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Abstract
Rationale Serotonin transporter (SERT) knockout (−/−)
mice have an altered phenotype in adulthood, including
high baseline anxiety and depressive-like behaviors, asso-
ciated with increased baseline extracellular serotonin levels
throughout life.
Objectives To examine the effects of increases in serotonin
following the administration of the serotonin precursor 5-
hydroxy-L-tryptophan (5-HTP) in SERT wild-type (+/+),
heterozygous (+/−), and −/− mice.
Results 5-HTP increased serotonin in all five brain areas
examined with approximately 2- to 5-fold increases in
SERT+/+ and +/− mice, and with greater 4.5- to 11.7-fold
increases in SERT−/− mice. Behaviorally, 5-HTP induced
exaggerated serotonin syndrome behaviors in SERT−/−,
mice with similar effects in male and female mice. Studies
suggest promiscuous serotonin uptake by the dopamine
transporter (DAT) in SERT−/− mice, and here, the DAT
blocker GBR 12909 enhanced 5-HTP-induced behaviors
in SERT−/− mice. Physiologically, 5-HTP induced exag-
gerated temperature effects in SERT-deficient mice. The
5-HT1A antagonist WAY 100635 decreased 5-HTP-in-
duced hypothermia in SERT+/+ and +/− mice with no
effect in SERT−/− mice, whereas the 5-HT7 antagonist SB
269970 decreased this exaggerated response in SERT−/−
mice only. WAY 100635 and SB 269970 together

completely blocked 5-HTP-induced hypothermia in SERT
+/− and −/− mice.
Conclusions These studies demonstrate that SERT−/− mice
have exaggerated neurochemical, behavioral, and physio-
logical responses to further increases in serotonin, and
provide the first evidence of intact 5-HT7 receptor function
in SERT−/− mice, with interesting interactions between 5-
HT1A and 5-HT7 receptors. As roles for 5-HT7 receptors in
anxiety and depression were recently established, the
current findings have implications for understanding the
high anxiety and depressive-like phenotype of SERT-
deficient mice.
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Introduction

Alterations in the serotonergic system have been implicated
in depression and other mood and anxiety disorders,
including obsessive–compulsive disorder (OCD) (Caspi et
al. 2003; Hu et al. 2006; Lesch et al. 1996; Murphy and
Lesch 2008; Owens and Nemeroff 1998). The serotonin
transporter (SERT; 5-HTT) is the main mechanism for the
removal of serotonin from the synapse, thus maintaining
homeostatic levels of serotonin in the extracellular space
(Blakely et al. 1991; Hariri and Holmes 2006). SERT is the
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site of action for the leading treatment choice for depression
and anxiety disorders, the selective serotonin reuptake
inhibitors (SSRIs) (Heydorn 1999; Jones and Blackburn
2002; Murphy et al. 1998), which increase extracellular
levels of serotonin by blocking SERT.

Alterations in serotonin levels during early development
in rodents have behavioral consequences in adulthood
(Ansorge et al. 2008, 2004). SERT heterozygous (+/−)
and knockout (−/−) mice have marked increases in
extracellular serotonin concentrations compared to their
SERT wild-type (+/+) littermates (Fabre et al. 2000;
Mathews et al. 2004; Shen et al. 2004). SERT−/− mice
display high baseline anxiety-like behaviors (Ansorge et al.
2004; Holmes et al. 2003a; Kalueff et al. 2007), high
reactivity to stress (Li et al. 1999; Tjurmina et al. 2002;
Wellman et al. 2007), and a depressive-like phenotype,
including increased immobility in the tail suspension test
and alterations in rapid eye movement (REM) sleep
(Alexandre et al. 2006; Holmes et al. 2002; Popa et al.
2008; Wisor et al. 2003; Zhao et al. 2006). Some aspects
of the SERT−/− phenotype are “rescued” by early
postnatal serotonin depletion via treatment with the
serotonin synthesis inhibitor para-chlorophenylalanine
(PCPA) (Alexandre et al. 2006; Persico et al. 2001), and
a similar phenotype to that of SERT−/− mice is induced in
SERT+/+ mice via early postnatal SSRI treatment
(Ansorge et al. 2008, 2004; Popa et al. 2008; Xu et al.
2004). Thus, increased serotonin during early critical
periods of development is implicated in the SERT−/−
phenotype. These alterations are specific to serotonin, as
early postnatal blockade of the norepinephrine transporter
(NET) does not induce similar phenotypic alterations in
adult mice (Ansorge et al. 2008).

Increased activation of 5-HT1A receptors by enhanced
serotonin levels during development contributes to the
phenotype of SERT−/− mice. SERT−/− mice have de-
creased 5-HT1A binding and function (Gobbi et al. 2001;
Holmes et al. 2003b; Li et al. 2000, 1999), and acute
administration of the selective 5-HT1A antagonist WAY
100635 normalizes the high baseline anxiety-like behavior
in adult SERT−/− mice (Holmes et al. 2003b). Furthermore,
early postnatal treatment with WAY 100635 rescues some,
but not all, aspects of the adult SERT−/− phenotype
(Alexandre et al. 2006).

5-HT7 receptors are expressed in the early stages of
development (Garcia-Alcocer et al. 2006; Vizuete et al.
1997), and recent studies have established important roles
for 5-HT7 receptors in anxiety, depression, REM sleep, and
circadian rhythms (Bonaventure et al. 2007; Guscott et al.
2005; Hedlund et al. 2005; Wesolowska et al. 2006a, b,
2007). Although all of these phenotypes are altered in
SERT−/− mice, 5-HT7 receptor function has not yet been
examined in SERT-deficient mice.

We recently showed that female SERT−/− mice have
exaggerated serotonin syndrome behavioral responses to
further increases in serotonin levels induced via adminis-
tration of the serotonin precursor 5-hydroxy-L-tryptophan
(5-HTP) or the monoamine oxidase (MAO)-A/B inhibitor
tranylcypromine (Fox et al. 2007a). In mice, these
behaviors are predominantly mediated by postsynaptic
5-HT1A receptors (Goodwin et al. 1987a, b, 1986; Lucki
et al. 1984; Smith and Peroutka 1986; Yamada et al. 1988).
SERT−/− mice also show evidence of these behaviors
spontaneously in the absence of drug (Fox et al. 2007a;
Kalueff et al. 2007). We therefore hypothesized that these
spontaneous behaviors were due to established elevated
baseline extracellular levels of serotonin (Fabre et al. 2000;
Mathews et al. 2004; Shen et al. 2004), and by extension,
that the exaggerated responses to 5-HTP and tranylcypro-
mine were likely due to further increases in serotonin in
SERT−/− mice (Fox et al. 2007a).

