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Abstract
Background: Hyperserotonemia in the brain is suspected to be an endophenotype of autism spectrum disorder
(ASD). Reducing serotonin levels in the brain through modulation of serotonin transporter function may improve
ASD symptoms.
Methods: We analyzed behavior and gene expression to unveil the causal mechanism of ASD-relevant social
deficits using serotonin transporter (Sert) knockout mice.
Results: Social deficits were observed in both heterozygous knockout mice (HZ) and homozygous knockout mice
(KO), but increases in general anxiety were only observed in KO mice. Two weeks of dietary restriction of the serotonin
precursor tryptophan ameliorated both brain hyperserotonemia and ASD-relevant social deficits in Sert HZ and KO
mice. The expression of rather distinct sets of genes was altered in Sert HZ and KO mice, and a substantial portion of
these genes was also affected by tryptophan depletion. Tryptophan depletion in Sert HZ and KO mice was associated
with alterations in the expression of genes involved in signal transduction pathways initiated by changes in
extracellular serotonin or melatonin, a derivative of serotonin. Only expression of the AU015836 gene was altered
in both Sert HZ and KO mice. AU015836 expression and ASD-relevant social deficits normalized after dietary
tryptophan restriction.
Conclusions: These findings reveal a Sert gene dose-dependent effect on brain hyperserotonemia and related
behavioral sequelae in ASD and a possible therapeutic target to normalize brain hyperserotonemia and ASD-relevant
social deficits.
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Background
Autism spectrum disorder (ASD) is a neurodevelopmental
disorder that has two symptomatic domains: (1) deficits in
verbal and nonverbal social communication and reciprocal
social interaction and (2) restricted, repetitive patterns of
behavior, interests, and activity [1]. The prevalence of
ASD was previously reported to be less than 0.1% [2–5],
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but ASD is now found in more than 1% of the general
population [6]. The pathogenesis of ASD is multifactorial.
More than 400 genes and more than 40 genetic loci have
been shown to be associated with ASD, including genes
associated with the function of neurotransmitter serotonin
(5-hydroxytryptamine [5-HT]) [2, 3, 5].
The relationship between ASD and abnormal 5-HT
metabolism has been recognized for decades. Elevations
of 5-HT levels in whole blood and platelets are detected
in approximately 30% of individuals with ASD with or
without intellectual disability [7–9]. Elevated 5-HT levels
in platelets are also observed in individuals with ASD
without intellectual disability [10]. This pattern of alterations in 5-HT metabolism may involve a decrease in
the function of the serotonin transporter (SERT). The
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SLC6A4 gene encodes SERT at chromosomal region
17q11, a major susceptibility locus in ASD [11]. Individuals with the short allele of the SLC6A4 gene-linked
polymorphic region (5-HTTLPR) are more likely to
present with greater anxiety, impairments in social interaction, and deficits in emotional regulation [12]. The
short allele of 5-HTTLPR is associated with a decrease
in SERT expression [13] and alterations of amygdala
function in ASD [14]. Lower SERT binding affinity is
also found in the brains of adult individuals with ASD
[15]. This evidence strongly suggests that there is a close
link between ASD and low SERT expression.
The neuropsychiatric effects of high 5-HT levels have
been investigated in Sert knockout (KO) mice with no Sert
expression. Sert KO mice exhibit high levels of 5-HT in
the brain [16–18] and high 5-HT terminal density in the
neocortex [19]. However, elevations in extracellular 5-HT
levels in Sert KO mice produce compensatory reductions
in other aspects of 5-HT function, including reduced
5-HT synthesis and tissue content [20]. Behavioral alterations in Sert KO mice include impaired locomotor function, increased anxiety, and reduced aggression [21–23].
Heterozygous (HZ) deletion of the Sert gene also affects
stress-induced behavior in the forced swim test [22].
However, rodent models of SERT deletion show inconsistent results for behaviors relevant to ASD [24–26],
prompting further investigation.
Serotonin is synthesized from the essential amino acid
tryptophan by tryptophan hydroxylase (TPH). Dietary
tryptophan restriction effectively reduces intra- and extracellular 5-HT levels in the brain and has been used to investigate the involvement of 5-HT in diverse brain
functions [27, 28]. A tryptophan-free diet lowers the ability
to recognize faces expressing fear or happiness [29, 30]. In
individuals with ASD, tryptophan depletion lowers plasma
tryptophan levels and aggravates stereotyped behavior [30,
31]. At the same time, abnormal brain connectivity in
ASD, involving the cerebral cortex, basal ganglia, and cerebellum, is improved by a tryptophan-restricted diet. This
evidence suggests an underlying influence of low brain
5-HT levels in some ASD deficits [32]. Moreover, since altering 5-HT function was beneficial in adults and did not
require treatment during development, it encourages exploration of treatment approaches that seek to normalize
5-HT function later in life.
Also supporting this potential role for alterations in
5-HT metabolism in ASD are studies in tryptophan hydroxylase 2 (Tph2) KO mice that have greatly reduced
5-HT levels in the brain (~ 96% reduction) [33, 34] and
exhibit ASD-like behavioral deficits [35, 36]. In a
non-genetic model, early life depletion of 5-HT with
5,7-dihydroxytryptamine also produces autism-like phenotypes [37]. The levels of tissue 5-HT depletion in these
models are more severe than those in the Sert KO mice.
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Although Sert KO mice exhibit behavioral changes associated, or commonly comorbid, with ASD, it remains to be
established whether Sert KO mice demonstrate social deficits characteristic of ASD. In addition, it might be hypothesized that elevating brain 5-HT levels might alleviate
ASD-related behavioral deficits in these mice.
In the present study, ASD-relevant social deficits were
observed in Sert HZ and KO mice, and such deficits
were rescued by 2 weeks of a tryptophan-depleted diet,
which lowered brain 5-HT levels and normalized the expression of some genes within the 5-HT system. The
findings in this model implicate a causal role for high
brain 5-HT levels in the pathogenesis of ASD.

