statistical com-
parisons on the effects of treatments in individuals of the same
group. Significance was set at p < 0.05, unless otherwise
stated.
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RESULTS

Thermoregulatory Effect of Intraseptal Injection of 5-HT

Control rats exposed to 20°C had an initial mean T, of
37.6 + 0.28°C and resting HP of 1.47 + 0.07 Kcal/rat/h
{n = B8). As shown in Fig. 1, intraseptal injection of CSF
caused a slight rise in T, and HP, occurring within 10 to 20
min after injection, possibly due to general disturbance of the
microinjection procedure. In contrast, injection of 5-HT (5 to
20 ug) induced a dose-related decrease in T,. The HPs of rats
receiving higher doses of 5-HT (10 and 20 ug) were signifi-
cantly lower than that of the CSF controls within the first 20-
30 min after injection (Fig. 1), suggesting that the hypothermic
response is partly brought about by reducing the metabolic
rate. In most cases, especially after receiving the highest dose
of 5-HT, an increase in activity (exploring and digging) of the
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FIG. 1. Time course of changes in (a) core temperature and (b) heat
production after intraseptal injection of CSF ((0), 5-hydroxytrypta-
mine 5 (A), 10 (H), or 20 ug (X) in rats kept at 20°C. Each point
represents the mean change from eight rats. The SE mean is repre-
sented by vertical bar and is shown only at the peak response value of
each dose for clarity. Arrow indicates time of injection. *Significantly
different from corresponding CSF control, p < 0.05 (Wilcoxon’s
signed ranks test).
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animal was observed within the first 5 min immediately after
injection. The rat then lay spread out on the floor of the
metabolism chamber for the next 15-20 min. Thereafter, the
animal returned to normal posture and displayed a slight in-
crease in activity (grooming and licking).

A composite anatomical mapping of the microinjection
sites into which 5-HT (20 pg) was injected is shown in Fig. 2.
The most sensitive sites were found in the lateral septum.
Injection of the same dose of 5-HT into either the medial
septum or the caudate nucleus induced only a slight change in
T, and HP.

Thermoregulatory Effect of Intrahippocampal Injection of
5-HT

Figure 3 shows the time course of the metabolic and ther-
mal responses to the microinjection of 5-HT into the hippo-
campus of rats kept at 20°C. In contrast to those observed
following injection of 5-HT into the lateral septum, injection
of 5-HT (either 5 or 20 ug) into the hippocampus only caused
slight increases in both T, and HP. None of these thermoregu-
latory changes were significantly different from that observed

FIG. 2. Anatomical loci in the rat at which 20 ug 5-HT was microin-
jected to elicit either a drop (>0.5°C) (@) or no change (O) in core
temperature. Abbreviations used: CPU = striatum, LS = lateral
septum, MS = medial septum, POA = preoptic anterior hypothala-
mus, V = lateral ventricle.
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FIG. 3. Time course of changes in (a) core temperature and (b) heat
production after intrahippocampal injection of CSF (), 5-hy-
droxytryptamine 5 (A) or 20 ug (X) in rats kept at 20°C. Each point
represents the mean change from eight rats. The SE mean is repre-
sented by vertical bar and is shown only at the peak response value of
each dose for clarity, Arrow indicates time of injection.

after CSF injection into the same site (Fig. 3). Furthermore,
no notable change in the behavior of the rat was observed
following intrahippocampal injection of either CSF or 5-HT.