To further understand the consequences of lifelong
elevations in serotonin and the effects of further enhance-
ments of serotonin in adulthood, we assessed the
neurochemical, behavioral, and physiological effects of
5-HTP administration in SERT+/+, +/−, and −/− mice.
First, using high-performance liquid chromatography
(HPLC), we examined the effects of 5-HTP on brain
tissue levels of serotonin, on serotonin’s major metabolite
5-hydroxyindoleacetic acid (5-HIAA), as well as on
serotonin turnover ratios in SERT+/+, +/−, and −/− mice.
For behavioral assessments, we examined possible sex
differences in 5-HTP-induced behaviors in male and
female SERT+/+, +/−, and −/− mice, as previous studies
show sex differences in presynaptic 5-HT1A function in
SERT-deficient mice (Bouali et al. 2003; Holmes et al.
2003a; Li et al. 2000, 1999). Furthermore, as the dopamine
transporter (DAT) has been shown to take up serotonin in
SERT−/− mice, but not in SERT+/+ or +/− mice (Mossner
et al. 2006; Pan et al. 2001; Schmitt et al. 2003; Shen et al.
2004; Zhou et al. 2002), we assessed the effects of DAT
blockade on 5-HTP-induced serotonin syndrome behaviors
in SERT−/− mice.

As a physiological measure, we assessed the temperature
effects of 5-HTP in SERT+/+, +/−, and −/− mice.
Presynaptic 5-HT1A (Bill et al. 1991; Goodwin et al.
1985; Martin et al. 1992) and 5-HT7 receptors (Faure et
al. 2006; Guscott et al. 2003; Hedlund et al. 2003, 2004)
regulate hypothermic responses in mice, and as men-
tioned, presynaptic 5-HT1A receptors are downregulated in
SERT−/− mice; however, to date, 5-HT7 receptor function
has not been examined in SERT-deficient mice. We
therefore examined roles for 5-HT1A and 5-HT7 receptors
and their interactions in hypothermic responses to 5-HTP
and to two 5-HT1A/7 agonists, 5-CT and 8-OH-DPAT, in
SERT-deficient mice.
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Materials and methods

Animals

Subjects were male and female SERT+/+, +/−, and −/−
mice produced by homologous recombination in ES cells as
previously described (Bengel et al. 1998) and currently the
product of 19–23 heterozygous backcrosses on a C57BL/6J
genetic background. Animals were approximately 20–35 g
in weight at the beginning of the experiments and were
housed in groups of three to five animals per cage with
food and water available ad libitum. Animals were
maintained on a 12-h light/12-h dark cycle (lights on at
0600 hours) in a facility approved by the American
Association for Accreditation of Laboratory Animal Care.
On test days, animals were moved to the testing room in
their home cage 1 h prior to testing, and all experiments
were carried out between 10:00 and 13:00 hours. Multiple
testing was performed in most animals, and there was a
minimum of 1 week between tests to allow for drug
washout. Mice were not retested following administration
of either tranylcypromine or clorgyline, as these are
irreversible inhibitors of MAO. All experiments adhered
to the guidelines of the National Institutes of Health and
were approved by the National Institute of Mental Health
Animal Care and Use Committee.

Drugs

5-HTP, trans-2-phenylcyclopropylamine hydrochloride
(tranylcypromine), N-methyl-N-propargyl-3-(2,4-dichlo-
rophenoxy)propylamine hydrochloride (clorgyline),
8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), and
N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-
pyridinylcyclohexanecarboxamide maleate salt (WAY
100635) were obtained from Sigma Chemical Company
(St. Louis, MO, USA). 5-carboxamidotryptamine maleate
(5-CT), SB 269970 hydrochloride, and GBR 12909
dihydrochloride were obtained from Tocris Bioscience
(Ellisville, MO, USA). 5-HTP (5 or 10 mg/ml) was
prepared as an emulsion in a vehicle of 5% Tween-80 in
distilled water; clorgyline (0.2 mg/ml), 8-OH-DPAT
(0.1 mg/ml), WAY 100635 (0.1 mg/ml), 5-CT (0.01 mg/ml),
and GBR 12909 (1 mg/ml) were dissolved in saline;
tranylcypromine (0.1 mg/kg) and SB 269970 (0.2 or
0.6 mg/ml) were prepared in distilled water, and the latter
was frozen until immediately before use. All drugs were
administered by intraperitoneal (i.p.) injection.

Analysis of brain region monoamines and metabolites

Thirty minutes following the administration of 5-HTP (80
mg/kg) or its vehicle, SERT+/+, +/−, and −/− mice were

killed via cervical dislocation. Brains were removed
immediately and dissected on a glass plate set in ice.
Following the removal of the hypothalamus and frontal
cortex, brains were bisected sagittally to expose and dissect
the hippocampus and striatum from each hemisphere,
followed by isolation of the brainstem containing pons
and medulla (Bengel et al. 1998). Brain samples were
stored at −80°C before HPLC using electrochemical
detection (EC), as previously described (Andrews and
Murphy 1993).

HPLC analysis assessing concentrations of monoamines
and their precursors and metabolites was performed as
previously described (Kim et al. 2005). Specifically, brain
tissue samples were homogenized in 200–250 μl of 0.1 N
HC1O4 using sonication and centrifuged at 7,200×g (12,000
rpm) for 10 min. For quantification of monoamines in the
supernatant, an Axxichrom ODS C18 (5 μm, 25×0.46 cm)
analytical column, an ESA Coulochem II detector with
analytical cell (E1=100 mV, E2=300 mV; Model 5014),
and a guard cell (100 mV; Model 5020) were set up with an
ESA solvent pump (Model 582) and a Gibson autosampler
(Model 231) fitted with a 50-μl sample loop. The mobile
phase was composed of 8.6 mM heptane sulfonic acid,
0.3% phosphoric acid (EDTA), 0.27% triethylamine, 0.34
mM ethylenediaminetetraacetic acid, and 12% acetonitrile
delivered at a flow rate of 0.6 ml/min. Samples were
prepared using 100 μl of the supernatant with the addition
of an internal standard (50 μl of 1 μM N-methyl serotonin
for monoamines). A 55-μl aliquot of this mixture was
injected onto the analytical column for HPLC–EC analysis.

Serotonin syndrome behaviors

Serotonin syndrome behaviors induced by 5-HTP (80 mg/kg)
were evaluated in male and female SERT+/+, +/−, and −/−
mice (n=4–6 per group). In a separate study, SERT−/− mice
were administered vehicle or the DAT blocker GBR 12909
(20 mg/kg) followed 30 min later by 5-HTP (40 mg/kg)
(n=6 per group), and serotonin syndrome behaviors were
assessed. In both studies, the first drug was administered
after 15 min of habituation in a large Plexiglas cylinder.
Behavioral assessments were made based on previous
methods (Fox et al. 2007a; Izumi et al. 2006; Kennett et al.
1985). Behaviors associated with the rodent model of the
serotonin syndrome were recorded for five 1-min periods
starting 5 min after drug administration. In each assessment
period, the following behaviors were recorded: intermittent
behaviors included head weaving, forepaw treading and
backward movement (scored on a scale of 0 to 4; 0=absent,
1=present once, 2=present several times, 3=present
frequently, 4=present continuously); continuous behaviors
included hind limb abduction, Straub tail, tremor and low
body posture (scored on a scale of 0 to 4; 0=absent,
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1=perceptible, 2=weak, 3=medium, 4=maximal). The
scores from the five 1-min periods were summed together
for each behavior. Overall serotonin syndrome scores were
calculated for each 5-min assessment (sum of scores for all
intermittent and continuous behaviors) (Fox et al. 2007a;
Jacobs 1976). Assessments were performed by observers
blind to the genotype of the mice and/or the drug condition.