Methods
Animals

Sert KO mice were generated as previously described [20]
and backcrossed onto a C57BL/6 J genetic background for
eight generations [38]. Wild-type (WT), Sert HZ, and Sert
KO littermates were obtained by crossing male HZ and female HZ mice. Both male and female mice of the three genotypes were used. Mice were housed in groups of three
to six littermates per cage and maintained on a 12-h/12-h
light/dark cycle, with free access to food and water. Naive
mice were tested between 3 and 6 months of age. They
were examined during the light phase of the light/dark
cycle in an experimental room under white light conditions. The first cohort was tested in the elevated plus
maze, the hole-board test, the social interaction test, and
the three-chamber test. The experiments were conducted
at intervals of 1 week or longer. Mice from different cohorts were used in the elevated plus maze test because of
the adjusted light conditions (Additional file 1: Table S1).
Mice from the second cohort were allocated to either the
tryptophan-free diet or a control diet, and locomotion and
social interaction were examined. The third cohort was
used to assess the effects of the Sert genotype and
tryptophan-free diet on extracellular 5-HT levels using
microdialysis. The fourth cohort was used for gene
expression analyses. In these mice, 10 litters were divided into six groups (Additional file 1: Table S2). Mice
were cared for and treated humanely in accordance
with all institutional and national animal experimentation guidelines.
Intervention with tryptophan-free diet

A tryptophan-free diet (Trp−, Oriental Yeast Company,
Tokyo, Japan) was used to examine the influence of reducing tryptophan availability on perturbations in brain
5-HT function resulting from reduced SERT function.
Mice of all genotypes were divided into two groups: one
group received Trp− for 2 weeks, and the other group
received a control diet (Ctrl) that contained normal
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levels of dietary tryptophan for 2 weeks. The mice
underwent the locomotor test and social interaction test
after 7 and 14 days on the diet, respectively. Microdialysis and brain sampling for gene expression analysis were
also conducted after 14 days on the diet.
Behavioral tests
Social interaction test

The mice were left alone in the home cage for 15 min
for habituation, after which a novel C57BL/6 J mouse of
the same sex was introduced into the cage. The 10-min
test was digitally recorded, and the duration of active social interaction (i.e., sniffing, allogrooming, mounting,
and chasing of the tested mouse toward the novel
mouse) was determined by observers who were blind to
the treatment conditions and genotype [39].
Three-chamber test

