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Pierre Blier, M.D., Ph.D., Bernard Seletti, M.D., Francois Gilbert, M.D., Simon N. Young, Ph.D.,

and Chawki Benkelfat, M.D.

The hypothermia produced by 5-HT ', agonists had initially
been claimed to be caused by the activation of cell body 5-
HT, 4 autoreceptors resulting in decreased 5-HT
transmission in laboratory animals. In order to address this
issue in humans, 12 healthy volunteers underwent a dietary
tryptophan depletion paradigm to decrease 5-HT
availability, under double-blind conditions, during which
body temperature was monitored following oral
administration of the 5-HT 4 agonist buspirone (30 mg). In
addition, plasma prolactin and growth hormone evaluations,
two responses that are mediated via the direct activation of
postsynaptic 5-HT, 4 receptors, were determined. The
hypothesis was that if responses are mediated by decreased
transmission at postsynaptic 5-HT, 4 receptors, resulting
from dampened 5-HT release as a consequence of 5-HT ;4
autoreceptors activation, then responses to the exogenous

5-HT, 4 agonist should be attenuated when 5-HT
availability has been markedly decreased beforehand.
Buspirone produced the same significant increase in
prolactin and growth hormone in the tryptophan-depleted
state as in the control condition. Similarly, the degree of
hypothermia produced by buspirone was not significantly
different in the two experimental conditions. In conclusion,
these results strongly suggest that the hypothermia and the
increases in prolactin and growth hormone produced by
buspirone are attributable to the enhanced activation of
postsynaptic 5-HT , receptors, and not to a decrease in 5-HT
transmission resulting from the activation of the 5-HT,,
cell body autoreceptors on 5-HT neurons.
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Serotonin (5-HT), 5 receptors are located both on the cell
body of 5-HT neurons and on postsynaptic neurons
throughout the central nervous system. On 5-HT neu-
rons, 5-HT; 4 receptors mediate a negative feedback in-
fluence on firing activity. When overactivated by an ex-
cess amount of 5-HT, or by an exogenous agonist, they
slow down the pacemaker activity leading to a decreased
firing rate of 5-HT neurons (Aghajanian and Lakoski
1984; Blier and de Montigny 1987). As 5-HT release is
proportional to firing rate, the excess activation of these
5-HT,; 4 autoreceptors generally results in a decrease of
5-HT release in projecting structures (see Rueter et al.
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1997). The postsynaptic 5-HT;, receptors, particularly
abundant in the limbic system, commonly exert an in-
hibitory function on neuronal activity as well. Therefore,
the net effect of the systemic administration of a 5-HT 5
receptor agonist on 5-HT} , signal transfer in postsynaptic
areas represents a composite of decreased 5-HT release,
resulting from 5-HT;, autoreceptor activation, and direct
occupation of the postsynaptic 5-HT) 5 receptors.

Although it is well established that neuroendocrine re-
sponses, such as growth hormone and adenocorticotropic
hormone release, produced by systemic administration of
5-HT;, agonists are mediated by postsynaptic 5-HT;4
receptors (Van de Kar et al. 1985; Gilbert et al. 1988; Pan
and Gilbert 1992), there has been controversy with re-
spect to the hypothermia resulting from this pharmaco-
logical challenge. The very first study examining the
pre- versus postsynaptic mediation of the hypothermia
clearly indicated that this response was produced by
postsynaptic 5-HT 4 receptors (Hjorth 1985). Indeed, this
initial study clearly showed that the hypothermic re-
sponse to the prototypical 5-HT,, agonist 8-OH-DPAT
was not attenuated, but even enhanced in rats pretreated
daily for 3 days with the 5-HT synthesis inhibitor para-
chlorophenylalanine (PCPA). Subsequently, identical
results were obtained by another group of investigators
using 2-day injections of a higher dose of PCPA (Goodwin
et al. 1987). When their PCPA treatment was prolonged,
however, for 14 days, despite producing its maximal effect
on 5-HT levels after the first 3 days, the 8-OH-DPAT-
induced hypothermia was dampened and the conclu-
sion of a presynaptic mediation of this phenomenon was
made. From then on, several studies carried out in labo-
ratory animals and humans used the 5-HT;-induced
hypothermia to assess the responsiveness of the 5-HT 5
autoreceptor in different disease states and following
administration of various types of psychotropic drugs.
Although the majority of studies (Hutson et al. 1987;
O’Connell et al. 1992; Hillegaart 1991; Millan et al. 1993;
Blier and Bouchard 1992; Stockmeier et al. 1992) now in-
dicate that this response in rats results from the activa-
tion of postsynaptic 5-HT;, receptors, it is still claimed
that it is presynaptically mediated in mice (Goodwin et
al. 1985). In humans, this issue had not been addressed.