Temperature

Temperature was assessed using a digital thermometer
(Model BAT 12, RET-3 probe, Physitemp Instruments,
Clifton, NJ, USA). The probe was inserted approximately
2 cm into the rectum of the mouse, using mild tail restraint to
hold the mouse in place when necessary. Following the first
temperature assessment, animals were placed individually
into large Plexiglas containers in a room with an ambient
temperature of 21±1°C. Rectal temperature was measured
every 15 min beginning 15 min prior to drug administration.

In an initial dose–response study, SERT+/+, +/−, and −/−
mice were administered 20, 40, 80, or 160 mg/kg 5-HTP
(n=4–11 per group). In all other studies, a dose of 80 mg/kg
5-HTP (except where noted) was used, determined as
optimal based on the dose–response studies. Temperature
change induced by 5-HTP (80 mg/kg) was compared
between male and female SERT+/+, +/−, and −/− mice
(n=4–6 per group). In a separate study, the effects of GBR
12909 (20 mg/kg) on temperature change following 5-HTP
(40 mg/kg) in SERT−/− mice was examined (n=6 per
group). In SERT+/+ mice, the effects of pretreatment with a
monoamine oxidase inhibitor (MAOI), either tranylcypro-
mine (0.5 or 1 mg/kg; n=5–6 per group) or clorgyline
(1.2 mg/kg; n=5), 60 min prior to 5-HTP (80 mg/kg) on
temperature change were examined, and comparisons were
made to SERT+/+ mice administered 5-HTP alone (n=8).

In three separate studies, we examined the effects of
pretreatment 30 min earlier with the 5-HT1A antagonist
WAY 100635 (1 mg/kg) and the 5-HT7 antagonist SB
269970 (3 or 12 mg/kg), administered alone or in
combination, on temperature change induced by 80 mg/kg
5-HTP (n=4 per group; 3 mg/kg SB 269970), 0.1 mg/kg 5-
CT (n=6–8 per group; 12 mg/kg SB 269970), or 2 mg/kg
8-OH-DPAT (n=5–14 per group; WAY 100635 only) in
female SERT+/+, +/−, and −/− mice. The dose of 5-CT
(0.1 mg/kg) was selected based on pilot dose–response
studies examining the hypothermic effects of five doses of
5-CT (0.1, 0.5, 1, 1.5, and 3 mg/kg); temperature change
was greatest following 3 mg/kg over a 105-min period (data
not shown). Finally, we assessed the effects of pretreatment
30 min earlier with SB 269970 (3 or 12 mg/kg) on the
hypothermic response to 8-OH-DPAT (2 mg/kg; n=5–6 per
group) in purchased wild-type C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME, USA).

Head twitches

Following 15 min of habituation in a Plexiglas cylinder,
SERT+/+, +/−, and −/− mice were administered either
vehicle or WAY 100635 (1 mg/kg) (n=4–11 per group).
Head twitches, a response mediated by 5-HT2A receptors
(Gonzalez-Maeso et al. 2003; Moya et al. 2007; Willins and
Meltzer 1997), were counted for five 1-min periods starting
5 min after drug administration and were summed over
these five periods.

Statistical analyses

For each experiment, data were analyzed using one-way or
two-way (genotype×drug condition) analyses of variance
(ANOVAs). Post hoc comparisons between genotypes or
between drug conditions were conducted using Tukey HSD
pairwise comparisons or by t tests when only two groups
were compared. Significance was based on p<0.05.

Results

Effects of 5-HTP on tissue serotonin levels, 5-HIAA levels,
and serotonin turnover rates (5-HIAA/serotonin ratios)

We first examined the effects of 80 mg/kg 5-HTP versus its
vehicle on tissue levels of serotonin and its major
metabolite 5-HIAA, and the ratio of 5-HIAA to serotonin
(an index of serotonin turnover rate). Comparisons of
vehicle-treated mice confirmed previous findings of lower
baseline tissue serotonin levels in SERT−/− mice compared
to SERT+/+ mice in all brain areas examined (all p’s<
0.0001, based on preplanned Tukey post hoc comparisons
to confirm earlier baseline findings) (Bengel et al. 1998;
Kim et al. 2005; Sheridan et al. 1999).

Thirty minutes after 5-HTP, tissue serotonin levels were
increased compared to vehicle (baseline) in all five brain
areas examined, regardless of genotype (Table 1). Com-
pared to baseline serotonin levels in the brain stem, frontal
cortex, hippocampus, and hypothalamus, 5-HTP increased
serotonin levels 2.1- to 2.5-fold in SERT+/+ mice, 2.0- to
2.9-fold in SERT+/− mice, and to a greater extent, 4.4- to
6.8-fold, in SERT−/− mice. Of particular note, 5-HTP-
induced serotonin increases in striatum were highest,
with 4.9-fold increases in SERT+/+ mice, 5.1-fold
increases in SERT+/− mice, and greater 11.7-fold
increases in SERT−/− mice.

5-HTP also increased 5-HIAA levels in all brain areas
examined compared to vehicle-treated mice, regardless of
genotype (Table 1). Furthermore, serotonin turnover rates
were increased in 5-HTP-treated mice compared to vehicle-
treated mice in all brain areas examined regardless of
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genotype with 1.9- to 4.0-fold increases in turnover rates in
SERT+/+ mice, 2.4- to 5.4-fold increases in SERT+/− mice,
and 1.1- to 2.8-fold increases in SERT−/− mice (Table 1).
There were also significant genotype×drug interactions for
the brain stem, hypothalamus, and striatum (Table 1).
Specifically, serotonin turnover rates were significantly
higher in 5-HTP-treated mice of all three genotypes in
each of these brain areas (p’s<0.001), except for SERT−/−
mice in the striatum. There were no differences in serotonin
turnover rates between SERT+/+ and +/− mice. In vehicle-
treated mice, serotonin turnover rates in SERT−/− mice
were 1.6- to 1.9-fold higher compared to SERT+/+ mice in
each of these brain areas (p’s<0.006). In 5-HTP-treated
mice, serotonin turnover rates were approximately 1.3-fold
higher in SERT−/− mice compared to SERT+/+ mice in the
brain stem and hypothalamus (p’s<0.0001) with no
genotype differences in the striatum.

Effects of 5-HTP on catecholamines

5-HTP decreased norepinephrine levels in all genotypes in the
brain stem, hippocampus, and hypothalamus (p’s<0.008)
with no change in the frontal cortex (striatum not examined)
(data not shown). 5-HTP also decreased dopamine in the
striatum (p=0.001) with a trend toward decreased
dihydroxyphenylacetic acid (DOPAC) (p=0.074) in mice
of all three genotypes compared to vehicle-treated mice (data
not shown). There were no significant genotype×drug
condition interactions for norepinephrine, dopamine, or
DOPAC for any of the brain areas examined.