The apparatus consisted of an open-topped acrylic box
(500 mm × 500 mm × 400 mm) divided into three chambers. The test consisted of three phases: habituation, social
approach (stranger mouse 1 [S1] vs. inanimate object
[Ob]), and social preference (S1 vs. stranger mouse 2
[S2]). The test mouse was first placed in the middle chamber and allowed to freely explore the empty apparatus for
10 min. A novel C57BL/6 J mouse of the same sex (S1)
and the Ob (i.e., an aluminum cylinder; 30 mm radius, 60
mm height) were placed in a small wire cage in the left
and right compartments for 10 min. Afterward, Ob was
replaced with S2, and the test mouse was allowed another
10 min of free exploration in the social preference phase.
The sides where Ob, S1, and S2 were placed were randomly assigned. The time spent exploring each cage was
measured using a video tracking system in all phases
(Muromachi Kikai, Tokyo, Japan).
Elevated plus maze

The apparatus consisted of two open arms (297 mm × 54
mm) and two closed arms (300 mm × 60 mm, with
150-mm-high walls) that were set in a plus configuration.
The apparatus was raised 400 mm above the floor. The test
mouse was allowed to freely explore the apparatus for 10
min. The time on the open arms, number of entries into
the open and closed arms, and total distance traveled were
recorded by a video tracking system (Muromachi Kikai).
Hole-board test

The apparatus consisted of a field (500 mm × 500 mm ×
400 mm) that had four holes (30-mm diameter each).
The test mouse was allowed to freely explore the apparatus. The total duration and number of head dips into
the holes were recorded for 30 min using a video tracking system (Muromachi Kikai).
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Locomotor activity test

The apparatus consisted of an illuminated chamber (300
mm × 400 mm × 250 mm). Each mouse was left alone in
the apparatus, and total locomotor activity was
measured for 60 min using a Supermex system
(Muromachi Kikai), with a sensor monitor mounted
above the chamber.

Microdialysis

The mice were implanted with microdialysis probes in the
striatum (anterior, + 0.6 mm; lateral, + 1.8 mm; ventral, −
4.0 mm from bregma) after anesthesia with sodium pentobarbital (50 mg/kg, intraperitoneal). At 24 h after surgery,
the levels of 5-HT were measured using microdialysis
under freely moving conditions. Mice were dialyzed with
Ringer’s solution (145 mM NaCl, 3 mM KCl, 1.26 mM
CaCl2, and 1 mM MgCl2, pH 6.5) at a flow rate of 1 μl/
min. Data were collected every 10 min for 180 min, and
perfusion was initiated 180 min before the collection of
baseline samples. 5-HT in the dialysates was separated
using a reverse-phase ODS column (PP-ODS, Eicom,
Kyoto, Japan) and detected with a graphite electrode
(HTEC-500, Eicom). The mobile phase consisted of 0.1 M
phosphate buffer (pH 5.5) that contained sodium decanesulfonate (500 mg/l), ethylenediaminetetraacetic acid
(EDTA; 50 mg/l), and 1% ethanol.

Whole-genome gene expression analysis

Whole-genome gene expression profiles were analyzed
using the Mouse Gene Expression 4x44K v2 Microarray
(Agilent Technologies, Tokyo, Japan), which detects
39,430 Entrez Gene RNAs. Total RNA was first isolated
with TRIzol reagent (ThermoFisher Scientific, Waltham, MA, USA) from whole brains of four male mice
in each group with the Ctrl or Trp− diet. Total RNA
was determined using an Agilent 2100 Bioanalyzer.
Total RNA was then applied to Cy3-labeled cRNA synthesis, which was performed with a Low Input Quick
Amp Labeling Kit (Agilent Technologies) according to
the manufacturer’s instructions. Finally, Cy3-labeled
cRNA was hybridized to the microarray and detected
using an Agilent SureScan Microarray Scanner (Agilent
Technologies).
Microarray image data were extracted to ProcessedSignal using Feature Extraction 11.5.1.1 software
(Agilent Technologies). GeneSpring GX v14.5 software
(Agilent Technologies) was used for subsequent data
processing. Gene expression with a statistically significant difference (P < 0.05) and an absolute value of log2
fold change > 1.2 between groups was exported to the
dataset. Gene ontology and pathway analyses were performed using BaseSpace (Illumina KK, Tokyo, Japan)
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and MetaCore v6.30 build 68780 (Clarivate Analytics
Japan, Tokyo, Japan), respectively.

among genotypes and treated groups. Values of P < 0.05
were considered statistically significant.