The present study was aimed at examining the 5-HT »-
mediated hypothermia in humans in a 5-HT depleted
state. The hypothesis was that if it is mediated by a de-
creased 5-HT, transmission at a postsynaptic site, result-
ing from dampened 5-HT release as a consequence of
5-HT 4 autoreceptor activation, the hypothermic response
to a 5-HT;4 agonist should be attenuated or no longer
present when 5-HT availability has been decreased be-
forehand. As PCPA is no longer used in humans, a di-
etary tryptophan depletion paradigm was utilized. This
approach rapidly leads to significant decreases in brain
5-HT synthesis in humans (Nishizawa et al. 1997; Williams
et al. 1999; Carpenter et al. 1998).
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METHODS
Study Subjects

Fourteen healthy male volunteers were recruited
through local newspaper advertisements. All potential
research subjects underwent physical and psychiatric
examinations (using the Structured Clinical Interview
for DSM-III-R, nonpatient version; Spitzer et al. 1992).
They had an electrocardiogram and routine laboratory
tests, including serum sequential multiple analysis by
computer, complete blood count, thyroid function tests,
HIV test, hepatitis testing, urine analysis, and a urine
toxicology screen for drugs of abuse. Only physically
healthy subjects without a personal history of psychiat-
ric illness or a family history of mood disorders or alco-
holism in first-degree relatives were invited to partici-
pate. Subjects scoring 2 or more on at least 3 symptoms
on the Hopkins Symptom checklist (HSCL-90) and
more than 3 on the Beck Inventory for Depression were
excluded. All subjects were medication free for a mini-
mum of 2 weeks prior to testing, smoked less than 10
cigarettes per day, and ingested no more than the
equivalent of 5 beers per week and 3 cups of coffee per
day. A total of 12 subjects completed the study. Their
average age was 29.3 + 1.6 years (range 22—44). They
weighed on average 75.5 = 2.0 kg (range: 63.5-86.2),
and their average height was 178.0 * 1.7 cm (range
170.2-188.0). Their mean body mass index, calculated
by dividing the weight in kg by the square of the height
in meters, was 23.9 * 0.7 (range: 20.3-27.7). This study
was approved by the Research Ethics Board of the De-
partment of Psychiatry of McGill University. Written
informed consent was obtained from all subjects before
enrollment in the study. They received $140 (CND) to
compensate for loss of time related to their participation.

Procedure

The study was a double-blind crossover design. The
day before testing, all subjects ate a low protein diet
provided by the investigators and fasted from midnight
before the experimental day (see Benkelfat et al. 1994).
On the test day, subjects arrived at the laboratory at
8:30 A.M. and had blood samples drawn for the mea-
surement of baseline plasma concentrations of tryp-
tophan and baseline hormone levels using an IV cathe-
ter that was left in place with a heparin lock for the rest
of the day. They then ingested one of two amino acid
mixtures: (1) a 202-g nutritionally balanced control amino
acid mixture containing 2.3 g of tryptophan, or (2) a simi-
lar mixture without tryptophan (Benkelfat et al. 1994). The
drinks were prepared within a few minutes of oral ad-
ministration by mixing the powdered amino acids with
either: (1) 150 ml water, 45 ml chocolate syrup, and 0.6 g
of sodium cyclamate; or (2) 180 ml of orange juice plus
sodium cyclamate, according to the preference of the
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subjects. Because of the unpleasant taste of sulfur-con-
taining amino acid methionine, cysteine, and arginine,
these were encapsulated and administered separately.