Serotonin syndrome behaviors

We previously showed that female SERT−/− mice have
exaggerated serotonin syndrome behavioral responses to
5-HTP relative to SERT+/+ mice (Fox et al. 2007a). As

other studies have shown sex differences in presynaptic
5-HT1A function in SERT-deficient mice, we compared
5-HTP-induced behaviors in male and female SERT+/+, +/−,
and −/− mice in order to examine possible sex differences in
postsynaptic 5-HT1A function in these mice. For serotonin
syndrome behaviors overall, we again found that SERT−/−
mice had exaggerated behavioral responses to 5-HTP com-
pared to SERT+/+ mice (p<0.0001 regardless of sex), with
no differences between male and female mice (Table 2).
Data for individual behaviors are also presented in Table 2.

As mentioned, DAT promiscuously takes up serotonin in
SERT−/− mice, but not in SERT+/+ or +/− mice (Mossner et
al. 2006; Pan et al. 2001; Schmitt et al. 2003; Shen et al.
2004; Zhou et al. 2002). Thus, we assessed the effects of the
DAT blocker GBR 12909 on 5-HTP-induced serotonin syn-
drome behaviors in SERT−/− mice. Pretreatment with GBR
12909 significantly increased 5-HTP-induced serotonin syn-
drome behaviors overall in SERT−/− mice (p=0.01) (Fig. 1a).

5-HTP-induced hypothermia

We next examined the effects of 5-HTP on temperature in
SERT+/+, +/−, and −/− mice. 5-HTP decreased temperature
in mice of all three SERT genotypes over a range of doses
and over time (Fig. 2a–c). Comparisons between the
genotypes of temperature change 30 min following 5-HTP
were made, as this time point corresponds to the HPLC
assessments (above) and the end of the serotonin syndrome
behavioral assessments described in this study and previ-
ously (Fox et al. 2007a). There were significant main
effects of genotype (F2,56=58.69, p<0.0001) and dose
(F3,56=150.53, p<0.0001) and a significant genotype×dose
interaction (F6,56=6.18, p<0.0001). SERT+/− mice had
greater changes in temperature following 80 mg/kg 5-HTP
(p=0.022), and SERT−/− mice had greater changes in
temperature following the administration of 40, 80, and 160

Table 2 Overall and individual serotonin syndrome behaviors in male and female SERT+/+, +/−, and −/− mice administered 5-HTP (80 mg/kg)

Serotonin syndrome behavior(s) Sex Two-way ANOVA

Males Females Genotype Sex Interaction

SERT+/+ SERT+/− SERT−/− SERT+/+ SERT+/− SERT−/− F2,31 p F1,31 p F2,31 p

Overall 16.8±4.7 15.9±4.3 46.1±7.2 15.0±5.3 15.4±5.0 44.6±4.2 108.58 <0.0001 0.42 NS 0.04 NS
Head weaving 7.3±1.3 7.2±2.7 15.2±2.7 7.5±2.7 8.2±3.8 15.6±5.4 17.66 <0.0001 0.19 NS 0.04 NS
Forepaw treading 5.0±3.6 4.0±2.2 5.2±1.3 4.8±2.4 5.7±2.1 8.4±4.8 1.54 NS 2.09 NS 0.80 NS
Backward movement 0.0±0.0 0.2±0.4 2.4±0.9 0.3±0.5 0.0±0.0 1.6±0.1 6.88 0.004 0.24 NS 0.36 NS
Hind limb abduction 2.1±0.6 1.8±1.0 10.0±3.7 0.9±0.6 0.5±0.3 7.2±2.7 47.17 <0.0001 6.23 0.02 0.50 NS
Straub tail 0.4±0.5 0.3±0.4 0.2±0.3 0.0±0.0 0.0±0.0 0.1±0.2 0.12 NS 4.96 0.04 0.50 NS
Tremor 0.5±0.4 0.6±0.4 2.6±1.9 0.1±0.3 0.0±0.0 2.4±1.4 15.94 <0.0001 1.08 NS 0.10 NS
Low posture 1.5±0.4 1.9±0.4 10.5±2.3 1.5±0.6 1.1±0.7 9.3±1.6 155.86 <0.0001 2.22 NS 0.55 NS

Data represent the mean±SEM
NS not significant
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mg/kg 5-HTP (p’s<0.0001) compared to SERT+/+ mice
administered these same doses (Fig. 2d). There were no
differences in 5-HTP-induced hypothermia between male
and female mice given 80 mg/kg 5-HTP (data not shown).
Furthermore, pretreatment with the DAT blocker GBR
12909 had no effect on 5-HTP-induced hypothermia in
SERT−/− mice (Fig. 1b).

Effects of MAOI pretreatment on 5-HTP-induced
hypothermia in SERT+/+ mice

Although administration of a single serotonin-enhancing
drug increased serotonin syndrome behaviors in SERT−/−
mice, a combination of two serotonin-enhancing drugs was
required to induce serotonin syndrome behaviors in SERT+/+
mice (Fox et al. 2007a). To determine the effects of

additional increases in serotonin levels in SERT+/+ mice,
we next examined the effects of pretreatment with a MAOI
on 5-HTP-induced temperature change in SERT+/+ mice.
There were significant main effects of drug condition for
both the nonselective MAO-A/B inhibitor tranylcypromine
(F4,29=51.61, p<0.0001) and the MAO-A-selective inhibitor
clorgyline (F2,15=48.65, p<0.0001). Administered alone,
neither tranylcypromine (Fig. 3a) nor clorgyline (Fig. 3b)
had an effect on temperature in SERT+/+ mice. However,
pretreatment with either tranylcypromine (p’s<0.0001) or
clorgyline (p<0.0001) enhanced the temperature change in
SERT+/+ mice induced by 80 mg/kg 5-HTP, similar to the
changes in SERT−/− mice administered this same dose of
5-HTP alone (−7.05±0.80°C) (Fig. 2d).

Effects of WAY 100635 and SB 269970 pretreatment
on 5-HTP-induced temperature change

To assess possible roles for 5-HT1A and 5-HT7 receptors in
the exaggerated temperature response to 5-HTP, mice were
pretreated with the selective 5-HT1A antagonist WAY
100635, the selective 5-HT7 antagonist SB 269970, or the
combination of WAY 100635 and SB 269970. There were
significant main effects for genotype (F2,72=11.72,
p<0.0001) and drug condition (F11,72=106.49, p<0.0001)
and a significant genotype×drug condition interaction
(F14,72=7.56, p<0.0001). 5-HTP again decreased tempera-
ture in mice of all three genotypes compared to their
respective controls administered vehicle alone (p’s<0.0001),
with an exaggerated response in SERT−/− mice (p=0.017)
and a trend toward an increased response in SERT+/− mice
(p=0.067) compared to SERT+/+ mice (Fig. 4). Pretreat-
ment with WAY 100635 partially decreased 5-HTP-induced
temperature change in SERT+/+ and +/− mice (p’s<0.003
compared to 5-HTP alone), with no effect in SERT−/− mice.
Pretreatment with SB 269970 decreased 5-HTP-induced
temperature change in SERT−/− mice (p=0.013 compared
to 5-HTP alone), and there was a trend toward a decrease in
SERT+/− mice (p=0.094 compared to 5-HTP alone), with
no effect in SERT+/+ mice (NS compared to 5-HTP alone).
Pretreatment with the combination of WAY 100635 and SB
269970 decreased 5-HTP-induced hypothermia in mice of
all three genotypes (p’s<0.0001 compared to 5-HTP alone),
and completely blocked 5-HTP-induced hypothermia in
SERT+/− and −/− mice (NS compared to the combination
of WAY 100635 and SB 269970 administered alone).