Statistical analysis

Results

The statistical analyses were performed with Excel Statistics software (Microsoft Japan, Tokyo, Japan). The behavioral data were analyzed using analysis of variance
(ANOVA; two-way repeated measures) followed by Fisher’s PLSD post hoc test and Student’s t test. For the gene
expression analysis, an unpaired t test was performed

Sert HZ and KO mice exhibit aberrant social interaction

In the social interaction test (Fig. 1a), active social interaction was affected by genotype (F2,78 = 22.98, P < 0.001)
and sex (F1,78 = 12.80, P < 0.001), but there was no
significant interaction between these factors (F2,78 = 2.51,
P = 0.087). Active social interaction was reduced in both

Fig. 1 Expression of ASD-relevant social deficits in Sert HZ and KO mice. a Active interaction time over 10 min in the social interaction test. The
data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, two-way ANOVA followed by Fisher’s PLSD test. b, c Active social interaction time for 10
min in the social approach phase in the three-chamber test. d, e Active social interaction time over 10 min in the social preference phase in the
three-chamber test. The data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, paired Student’s t test (b–e)
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male and female Sert HZ and KO mice compared to WT
mice as confirmed by post hoc comparisons (male Sert
HZ < WT mice, P < 0.001; male Sert KO mice < WT and
Sert HZ mice, P < 0.001 [WT], P = 0.0054 [HZ]; female
Sert HZ and KO < WT mice, P = 0.0014 [WT vs. HZ],
P = 0.0013 [WT vs. KO]).
In the three-chamber test of social preference (Fig. 1b, c),
both WT and male Sert HZ mice exhibited intact social
approach that was greater toward S1 compared with Ob
(t9 = 6.15, P < 0.001 [male WT], t18 = 8.19, P < 0.001 [male
HZ], t10 = 3.67, P = 0.0042 [female WT] by paired t test).
Male Sert KO, female HZ, and female KO mice did not
show a social preference, spending a comparable time
exploring S1 and Ob (t9 = 1.11, P = 0.29 [male KO],
t15 = 0.38, P = 0.70 [female HZ], t13 = 0.59, P = 0.55 [female
KO] by paired t test). In the social novelty phase of the
experiment (Fig. 1d, e), WT mice had normal social novelty preference (t9 = 2.72, P = 0.023 [male WT], t10 = 2.29,
P = 0.044 [female WT] by paired t test). Sert HZ and KO
mice did not differentiate S2 from S1 (t18 = − 0.11, P = 0.91
[male HZ], t9 = 0.22, P = 0.82 [male KO], t15 = 0.33, P = 0.74
[female HZ], t13 = − 1.67, P = 0.11 [female KO] by
paired t test). These results suggest that HZ Sert deletion is sufficient to influence social behavior in mice.
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Sert KO mice exhibit enhanced anxiety-like behavior

We next assessed anxiety-like behavior because a heightened level of general anxiety (rather than social anxiety
per se) may impair response to novel social stimuli. In
the elevated plus maze test (Fig. 2a, b), Sert KO mice exhibited an increase in anxiety-like behavior, reflected by
decreases in the percent time on the open arms and
number of open arm entries. The ANOVA revealed significant effects of genotype on the time spent on the
open arms (F2,64 = 11.77, P < 0.001) and number of open
arm entries (F2,64 = 13.37, P < 0.001), with no effect of
sex (time spent on open arms: F1,64 = 0.52, P = 0.46; open
arm entries: F1,64 = 0.68, P = 0.41) and no genotype × sex
interaction (time spent on open arms: F2,64 = 1.79, P = 0.17;
open arm entries: F2,64 = 0.71, P = 0.49). Male Sert KO mice
also exhibited a decrease in the percent time on the open
arms compared with Sert HZ mice (P = 0.0044 [HZ vs. KO]
by Fisher’s PLSD post hoc test) but not with WT mice
(P = 0.089 [WT vs. KO] by Fisher’s PLSD post hoc test).
Female Sert KO mice exhibited a decrease in the percent time on the open arms compared with WT and
Sert HZ mice (P < 0.001 [WT vs. KO], P = 0.0013 [HZ
vs. KO] by Fisher’s PLSD post hoc test). Sert HZ mice
were comparable to WT mice for both males and