Following ingestion of the amino acid mixture, the sub-
jects remained awake in a room with affectively neutral
videos and reading materials available to them. The
5-hour interval was chosen on the basis of data showing
that, after ATD in humans, plasma tryptophan reaches its
lowest level after about 5 h (Young et al. 1985), and CSF
5-hydroxyindole acetic acid levels are lowered at this time
(Carpenter et al. 1998; Williams et al. 1999). Four hours af-
ter ingesting the amino acid mixture, the subjects lay
down in a reclined bed in a comfortable position with the
head elevated. They were not allowed to eat, sleep, or
watch television until the procedure was completed. Fol-
lowing a 45-min rest period, baseline blood samples were
obtained and oral temperature was measured. Immedi-
ately following collection of these data, subjects ingested
three 10-mg tablets of buspirone (Buspar®) with a few
sips of water. Additional blood samples were collected 60
and 120 min later. Oral temperature was measured every
15 min using a thermistor probe (Electro-Therm, Model
TM99A), and digital readings were obtained at the end of
a 2-min recording period.

At the end of each test day, before returning home,
all subjects ate a high-protein snack and ingested a 1-g
L-tryptophan tablet (Tryptan®). This tryptophan prep-
aration, available only on prescription in Canada, has
not been associated with any cases of eosinophilia my-
algia syndrome (Wilkins 1990).

The samples for determination of growth hormone
(GH) and prolactin were collected in ice-cold plastic tubes
containing 10 pl/ml of 0.5 M Na,EDTA. They were cen-
trifuged (20 min at 2,500 g at 4°C) within 1 h of sam-
pling. Plasma was aliquoted into plastic tubes and stored
at —70°C until time of assay. Plasma prolactin and GH
levels were determined by standard immunoradiometric
assays using commercially available kits (Immunocorp,
Montréal, PQ; Nichols Institute Diagnostics, San Juan
Capistrano, CA, USA). The inter- and intra-assay coeffi-
cients of variation were as follows: prolactin = 3.9 and
2.5%; growth hormone = 12.1 and 12.3%. Plasma tryp-
tophan concentrations were measured by HPLC with
fluometric detection as previously described (Benkelfat
et al. 1994). At the end of the study, all measurements
were carried out in one assay by a technician blind to
the order and nature of drug treatments.

Statistical Analyses

All the results are expressed as means = SEM. The data
were submitted to analysis of covariance for repeated
measures. There were no significant treatment X time
interactions for any of the data sets, and therefore the
two treatments were compared using a multivariate re-
peated analysis measure. All statistical analyses were
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performed with the Systat software package (Macin-
tosh version, 1989). The level of statistical significance
was taken as p < .05.

RESULTS
Tryptophan Levels

The total plasma tryptophan levels were nearly identi-
cal for the two test periods 24 h after a low protein diet.
Five hours after ingestion of the drink containing tryp-
tophan, total tryptophan was doubled whereas it was
decreased by nearly 90% when the amino acid drink
did not contain tryptophan. Two hours after the oral
administration of buspirone, the total plasma tryp-
tophan was back to the baseline value in the condition
when the amino acid drink ingested contained tryp-
tophan, but still decreased by more than 80% when the
drink did not contain tryptophan (Figure 1). The differ-
ence in tryptophan levels between times 0 and 120 in
the depleted state, however, did not quite reach statisti-
cal significance (t=1.91, p = .08).

Neuroendocrine Assessments

Prolactin. During the initial depletion phase, prior to
buspirone administration, there was a highly significant
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Figure 1. Total plasma tryptophan (TRP) levels in healthy
male volunteers prior to and following the injection of the
amino acid mixture containing tryptophan (TRP balanced)
or not (TRP depletion) at time —285 min. The subjects were
on a low protein disk for 24 h prior to the first determina-
tion. At time 0, buspirone (30 mg) was taken orally. *Indi-
cates a p < .05 using analysis of variance (ANOVA) for
repeated measures when compared with the corresponding
value obtained at baseline (time: —285 min.).
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time effect [F; = 20.6, p < .001]. There were, however,
no significant order [F, ,=0.1, p = .8], subject [F; 1, = 0.8,
p = .6] or time X treatment [F;,, = 1.0, p = .3] effects.
During the buspirone phase, there were no significant
order [F,, = 0.2, p = .8], subject [Fy, = 2.0, p = .06], or
time X treatment effects [F,,, = 0.40, p = .7]. In contrast,
there was a highly significant time effect [F,,, = 10.3, p <
.001]. Although there was a significant elevation of pro-
lactin levels 1 and 2 h after buspirone ingestion, the de-
gree of enhancement was pronounced at time 60 [F, 5, =
14.1, p = .001], when usually a peak of prolactin is
achieved following oral administration of a 5-HT; ago-
nist. These results indicate that, although prolactin levels
fell during the day, they were then markedly enhanced
by buspirone, independent of whether individuals were
in a tryptophan depletion state or not (Figure 2).