5-CT-induced hypothermia and the effects of pretreatment
with WAY 100635 and SB 269970

Recent studies show that 5-CT-induced hypothermia is at
least partially mediated by 5-HT7 receptors (Guscott et al.
2003; Hagan et al. 2000; Hedlund et al. 2003). Thus, to
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Fig. 1 Effect of the DAT blocker GBR 12909 on 5-HTP-induced
serotonin syndrome behaviors and hypothermia in SERT−/− mice.
In SERT−/− mice, pretreatment with the DAT blocker GBR 12909
(20 mg/kg) 30 min earlier increased serotonin syndrome behaviors
overall induced by 5-HTP (40 mg/kg) (a), whereas pretreatment
with this same dose of GBR 12909 had no effect on 5-HTP-induced
hypothermia 30 min after 5-HTP (b). Data represent the mean±SEM.
#p<0.05 compared to vehicle
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further examine 5-HT1A and 5-HT7 receptors in temperature
regulation in SERT-deficient mice, we examined the tem-
perature effects of the 5-HT1A/7 agonist 5-CT. 5-CT
decreased temperature in SERT+/+, +/−, and −/− mice over
time (Fig. 5a). In a separate study, we compared the
temperature change 30 min following the administration of
5-CT in SERT-deficient mice pretreated with WAY 100635,
SB 269970, or their combination. There were significant
main effects for genotype (F2,130=3.53, p=0.032) and drug
condition (F7,130=71.13, p<0.0001), but the genotype×drug
condition interaction was not significant (F14,130=0.81, NS).
Regardless of genotype, 5-CT induced a significant temper-
ature change compared to vehicle (Fig. 5b) (p<0.0001). This
effect was decreased by pretreatment with either WAY
100635 or SB 269970 each administered alone (p’s<
0.0001 compared to 5-CT alone) and was completely
blocked by the combination of WAY 100635 and SB
269970 (p<0.0001 versus 5-CT alone; NS compared to the
combination of WAY 100635 and SB 269970 administered
alone).

8-OH-DPAT-induced hypothermia and the effects
of pretreatment with WAY 100635 or SB 269970

As mentioned, SERT−/− mice have blunted or absent
hypothermic responses to 8-OH-DPAT (Bouali et al. 2003;
Holmes et al. 2003a; Li et al. 2000, 1999), an effect
mediated by presynaptic 5-HT1A receptors (Bill et al. 1991;
Goodwin et al. 1985; Martin et al. 1992). Recently, we
showed that 8-OH-DPAT, at a dose of 2 mg/kg i.p., induced
similar amounts of serotonin syndrome behaviors in SERT
+/+, +/−, and −/− mice, an effect mediated by postsynaptic
5-HT1A receptors (Fox et al. 2007a; Goodwin et al. 1987a,
b, 1986; Lucki et al. 1984; Smith and Peroutka 1986;
Yamada et al. 1988). For direct comparison to our previous
studies, which were suggestive of intact postsynaptic
5-HT1A function, we assessed the hypothermic response to
2 mg/kg i.p. 8-OH-DPAT in SERT+/+, +/−, and −/− mice.
There were significant main effects for genotype
(F2,98=6.33, p=0.003) and drug condition (F3,98=33.44,
p<0.0001) and a significant genotype×drug condition
interaction (F6,98=2.596, p=0.023). 8-OH-DPAT decreased
temperature in SERT+/+ and +/− mice compared to vehicle
(p’s<0.0001) with no effect in SERT−/− mice (Fig. 6a).
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hypothermia. A range of doses of the serotonin precursor 5-HTP
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This effect of 8-OH-DPAT in SERT+/+ and +/− mice was
completely blocked by pretreatment with WAY 100635 (p’s
<0.003 compared to 8-OH-DPAT; NS compared to WAY
100635 alone). Taken together with our previous findings,
the absence of a hypothermic response and an intact
behavioral response to the same dose of 8-OH-DPAT
(2 mg/kg i.p.) in SERT−/− mice suggests that although
presynaptic 5-HT1A function is altered, postsynaptic
5-HT1A receptors are functionally intact in SERT−/− mice.

Recent studies show that 8-OH-DPAT-induced hypother-
mia is partially mediated by 5-HT7 receptors, an effect
which may be dose-dependent (Bonaventure et al. 2002;
Faure et al. 2006; Hedlund et al. 2004). To confirm that the
hypothermic response to 2 mg/kg i.p. 8-OH-DPAT, which
had no effect in SERT−/− mice, is mediated by presynaptic
5-HT1A receptors and not 5-HT7 receptors, we examined
the effects of pretreatment with a low (3 mg/kg) and a high
(12 mg/kg) dose of the selective 5-HT7 antagonist SB
269970 on 8-OH-DPAT-induced hypothermia in purchased

C57BL/6J mice. There was a significant main effect of drug
condition (F5,31=55.61, p<0.0001). Again, 8-OH-DPAT
induced a significant hypothermic response compared to
vehicle, and pretreatment with either dose of SB 269970
had no effect on this response (Fig. 6b).

Head twitches

During the abovementioned temperature studies, we noted
that the selective 5-HT1A antagonist WAY 100635 induced
the head twitch response in SERT−/− mice, an effect
mediated by 5-HT2A receptors (Gonzalez-Maeso et al.
2003; Moya et al. 2007; Willins and Meltzer 1997). To
further examine this effect, we assessed the number of head
twitches in SERT+/+, +/−, and −/− mice administered WAY
100635 (1 mg/kg) or its vehicle. There were significant
main effects for genotype (F2,38=30.38, p<0.0001) and
drug condition (F12,38=99.68, p<0.0001), and a significant
genotype×drug condition interaction (F12,38=34.79,
p<0.0001). There were no differences between SERT+/+,
+/−, and −/− mice administered vehicle, suggesting equal
head twitches at baseline, which were few (Fig. 7). WAY
100635 increased the number of head twitches in SERT+/−
and −/− mice compared to their vehicle-treated counterparts
(p’s<0.008), with a trend toward an increase in SERT+/+
mice (p=0.082). In WAY 100635-treated mice, SERT−/−
mice had significantly more head twitches than did SERT+/+
mice (p=0.001).