Fig. 2 Anxiety-related behavior in Sert KO mice. a Time spent on the open arms in the elevated plus maze. b Number of open arm entries in the
elevated plus maze. c Number of head dips in the hole-board test. d Total distance traveled in the hole-board test. The data are expressed as
mean ± SEM. *P < 0.05, **P < 0.01, two-way ANOVA followed by Fisher’s PLSD test
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females (male: P = 0.15 [WT vs. HZ]; female: P = 0.35
[WT vs. HZ] by Fisher’s PLSD post hoc test). The number of open arm entries was lower in Sert KO mice
compared with WT and Sert HZ mice (male: P = 0.018
[WT vs. KO], P = 0.0030 [HZ vs. KO]; female: P < 0.001
[WT vs. KO], P = 0.0011 [HZ vs. KO] by Fisher’s PLSD
post hoc test). Sert HZ mice were comparable to WT
mice for both males and females (male: P = 0.47 [WT
vs. HZ]; female: P = 0.44 [WT vs. HZ] by Fisher’s PLSD
post hoc test).
Sert KO mice also made fewer head dips in the
hole-board test (Fig. 2c, d), as shown by a significant effect
of genotype (F2,89 = 35.93, P < 0.001), but not sex
(F1,89 = 0.029, P = 0.86). There was also no significant interaction of genotype and sex (F2,89 = 0.58, P = 0.56). Sert KO
mice were again different from both WT and Sert HZ mice
of both sexes (male: P < 0.001 [WT vs. KO], P < 0.001 [HZ
vs. KO]; female: P < 0.001 [WT vs. KO], P < 0.001 [HZ vs.
KO]). Again, Sert HZ mice were not different from WT
mice (P = 0.23 [male], P = 0.16 [female]). The total duration
in the hole-board test was also affected by genotype
(F2,89 = 22.65, P < 0.001) but not by sex (F1,89 = 2.65, P = 0.10),
with no genotype × sex interaction (F2,89 = 1.03, P = 0.36).
The total duration in the hole-board test was shorter in Sert
KO mice than in WT and Sert HZ mice (male: P = 0.0032
[WT vs. KO], P < 0.001 [HZ vs. KO]; female: P < 0.001 [WT
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vs. KO], P < 0.001 [HZ vs. KO] by Fisher’s PLSD post hoc
test). The total duration was comparable between WT and
Sert HZ mice of both sexes (P = 0.47 [male], P = 0.21
[female] by Fisher’s PLSD post hoc test).
In summary, an increase in general anxiety-like behavior was observed in Sert KO mice but not in Sert HZ
mice. Sert HZ mice exhibited abnormal social behavior
in different tasks. These findings suggest that ASD-relevant social deficits may be caused by low SERT expression, independent of overall changes in anxiety.

Tryptophan-free diet reduces extracellular 5-HT in the
striatum and improves ASD-relevant social deficits in Sert
mutant mice

The pathogenetic link between brain 5-HT dysfunction
and ASD-relevant social deficits was then investigated
by feeding the mice a tryptophan-free diet for 14 days
and analyzing behavior and 5-HT levels in the brain
(Fig. 3a). Brain 5-HT levels were affected by genotype
(F2,33 = 104.45, P < 0.001) and diet (F1,33 = 24.83, P < 0.001),
with a significant genotype × diet interaction (F2,33 = 10.17,
P < 0.001). Baseline 5-HT levels in the striatum were significantly higher in Sert KO mice than in WT and Sert HZ
mice (t10 = − 12.80, P < 0.001 [WT vs. KO]; t10 = − 12.16,
P < 0.001 [HZ vs. KO] by unpaired t test; Fig. 3b). Sert