Growth Hormone. During the initial depletion phase,
prior to buspirone administration, there was no signifi-
cant order [F;,, = 0.6, p = 4], subject [F, ;; = 1.2,p = 4],
treatment [F; ,, = 2.1, p = .2], or time X treatment effects
[F1 2, = 0.3, p = .6]. During the buspirone phase, there was
a significant treatment effect [F,,; = 3.6, p = 0.05], but
no order [F,; = 0.5, p = .6] or subject effects [F, = 0.2,
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Figure 2. Prolactin plasma levels in 12 healthy male volun-
teers prior to and following the ingestion of the amino acid
mixture containing tryptophan (TRP balanced) or not (TRP
depletion) at time -285 min. At time 0, buspirone (30 mg)
was taken orally. *Indicates a p < .05 using ANOVA for
repeated measures when compared with the corresponding
value obtained at baseline (time: —285 min.) prior to buspirone
administration, and afterward the baseline values were
those obtained at time 0. There were no statistically signifi-
cant differences between the values obtained in the TRP bal-
anced and the TRP depletion conditions.
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p = .8]. These results indicate that there was no signifi-
cant modification of growth hormone levels following
the ingestion of amino acid drink, contrary to the re-
sults obtained with prolactin, and that buspirone signif-
icantly enhanced the levels of growth hormone regard-
less of whether the subjects were in a tryptophan
depleted state or not (Figure 3).

Body Temperature. A total of 19 temperature detemi-
nations were done, 10 prior to buspirone administra-
tion and 9 afterward. Body temperature had a tendency
to rise following ingestion of the amino acid drink,
which most likely reflected a diurnal change. Neverthe-
less, body temperatures remained stable in the 3 h pre-
ceding buspirone administration (Figure 4). Following
buspirone administration, and taking the temperature
285 min after ingestion of the amino acid drinks as the
baseline values, there was a significant time effect [F; 4 =
21.2, p = .001], but no subject [F;; 3 = 0.3, p = .6], treatment
[F19 = 1.5, p = 3], and treatment X time effects [F,; = 0.1,
p = 1.0]. Consequently, buspirone exerted a significant
hypothermic effect, and although there was a trend for
a greater effect in the tryptophan-depleted state that
would anyhow go against the hypothesis of a presyn-
aptic mediation, this difference did not reach the prede-
termined level of statistical significance (Figure 5).
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Figure 3. Growth hormone plasma levels in 12 healthy
male volunteers prior to and following the ingestion of the
amino acid mixture containing tryptophan (TRP balanced) or
not (TRP depletion) at time —285 min. At time 0, buspirone (30
mg) was taken orally. *Indicates a p < .05 using ANOVA for
repeated measures when compared with the corresponding
value obtained at time 0. There were no statistically significant
differences between the values obtained in the TRP balanced
and the TRP depletion conditions.
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Figure 4. Evolution of oral temperature prior to and follow-
ing the ingestion of the amino acid mixture containing tryp-
tophan (TRP balanced) or not (TRP depletion) at time —285
min. The subjects were allowed to move around in the observa-
tion room until time —-60 min. when they remained lying in
bed. There were no statistically significant differences
between the values obtained in the two conditions.