Discussion

SERT−/− mice have enhanced baseline extracellular fluid
serotonin levels (Fabre et al. 2000; Mathews et al. 2004;
Shen et al. 2004), and lifelong exposure to these enhanced
levels of serotonin results in a high anxiety and depressive-
like phenotype in adult SERT−/− mice (Alexandre et al.
2006; Ansorge et al. 2008, 2004; Holmes et al. 2003a,
2002; Kalueff et al. 2007; Popa et al. 2008; Wisor et al.
2003; Zhao et al. 2006). In the current studies, we
examined the neurochemical, behavioral, and physiological
effects of further increases in serotonin in SERT+/+, +/−,
and −/− mice that were produced by the administration of
the serotonin precursor 5-HTP.

Examinations of tissue serotonin levels in vehicle-
treated mice confirm previous reports of decreased baseline
tissue serotonin and its major metabolite, 5-HIAA, in addi-
tion to increased serotonin turnover rates, in SERT−/− mice
(Table 1) (Bengel et al. 1998; Kim et al. 2005; Sheridan
et al. 1999). Thirty minutes following 5-HTP, mice of all
three SERT genotypes had significantly higher levels of
serotonin and 5-HIAA compared to vehicle-treated mice in
all brain areas examined (Table 1). In 5-HTP-treated mice,
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Fig. 3 Effects of MAOI pretreatment on 5-HTP-induced temperature
change in SERT+/+ mice. Pretreatment with tranylcypromine (TCP; 0.5
or 1 mg/kg) (a) or clorgyline (1.2 mg/kg) (b) enhanced the hypothermic
response to 5-HTP (80 mg/kg) 30 min after administration, a change
similar to that observed in SERT−/− mice administered 5-HTP alone
(−7.05±0.80°C; Fig. 2c, d). Data represent the mean±SEM. ****p<
0.0001 compared to mice administered this same dose of 5-HTP alone;
++p<0.01, ++++p<0.0001 compared to mice administered 0.5 mg/kg
tranylcypromine alone (a) or clorgyline alone (b); ####p<0.0001
compared to mice administered 1 mg/kg tranylcypromine alone
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the increases in serotonin versus baseline levels were higher
in SERT−/− mice in all brain areas examined (approxi-
mately 4.5- to 11.7-fold increases versus 2.1- to 2.5-fold
increases in SERT+/+ and +/− mice), with the highest
fold increases in the striatum for mice of all three geno-
types. Importantly, the timing of these assessments and the
dose of 5-HTP correspond to the dose and timing which
induced exaggerated behavioral and temperature responses
in SERT−/− mice.

Confirming our previous findings, SERT−/− mice had
exaggerated serotonin syndrome behavioral responses to 5-
HTP (Fox et al. 2007a). As mentioned, SERT−/− mice also
display serotonin syndrome behaviors at baseline in the
absence of drug (Fox et al. 2007a; Kalueff et al. 2007), and
we postulated that these baseline behaviors were due to
elevated baseline extracellular serotonin levels (Fabre et al.
2000; Mathews et al. 2004; Shen et al. 2004). The current
neurochemical studies show that 5-HTP increased tissue
serotonin levels in mice of all three SERT genotypes, with
higher fold increases versus baseline in SERT−/− mice.

Once released, the effects of increased tissue serotonin
levels following 5-HTP administration appear exaggerated
in SERT−/− mice. Several factors may explain these
responses. First, serotonin cannot be taken back up into
the presynaptic cell, as SERT−/− mice lack SERT, the
primary mechanism of removal of serotonin from the

synapse (Blakely et al. 1991), instead transcribing only a
truncated, nonfunctional protein (Bengel et al. 1998;
Ravary et al. 2001). Furthermore, SERT−/− mice have
decreased clearance of serotonin (Montanez et al. 2003) and
decreased presynaptic 5-HT1A autoreceptor function (Gobbi
et al. 2001; Li et al. 2000, 1999), which when activated
serve as a negative feedback loop for serotonin synthesis
(Hoyer et al. 1994; Sharp et al. 2007). These homeostatic
alterations in SERT−/− mice result in approximately 6-fold
increases in extracellular fluid serotonin at baseline (Fabre
et al. 2000; Mathews et al. 2004; Shen et al. 2004). Thus, in
SERT−/− mice, the 5-HTP-induced increases in serotonin
shown in this study likely result in further enhanced
extracellular levels of serotonin, which, acting on down-
stream receptors, result in the exaggerated behavioral and
temperature responses currently reported.

Previous examinations of SERT−/− mice show sex
differences in presynaptic 5-HT1A receptor function, in-
cluding assessments of 8-OH-DPAT-induced hypothermia
(Bouali et al. 2003; Holmes et al. 2003a; Li et al. 2000,
1999). We found no differences in the exaggerated
serotonin syndrome behavioral responses to 5-HTP be-
tween male and female SERT−/− mice (Table 2), behaviors
mediated by postsynaptic 5-HT1A receptors (Goodwin et al.
1987a, b, 1986; Lucki et al. 1984; Smith and Peroutka
1986; Yamada et al. 1988). This suggests that postsynaptic
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Fig. 4 Effects of pretreatment with WAY 100635 and SB 269970 on
5-HTP-induced temperature change. 5-HTP (80 mg/kg) again induced
an exaggerated temperature change in SERT−/− mice 30 min after
administration, with a trend toward significance in SERT+/−mice (p=
0.067) compared to SERT+/+ mice. Pretreatment with the 5-HT1A

antagonist WAY 100635 (1 mg/kg) decreased 5-HTP-induced
hypothermia in SERT+/+ and +/− mice, with no effect in SERT−/−
mice. Conversely, in SERT−/− mice, pretreatment with the 5-HT7

antagonist SB 269970 (3 mg/kg) decreased the temperature change
induced by 5-HTP down to levels in SERT+/+ mice in the same drug
condition, with a trend toward a decrease in SERT+/− mice (p=

0.094), whereas SB 269970 administered alone had no effect on 5-
HTP-induced hypothermia in SERT+/+ mice. Pretreatment with the
combination of WAY 100635 (1 mg/kg) and SB 269970 (3 mg/kg)
eliminated 5-HTP-induced hypothermia in SERT+/− and −/− mice
down to levels of their counterparts administered this combination of
pretreatment drugs alone (i.e., in the absence of 5-HTP). Data
represent the mean±SEM. *p<0.05, **p<0.01 compared to SERT+/
+ mice in the same drug condition; ++p<0.01, ++++p<0.0001
compared to mice of the same genotype treated with the pretreatment
drug(s) only; #p<0.05, ####p<0.0001 compared to mice of the same
genotype administered vehicle plus 5-HTP
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5-HT1A function, in contrast to presynaptic 5-HT1A

function, is intact in both male and female SERT−/− mice.
In further behavioral assessments in SERT−/− mice,

pretreatment with the DAT blocker GBR 12909 increased
5-HTP-induced serotonin syndrome behaviors (Fig. 1a),
although GBR 12909 did not affect 5-HTP-induced
temperature change (Fig. 1b). Although there are no
changes in DAT expression in SERT−/− mice (Sora et al.
2001), DAT takes up serotonin in SERT−/− mice (but not in
SERT+/+ or +/− mice), potentially providing a partial
compensatory mechanism for exaggerated levels of seroto-
nin in mice lacking SERT (Mossner et al. 2006; Murphy
and Lesch 2008; Pan et al. 2001; Schmitt et al. 2003; Shen
et al. 2004; Zhou et al. 2002). DAT is highly expressed in
the striatum (Bannon et al. 1998), and in the current studies,
the fold increases in serotonin following a high dose of 5-

HTP were largest in the striatum in mice of all three
genotypes, with 11.7-fold increases in SERT−/− mice
(versus approximately 5-fold increases in SERT+/+ and
+/− mice in the striatum) (Table 1). Although serotonin
turnover rates in the striatum were increased in SERT+/+
and +/− mice administered 5-HTP compared to their
vehicle-treated counterparts, this was not the case in
SERT−/− mice in the striatum. These findings might
underlie the enhancing effects of GBR 12909 pretreatment
on 5-HTP-induced behaviors.Together, the current findings
support and are consistent with the proposed compensatory
activity of DAT in SERT−/− mice (Zhou et al. 2002).