Fig. 3 Recovery of behavioral abnormalities by dietary tryptophan depletion in Sert HZ and KO mice. a Experimental protocol. b Extracellular 5-HT
levels in the striatum. c Locomotor activity over 60 min in the open field test. d Active interaction time over 10 min in the social interaction test. The
data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, Welch’s t test (b). *P < 0.05, **P < 0.01, two-way ANOVA followed by Fisher’s PLSD test (c, d)
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HZ mice exhibited ASD-like social deficits, but basal
5-HT levels were comparable between WT and Sert HZ
mice (t14 = − 0.86, P = 0.39 by unpaired t test; Fig. 3b).
The tryptophan-free diet significantly reduced basal
extracellular 5-HT levels in the striatum compared with
the control diet in all genotypes (t11 = 4.23, P = 0.0013
[WT]; t13 = 2.29, P = 0.039 [HZ], t9 = 3.33, P = 0.0087
[KO] by unpaired t test; Fig. 3b).
Locomotor activity assessed after 7 days on the diet
was affected by genotype (F2,113 = 16.63, P < 0.001;
Fig. 3c) but not by a tryptophan-free diet (F1,113 = 0.59,
P = 0.44; Fig. 3c), with no genotype × diet interaction
(F2,113 = 0.12, P = 0.88; Fig. 3c). By contrast, in the social
interaction test assessed after 14 days on the diet
(Fig. 3d), active interaction was affected by genotype
(F2,113 = 8.04, P < 0.001) and diet (F1,113 = 7.05, P = 0.0091),
but there was no interaction between genotype and diet
(F2,113 = 1.60, P = 0.20). Sert HZ and KO mice fed the control diet had deficient social interaction, replicating the
results from the first experiment (P = 0.012 [WT vs. HZ],
P < 0.001 [WT vs. KO], P = 0.086 [HZ vs. KO] by Fisher’s
PLSD post hoc test). The tryptophan-free diet normalized
social interaction in Sert HZ and KO mice, which were
not different from WT mice, exhibiting comparable levels
of active social interaction (P = 0.35 [WT vs. HZ], P = 0.12
[WT vs. KO], P = 0.46 [HZ vs. KO] by Fisher’s PLSD post
hoc test). The tryptophan-free diet increased social interaction in Sert HZ and KO mice (t43 = − 2.02, P = 0.049
[HZ], t33 = − 2.46, P = 0.018 [KO] by unpaired t test),
whereas social behavior was unaffected in WT mice
(t37 = − 0.15, P = 0.88 by unpaired t test). These results indicate that the dietary depletion of tryptophan in adulthood reduces extracellular 5-HT levels and alleviates
ASD-relevant social deficits in Sert mutant mice.

(Fig. 4b, Additional file 1: Table S3). Fold changes in gene
expression levels were higher in these 37 genes than in the
other 510 genes that were altered in Sert KO (Ctrl) mice
(F3,986 = 8.03, P < 0.001, Fig. 4c). The Pharmaco Atlas is a
gene ontology tool in BaseSpace that is used to search for
drugs that are related to alterations of gene expression.
The Pharmaco Atlas search revealed that the top 10 candidate drugs regulating the genes affected in both Sert HZ
and KO mice included at least seven 5-HT-related drugs
(Fig. 4d). Common gene expression changes were thus related to 5-HT signal transduction in both Sert HZ (Ctrl)
and KO (Ctrl) mice despite the overall gene expression
profiles being substantially different.
We then sought to identify candidate genes that may be
involved in the impairments in social behaviors in Sert HZ
and KO mice. Gene expression profiles were compared
between Sert HZ and KO mice that received the
tryptophan-free or Ctrl diet. A total of 165 genes were
shared between the sets of 441 and 650 genes which were
altered between WT (Ctrl) and Sert HZ (Ctrl) mice and
between Sert HZ (Ctrl) and HZ (Trp−) mice (Fig. 5a,
Additional file 1: Table S4, Additional file 2). The analysis
of Sert KO mice indicated a total of 33 genes in common
between the sets of 547 and 289 genes which were altered
between WT (Ctrl) and Sert KO (Ctrl) mice and between
Sert KO (Ctrl) and KO (Trp−) mice (Fig. 5b,
Additional file 1: Table S5). Figure 4c shows the overlap
between the following pairs: WT (Ctrl) and Sert HZ (Ctrl),
HZ (Ctrl) and HZ (Trp−), WT (Ctrl) and KO (Ctrl), and
KO (Ctrl) and KO (Trp−). Interestingly, we found that only
the expression of AU015836 was increased in both Sert HZ
(Ctrl) and KO (Ctrl) mice and normalized with the
tryptophan-free diet (P = 0.037[KO] and P = 0.016[HZ];
Fig. 5d).