Effect of Various Antagonists on Intraseptal 5-HT-Induced
Hypothermia

To investigate the specificity of the intraseptal 5-HT-
elicited hypothermia, the effects of various receptor antago-
nists on the thermoregulatory response induced by the optimal
dose of 5-HT (20 ug) were examined and the results are
summarized in Table 1. Intraperitoneal pretreatment with cy-
proheptadine (2.5 mg/kg), a 5-HT receptor antagonist, signif-
icantly attenuated the thermoregulatory responses to intrasep-
tal injection of 20 g 5-HT (Table 1). After cyproheptadine
pretreatment, the changes in behavioral activities typically ob-
served after 5-HT injection were not seen. In contrast, the
5-HT induced hypothermic response was not affected by pre-
treating the animal with either scopolamine (1 mg/kg) or nal-
oxone (5 mg/kg) at doses which have been shown previously
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TABLE 1

EFFECTS OF INTRAPERITONEAL PRETREATMENT WITH
CYPROHEPTADINE (2.5 mg/kg), NALOXONE (5 mg/kg) OR
SCOPOLAMINE (1 mg/kg) ON MAXIMAL CHANGES IN
CORE TEMPERATURE AND HEAT PRODUCTION INDUCED
BY INTRASEPTAL INJECTION OF 5-HT (20 pg)

Max. Change in T, Max. Change in HP

Treatment (n = 7) (°C) (kcal/h/rat)

CSF + saline +0.24 £ 0.15 +0.67 + 0.14
CSF + cyproheptadine +0.23 + 0.11 +0.62 + 0.26
CSF + naloxone -0.08 + 0.17 +0.25 + 0.22
CSF + scopolamine +0.31 £ 0.17 +0.70 + 0.23
5-HT + saline —-1.54 + 0.17* —0.32 + 0.06*
5-HT + cyproheptadine +0.02 + 0.21} +0.08 + 0.11F
5-HT + naloxone —1.43 + 0.16* -0.37 + 0.13*
5-HT + scopolamine —1.26 + 0.22* —-0.28 + 0.15*

*Significantly different from CSF + saline control, p < 0.05.
tSignificatly different from 5-HT + saline control, p < 0.05.

to attenuate the thermoregulatory responses induced by cho-
linergic and opioid receptor agonists, respectively (5,13) (Ta-
ble 1). As shown in Table 1, neither of these antagonists by
themselves, at the dose used in the present study, affected the
thermoregulatory responses of the rat.

DISCUSSION

Most of the literature indicates that the hypothalamus is
the primary central serotonergic site that participates in ther-
moregulation (15). However, as reported with many other
neurotransmitters, extrahypothalamic areas may also be in-
volved in temperature regulation. Previously, an increase in
hippocampal 5-HT was observed in rats as the environmental
temperature was elevated (23), implying that the hippocampal
serotonergic system may be involved in regulating heat loss.
To examine whether the septohippocampal serotonergic is in-
volved in the heat loss processes, thermoregulatory responses
to exogenously applied 5-HT to these areas were investigated
in rats kept at 20°C when the tone in the heat loss pathways
was presumably minimal. Intrahippocampal injection of S-HT
in doses used in the present study did not cause any significant
changes in thermoregulatory responses of rats kept at 20°C.
This result does not agree with previous observation that the
hippocampal 5-HT may be involved in the heat loss pathways.
Furthermore, as an increase in 5-HT turnover was also ob-
served in other brain areas in the previous study, the seroton-
ergic pathway within the hippocampus may possibly be acti-
vated as a secondary response to the heat stress (23). Taken
together, it appears that the serotonergic system within the
hippocampus may not be involved, at least, in regulating the
heat loss processes.

In contrast to the response observed following the injection
of 5-HT into the hippocampus, injection of 5-HT into the
lateral septum caused a dose-dependent decline in T,. The
thermoregulatory change appears to be very site specific, be-
cause only a small change in T, was observed when injections
were made slightly outside of the lateral septal region. Because
this decline in T, was associated with a dose-related decrease
in HP, the hypothermia observed after intraseptal injection
of 5-HT may involve suppression of metabolic rate. Even
though it was not measured in the present study, an increase
in heat loss may also be responsible for the 5-HT-induced
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hypothermia. This is evident on three counts: a) the T, started
to decline without a decrease in HP immediately after injec-
tion; b) the decrease in HP could not completely account for
the magnitude of the decrease in T, (an increase, rather than a
decrease, in HP was observed in the slight hypothermia in-
duced by the lowest dose of 5-HT); and c) the behavioral
changes (increase activity, prone body extension, and groom-
ing) observed after intraseptal 5-HT injection were similar to
the heat dissipation responses elicited during exposure to
warm environments (22). Our suggestion that an increase in
heat loss is also involved in intraseptal 5-HT-induced hypo-
thermia is indirectly supported by a previous study involving
injection of 5-HT into the lateral ventricle (20), which is ana-
tomically adjacent to the lateral septum. In that study, a de-
cline in T, after 5-HT injection was accompanied with a rise
in the tail skin temperature (20), suggesting an increase in heat
dissipation. Based on these observations, it may be concluded
that a concomitant decrease in metabolic rate and an increase
in heat loss are associated with the hypothermia evoked by
intraseptal 5-HT injection.