Providing further physiological evidence of exaggerated
responses to 5-HTP, SERT+/− and −/− mice had enhanced
hypothermic responses to various doses of 5-HTP (Fig. 2),
including 80 mg/kg, the dose assessed in the current HPLC
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Fig. 5 5-CT-induced temperature change and the effects of pretreat-
ment with WAY 100635 and SB 269970. 5-CT (0.1 mg/kg)
decreased temperature in SERT+/+, +/−, and −/− mice over time
(a). Thirty minutes after drug administration, 5-CT (0.1 mg/kg)
significantly decreased temperature with no differences between the
genotypes (b). Regardless of genotype, 5-CT-induced hypothermia was
decreased by pretreatment with either WAY 100635 (1 mg/kg) or SB

269970 (12 mg/kg) each administered alone, and was completely
blocked by pretreatment with the combination of WAY 100635 (1 mg/kg)
and SB 269970 (12 mg/kg). Data represent the mean±SEM. ++++p<
0.0001 compared to the pretreatment drug(s) alone, regardless of
genotype; ####p<0.0001 compared to mice treated with vehicle plus 5-
CT, regardless of genotype
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and behavioral analyses. In SERT+/+ mice, pretreatment
with a MAOI (tranylcypromine or clorgyline), drugs which
decrease serotonin metabolism and, therefore, increase
serotonin levels (Baker et al. 1984; McKim et al. 1983),
increased the temperature change induced by 80 mg/kg 5-
HTP (Fig. 3), a change which was similar to that observed
in SERT−/− mice administered 5-HTP alone (Fig. 2c,d).
These findings are in accord with our previous report of
exaggerated serotonin syndrome behavioral responses to 5-
HTP alone in SERT−/− mice and increased serotonin
syndrome behaviors in SERT+/+ mice administered a
MAOI plus 5-HTP (Fox et al. 2007a) and lend support to
the conclusion that the exaggerated responses observed in
SERT−/− mice are due to enhanced serotonin levels
following 5-HTP alone.

Pretreatment with WAY 100635 attenuated 5-HTP-
induced hypothermia in SERT+/+ and +/− mice with no
effect in SERT−/− mice (Fig. 4), indicating that 5-HT1A

receptors do not mediate the exaggerated hypothermic
response to 5-HTP in SERT−/− mice. Furthermore, 8-OH-
DPAT had no hypothermic effects in SERT−/− mice,
consistent with previous reports of reduced expression and
function of these 5-HT1A receptors (Bouali et al. 2003;
Holmes et al. 2003b; Li et al. 2000, 1999). Together with
our earlier finding of intact behavioral responses to this
same dose of 8-OH-DPAT (2 mg/kg i.p.) mediated by
postsynaptic 5-HT1A receptors, these results confirm de-
creased presynaptic 5-HT1A function, but intact postsynaptic
5-HT1A function, in SERT-deficient mice, as suggested
previously (Holmes et al. 2003b; Fox et al. 2007a).

Research using antagonists selective for 5-HT7 receptors
and 5-HT7 knockout mice has established a role for 5-HT7

receptors in murine temperature regulation (Faure et al.
2006; Guscott et al. 2003; Hedlund et al. 2003). Recent
studies show that the hypothermic effects of 5-CT,
previously thought to be mediated by 5-HT1 receptors, are
in fact mediated by 5-HT7 receptors. For example, 5-CT-
induced hypothermia is blocked by the 5-HT7 antagonists
SB 269970 and SB 258719 in mice (Guscott et al. 2003)
and by SB 269970 in guinea pigs (Hagan et al. 2000),
whereas antagonists at various 5-HT1 receptors have no
effect on 5-CT-induced hypothermia, including WAY
100635 (5-HT1A), pindolol (5-HT1A/B), and GR 127935
and GR 125743 (5-HT1B/D) (Guscott et al. 2003; Hagan et
al. 2000). Furthermore, 5-CT did not alter temperature in 5-
HT7 knockout mice (Guscott et al. 2003; Hedlund et al.
2003), although a dose of 3 mg/kg did have a blunted
hypothermic effect (Hedlund et al. 2003).
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Fig. 6 8-OH-DPAT-induced temperature change and the effects of
pretreatment with WAY 100635 or SB 269970. 8-OH-DPAT (2
mg/kg) decreased temperature in SERT+/+ and +/− mice com-
pared to vehicle, an effect that was blocked by pretreatment with
WAY 100635 (1 mg/kg), whereas 8-OH-DPAT had no effect on
temperature in SERT−/− mice (a). Pretreatment with a low (3 mg/kg)
or a high (12 mg/kg) dose of SB 269970 (SB) had no effect on
8-OH-DPAT-induced hypothermia in purchased C57BL/6J wild-type
mice (b). Data represent the mean±SEM. *p<0.05 compared to
SERT+/+ mice in the same drug condition; +p<0.05, ++++p<
0.0001 compared to mice of the same genotype administered the
pretreatment drug(s) only; ##p<0.01 compared to mice of the same
genotype treated with vehicle plus 8-OH-DPAT
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Fig. 7 WAY 100635-induced head twitches. The selective 5-HT1A

antagonist WAY 100635 (1 mg/kg) induced head twitches in SERT+/−
and −/− mice, with a trend toward an increase in SERT+/+ mice
(p=0.082) compared to vehicle. This effect was exaggerated in
SERT−/− mice compared to SERT+/+ mice. Data represent the
mean±SEM. **p<0.01 compared to SERT+/+ mice in the same drug
condition; ++p<0.01, ++++p<0.0001 compared to mice of the same
genotype administered vehicle
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In these first assessments of 5-HT7 receptor function in
SERT-deficient mice, we show that 5-CT induced similar
hypothermic responses in mice of all three SERT geno-
types, an effect that was partially decreased by pretreatment
with SB 269970 (Fig. 5). Furthermore, SB 269970
attenuated the exaggerated hypothermic response to 5-
HTP in SERT−/− mice, with a trend toward a decrease in
SERT+/− mice, and no significant effect in SERT+/+ mice
(Fig. 4). These findings provide the first evidence of intact
5-HT7 receptor function in SERT−/− mice.