DISCUSSION

The results of the present study indicate that the hypo-
thermia induced by the 5-HT , agonist buspirone in hu-
mans was not attenuated in a 5-HT depleted state (Fig-
ure 5), just as for the prolactin and the growth hormone
responses (Figures 2 and 3). These data, therefore, imply
that all three responses are mediated by an increased
activation of postsynaptic 5-HT,, receptors, and not by
a decreased occupation of such receptors by endoge-
nous 5-HT resulting from the agonistic activity of bu-
spirone at the 5-HT,, autoreceptor.

Given the results obtained in the present experiments,
the first possibility to consider is the adequacy of the tryp-
tophan depletion paradigm to lower synaptic 5-HT avail-
ability. As depicted in Figure 1, total plasma tryptophan
was decreased by about than 90% by the time the 5-HT 5
agonist was administered. Although free plasma tryp-
tophan, which is the important parameter for brain up-
take, was not measured, previous studies clearly indicate
that the two values are affected to the same extent with
this dietary challenge (Young et al. 1985; Delgado et al.
1990). In addition, the following observations would sup-
port the notion that this tryptophan-dietary depletion par-
adigm is sufficient to exert a robust decrease in the synap-
tic availability of 5-HT in the human brain. This challenge
has been shown to decrease tryptophan in the cerebrospi-
nal fluid about as much as plasma tryptophan (Carpenter
et al. 1998; Williams et al. 1999), but to a lesser extent than
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Figure 5. Hypothermic response obtained with the oral
administration of buspirone (30 mg) in the same 12 male
healthy volunteers tested 285 min. after the ingestion of an
amino acid mixture containing tryptophan (TRP balanced)
or not (TRP depletion). The baseline values were those illus-
trated at time 0 in Figure 4. The difference between the two
curves was not statistically significant.

that of the metabolite 5-hydroxyindole acetic acid. Fur-
thermore, 5-HT synthesis measured in humans, using
a-["'C]methyL-tryptophan and positron emission tomogra-
phy, is decreased approximately to the same extent as
plasma tryptophan availability (Nishizawa et al. 1997).
The possibility that the latter method is not merely a re-
flection of tryptophan plasma levels can tentatively be
ruled out by the observations that different patient popu-
lations with similar plasma levels of tryptophan present
different 5-HT synthesis rates (see Benkelfat et al. 1999;
Leyton et al., 2001). Although this procedure does not trig-
ger clear depressive symptoms in normal individuals, it is
nevertheless sufficient to produce mild dysphoria, espe-
cially if they are subjected to a mild stress (Young et al.,
1985; Leyton et al. 2000). Moreover, this paradigm pro-
duces, within the same time frame as that used in the
present study, a resurgence of depressive symptoms in
patients previously ameliorated by their antidepressant
drug regimen (Delgado et al. 1990, 1999; Bremner et al.
1997). Most importantly, it can produce a recurrence of de-
pressive symptoms in remitted depressed patients who
are no longer taking antidepressant drugs (Smith et al.
1997; Moreno et al. 2000; Spillmann et al. 2001). Conse-
quently, the tryptophan depletion was likely sufficient to
attenuate 5-HT transmission in the brain of subjects stud-
ied in the present experiments.
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In rats, the hypothermia resulting from the systemic
administration of 5-HT;, agonists is generally believed
to be caused by the action of postsynaptic 5-HT 4 recep-
tor activation. The most compelling arguments in favor
of this lore are the following. First, subacute 5-HT syn-
thesis inhibition does not attenuate this response
(Hjorth 1985; Hutson et al. 1987; O’Connell et al. 1992;
Goodwin et al. 1985). Second, the lesioning of 5-HT neu-
rons using the neurotoxin 5,7-dihydroxytryptamine
also leaves unaffected the 5-HT; ,-induced hypothermia
(Millan et al. 1993). The observation, however, that intra-
raphe injection of 5-HT or of the 5-HT,, agonist 8-OH-
DPAT produces hypothermia in rats may shed some
doubt as to the postsynaptic mediation of this decrease
in core temperature (Hillegaart 1991). It is nevertheless
conceivable that if the solution injected diffused to the
Sylvius aqueduct, located immediately above the dorsal
raphe, a small amount of agonist could find its way to
the third ventricle and reach to the hypothalamus lo-
cated just rostrally to the dorsal raphe. Indeed, the
above-mentioned experiments were carried out using
0.5 uL, whereas Bonvento et al. (1992) showed that only
a volume of 0.1 uL of [*H]8-OH-DPAT injected in that
region of the brainstem remained confined to the dorsal
raphe. Furthermore, it was noted in the work of Higgins
et al. (1988) that the amount of 8-OH-DPAT (injected di-
rectly into the dorsal raphe) necessary to produce hypo-
thermia was 25 times greater than that necessary to trig-
ger behavioral modifications.