To test the specificity as well as the possible involvement
of other neurotransmitters in intraseptal 5-HT induced hypo-
thermia, various receptor antagonists were used. Intraper-
itoneal pretreatment with cyproheptadine, a 5-HT receptor
antagonist, completely abolished the 5-HT induced hypother-
mia, suggesting that the thermoregulatory effects of 5-HT
were elicited by activation of central 5-HT receptors. The en-
dogenous opioid systems have been shown to interact with the
serotonergic system in numerous physiological and patho-
physiological responses (2,17). In addition, we had previously
shown that intraseptal injection of metenkephalinamide
caused hypothermia by suppressing metabolic HP (13). These
observations raise the possibility that the endogenous opioid
system may be involved in the intraseptal 5-HT-induced hypo-
thermia. However, this does not appear to be the case, as
intraperitoneal pretreatment with naloxone, an opioid recep-
tor antagonist, failed to attenuate the S-HT-induced thermo-
regulatory changes. The other neurotransmitter which may
possibly be involved in intraseptal 5-HT induced hypothermia
is acetylcholine, as a) a significant fall in T, has been reported
after implantation of crystalline carbachol, a cholinergic ago-
nist, in the lateral septum of the rat (11) and b) the major
projection from the septum to the hippocampal formation
has been demonstrated to be cholinergic (14). To test this
possibility, scopolamine, a cholinergic receptor antagonist,
was used. Similar to the observations with naloxone, pretreat-
ing the animal with scopolamine had no effect on thermoregu-
latory responses consequent to intraseptal injection of 5-HT,
suggesting that the cholinergic system is not involved in 5-HT-
induced hypothermia. As the doses of naloxone and scopol-
amine used in the present study had previously been shown
to attenuate the thermoregulatory responses induced by their
respective agonists (5,13), the failure of these antagonists to
reverse the 5-HT-induced hypothermia should not be due to
insufficient dosages. Thus, the present results not only demon-
strate that the observed hypothermia is mediated specifically
by 5-HT receptors, but also suggest that both endogenous
opioid and cholinergic systems are not involved in this re-
sponse.

Although the present pharmacological study implicates a
thermoregulatory role for the serotonergic system in the lat-
eral septum of the rat, its functional significance in tempera-
ture regulation is unclear. Ample evidence suggests that the
central serotonergic system is involved in the heat loss path-
way. Hyperthermia and an increase in mortality have been



SEROTONIN AND THERMOREGULATION

observed in rats pretreated with p-chlorophenylalanine, a 5-
HT synthesis inhibitor, when exposed to a warm ambient tem-
perature (6,8). Similarly, systemic pretreatment with cypro-
heptadine reduced the ability of the rat to cope with heat, but
not cold (4). As drugs were administered systemically in these
studies, the involvement of the septal serotonergic system in
heat dissipation is a possibility. Moreover, the central seroton-
ergic system has been implicated in sleep (1), during which
heat loss increases and T, declines, and the septohippocampal
complex has been recognized as a key area in regulating the
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sleep process (9). It is, therefore, equally plausible that the
septal serotonergic system, via its involvement in sleep, could
also affect temperature regulation unique to this physiological
state. The demonstration of the functional significance of the
septal 5-HT involvement in thermoregulation clearly repre-
sents the next important challenge.
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