Recent studies also show that 8-OH-DPAT has effects at
5-HT7 receptors in a dose-dependent manner, including
experiments in 5-HT1A knockout mice and their littermates
(Bonaventure et al. 2002). 5-HT7 knockout mice had a
diminished hypothermic response to 8-OH-DPAT, an effect
that was blocked by WAY 100635, suggesting that this
response is partially mediated by 5-HT1A receptors in
addition to 5-HT7 receptors (Hedlund et al. 2004). In 5-HT7

wild-type mice, SB 269970 inhibited the hypothermic
effects of a low dose, but not higher doses, of 8-OH-DPAT
with no effect in 5-HT7 knockout mice (Hedlund et al.
2004). Other recent research indicates that the selective
5-HT7 antagonist SB 269970 dose-dependently attenuated
8-OH-DPAT-induced hypothermia in rats (Faure et al. 2006;
Hedlund et al. 2004), an effect that was additive to the
attenuating effects of WAY 100635 (Faure et al. 2006).
These findings suggest that 8-OH-DPAT might also act on
5-HT7 receptors and not solely at 5-HT1A receptors, as
previously thought.

As mentioned, early postnatal treatment with WAY
100635 rescued several aspects of the SERT−/− phenotype,
including depressive-like behaviors on the tail suspension
test in male and female SERT−/− mice (Alexandre et al.
2006). Interestingly, the decreased or absent hypothermic
responses to 8-OH-DPAT in SERT−/− mice were only
slightly reversed via early postnatal WAY 100635 treatment
in female SERT−/− mice, with no effect in male SERT−/−
mice (Alexandre et al. 2006). Thus, it is possible this
dysfunctional hypothermic response in SERT−/− mice is
due to alterations in 5-HT7 receptors. However, in the
current studies, 8-OH-DPAT again had no hypothermic
effect in SERT−/− mice (Fig. 6a), and neither a low nor a
high dose of SB 269970, doses effective in decreasing 5-
HTP and 5-CT-induced hypothermia, respectively, altered
8-OH-DPAT-induced hypothermia in wild-type mice (Fig.
6b). Together, these findings suggest that 2 mg/kg i.p.
8-OH-DPAT is selective for 5-HT1A receptors and that
5-HT7 receptors are intact in SERT−/− mice.

Interestingly, pretreatment with the combination of SB
269970 and WAY 100635 completely blocked 5-HTP-
induced hypothermia in both SERT+/− and −/− mice. These
findings are of particular note as WAY 100635 alone did
not affect 5-HTP-induced hypothermia in SERT−/− mice,

and the attenuating effects of SB 269970 were enhanced in
an additive or super-additive manner by the addition of
WAY 100635 (Fig. 4). Additionally, pretreatment with
WAY 100635 decreased 5-CT-induced hypothermia in mice
of all three SERT genotypes, and again, the combination of
SB 269970 and WAY 100635 completely blocked 5-CT-
induced hypothermia (Fig. 5). An earlier report described
similar additive effects of these two antagonists in blocking
the hypothermic effects of 8-OH-DPAT in rats (Faure et al.
2006). In our previous report, SB 269970 had no effect on
serotonin syndrome behaviors administered alone and did
not increase the blockade of these behaviors by WAY
100635 in SERT−/− mice, suggesting no interaction
between postsynaptic 5-HT1A and 5-HT7 receptors (Fox et
al. 2007a). The current findings do, however, suggest an
interesting interaction between presynaptic 5-HT1A receptors
and 5-HT7 receptors which will require further research,
including examinations in SERT+/− and −/− mice which, as
noted, have altered presynaptic 5-HT1A function.

Of further note, WAY 100635 administered alone
induced head twitches in SERT−/− mice (Fig. 7), a
response mediated by 5-HT2A receptors (Gonzalez-Maeso
et al. 2003; Moya et al. 2007; Willins and Meltzer 1997).
This is particularly interesting in light of reports of
decreased 5-HT2A function in SERT−/− mice, including
decreased head twitch responses to the 5-HT2A/2C agonist,
(+/−)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane
(DOI), and decreased 5-HT2A-mediated activation of the
PLA2 arachidonic acid signaling pathway in SERT+/− and
−/− mice (Basselin et al., under review; Qu et al. 2005). It is
also interesting to note that WAY 100635 has been shown
to attenuate increased levels of anxiety and to induce
hyperthermia in SERT−/− mice with no effects in SERT+/+
or +/− mice (Holmes et al. 2003a). These findings suggest
that changes in 5-HT1A receptors in SERT−/− mice are
more complex than previously thought. We are currently
examining the mechanisms underlying WAY 100635-
induced head twitches in SERT-deficient mice.

In the current studies, we report exaggerated behavioral
and hypothermic responses to 5-HTP in SERT−/− mice and
show that these exaggerated responses are associated with
enhanced increases in tissue serotonin over baseline levels
in all five brain regions studied. In addition to confirming
decreased or absent presynaptic 5-HT1A receptor function
and intact postsynaptic 5-HT1A receptor function in SERT
−/− mice, the current studies are the first to assess 5-HT7

receptors in SERT-deficient mice. 5-HT7 receptors have
recently been implicated in anxiety, depression, circadian
rhythms, and REM sleep, all of which are altered in SERT
−/− mice (Fox et al. 2007b; Murphy and Lesch 2008). As
some, but not all, aspects of the phenotype of SERT−/−
mice are rescued by early postnatal treatment with WAY
100635, it will be interesting to see if early postnatal
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blockade of 5-HT7 receptors will affect the development of
the high anxiety and depressive-like phenotype of SERT−/−
mice. It is of significance to investigate the role of 5-HT7

receptors in these phenotypic alterations in SERT-deficient
mice, in regard to implications for the treatment of anxiety
and affective disorders. In addition, when the 5-HT7

antagonist SB 269970 was given together with the 5-
HT1A antagonist WAY 100635, the abolishment of the
temperature response to 5-HTP revealed an unexpected
additive or super-additive effect of these two antagonists, a
finding also requiring further investigation.

In humans, functional polymorphisms in SERT, such as
the 5-HTTLPR plus SNPs within it, rs25531 and rs25532,
can alter SERT expression and function by approximately
50% in lymphocytes, platelets, and brain (Hu et al. 2006;
Lesch et al. 1996; Murphy et al. 2004; Murphy and Lesch
2008; Praschak-Rieder et al. 2007), equal to that of
SERT+/− mice. Individuals with the lesser expressing form
of these SERT variants have been shown to have elevations
in trait anxiety and increased susceptibility to depression
associated with major life events (Caspi et al. 2003; Uher
and McGuffin 2008). Furthermore, these individuals are
poor responders to SSRIs (Hu et al. 2006; Murphy et al.
2004; Serretti et al. 2005). As such, investigations of the
role of 5-HT7 receptors in the high anxiety and depressive-
like phenotype of SERT-deficient mice is of importance,
especially in light of recent reports that 5-HT7 blockade
enhances the antidepressant-like effects of SSRIs
(Bonaventure et al. 2007).
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