Another line of evidence in favor of the hypothermia
being mediated by postsynaptic 5-HT , receptors stems
from experiments examining the effects of repeated
electroconvulsive shocks (ECS) on this parameter. This
procedure has repeatedly been shown to attenuate the
8-OH-DPAT-induced hypothermia in rats (Goodwin et al.
1985; Blier and Bouchard 1992; Stockmeier et al. 1992).
When the sensitivity of the 5-HT;, autoreceptor in the
dorsal raphe, the presumed site of action of 5-HT 5 ago-
nists on core temperature, was assessed using direct mi-
croiontophoretic applications of 5-HT and 8-OH-DPAT,
the response of 5-HT neurons was unaltered in ECS-
treated rats (Blier and Bouchard 1992). In contrast, fol-
lowing repeated ECS, [°’H]8-OH-PAT binding density
was markedly decreased in rat hypothalamus (Stockmeier
et al. 1992), a structure being a much more likely candi-
date to mediate the hypothermic response. Indeed, the
neurons ultimately responsible for the decrease in body
temperature are probably located in the medial preoptic
region of the hypothalamus. This is based, in part, on
the observations that increasing 5-HT in the medial pre-
optic region, either by stimulating the raphe nuclei or
directly injecting 5-HT into this region, induces a decrease
in core temperature in the rat (Lin et al. 1983). Never-
theless, the possibility that the 8-OH-DPAT-induced
hypothermia could in fact be mediated by somatoden-
dritic 5-HT; 4 autoreceptors of 5-HT neurons in the me-
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dian raphe has to be considered. The medial preoptic re-
gion of the hypothalamus, which is located immediately
adjacent to the third ventricle, is innervated, however, to
only a small extent by fibers originating from the median
raphe (Vertes and Martin 1988). It would therefore be
unlikely that the administration of 8-OH-DPAT, which
suppresses the firing activity of 5-HT neurons in the me-
dian and dorsal raphe (Sinton and Fallon 1988; Blier et
al. 1990), and consequently reduces 5-HT release in the
hypothalamus (Auerbach et al. 1989), would induce hy-
pothermia by such a presynaptic mechanism.

In mice, the 5-HT;, receptor-induced hypothermia
may appear to be mediated through 5-HT,, autorecep-
tor activation (Goodwin et al. 1985). Not all studies sup-
port this contention, however. For instance, Meller et al.
(1992) did not observe any attenuation of the 5-HT 5 re-
ceptor-induced hypothermia following three doses of
PCPA to decrease 5-HT synthesis. Had the hypother-
mia been mediated in mice by the 5-HT) 5 autoreceptor,
it should have been decreased by the 5-HT synthesis in-
hibitor. In addition, the dorsal raphe is generally con-
sidered to be endowed with a significant receptor reserve
with respect to 5-HT; 5, autoreceptor function, which is not
what these investigators have found. From a theoretical
point of view, it is difficult to imagine that in rats and
mice the same biological parameter could be mediated
by diametrically opposed changes in 5-HT transmission,
i.e., a presynaptic mediation leading to decreased 5-HT
transmission and a postsynaptic one producing an in-
crease in 5-HT transmission.

In conclusion, the bulk of the evidence indicates that
the 5-HT;, receptor-induced hypothermia is mediated
by postsynaptic 5-HT;, receptor activation in laboratory
animals, and the present study, presumably carried out
under adequate conditions, did not generate evidence to
the contrary in humans. One may thus conclude that this
physiological response in humans should not be used as
a probe for the 5-HT,, autoreceptor. Such an erroneous
use of this challenge may lead to false conclusions in dis-
ease states on receptor responsiveness, or to misleading
information with respect to the effects of psychotropic
drug treatments.
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