Gene expression profiles are significantly different
between Sert HZ and KO mice

Signaling pathway changes common to Sert HZ and KO mice

To elucidate the mechanisms that underlie ASD-relevant
social deficits and the effects of the tryptophan-free diet in
Sert HZ and KO mice, whole-genome gene expression
profiles were analyzed in Sert HZ (Ctrl) and KO (Ctrl)
mice. We used whole mouse brains in gene expression
analyses of these gene expression profiles. Compared with
WT (Ctrl) mice, the fold changes in gene expression were
correlated between Sert HZ (Ctrl) and KO (Ctrl) mice
(R = 0.438, P < 0.001; Fig. 4a). More genes were significantly changed in Sert KO mice than in Sert HZ mice.
Absolute fold changes that were > 1.2 were obtained for
441 genes between WT (Ctrl) and Sert HZ (Ctrl) mice
and 547 genes between WT (Ctrl) and Sert KO (Ctrl)
mice (Fig. 4b, Additional file 2). However, only 37 genes
were found to be common between these gene sets, including 12 genes that were upregulated (P < 0.001) and 24
genes that were downregulated (P < 0.001) in both groups

Pathway analysis supported the idea that the gene expression changes in Sert HZ and KO mice were different, although overlapping. Pathway analysis using MetaCore was
performed to examine alterations of the expression of 165
genes in Sert HZ mice that were related to tryptophan depletion. The analysis identified the CREB1/Elk-1/TAL1/
ARIX/p27KIP1-hz2 pathway (93 total nodes, 41 seed
nodes, P < 0.001). In Sert KO mice, the 33 genes that were
associated with tryptophan depletion were enriched in the
CREB1/Elk-1/B4GT1/PIP/beta-casein pathway (69 total
nodes, 14 seed nodes, P < 0.001). The two pathways partially overlapped (Fig. 6). Most of the genes were under
the regulation of transcription factors in the terminal end
of the pathway model. The most upstream components
were genes associated with extracellular 5-HT function in
Sert HZ mice and melatonin extracellular function in Sert
KO mice (Fig. 6). Melatonin is synthesized from tryptophan via 5-HT. These data suggest that high levels of
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Fig. 4 Gene expression changes in the brain in Sert HZ and KO mice that received a normal diet. Whole-genome gene expression profiles in whole
brains were compared between Sert HZ and KO mice. a Scatter plot showing the relationship of gene expression changes in Sert HZ (HZ[Ctrl]) and KO
(KO[Ctrl]) mice compared with WT (WT[Ctrl]) mice. b Number of genes with significant changes in levels of expression, showing the correlation of 37
genes whose expression levels were changed in both HZ(Ctrl) and KO(Ctrl) mice. c Expression levels in the three groups of genes in Fig. 3b relative to
WT(Ctrl). d Top 10 drugs with gene expression profiles that were similar to the 37 genes in Fig. 3b. Bold, drugs related to 5-HT signaling

extracellular 5-HT affect gene expression but may do so in
a graded fashion, resulting in ASD-relevant social deficits
even at lower levels of extracellular 5-HT (Sert HZ mice)
but producing further changes in function, including alterations of melatonin function, at higher levels of extracellular 5-HT (Sert KO mice).

Discussion
The broad behavioral deficits of Sert KO mice that include anxiety-like behavior and hypoactivity [38, 40–42]
have discouraged investigators from pursuing Sert KO
mice because of the lack of selective phenotypes that are
characteristic of ASD. Behavioral analyses of Sert HZ
and KO mice revealed deficits in social interaction in
both genotypes. The extreme behavioral abnormalities in
Sert KO mice might be considered to potentially confound a more specific social phenotype, but this phenotype was apparent in Sert HZ mice in the absence of
these other features. Additionally, female Sert HZ mice
exhibited slightly more apparent ASD-relevant social
deficits than male Sert HZ mice. In humans, ASD symptoms are often thought to be more common in males,
but this may result primarily from differences in diagnosis, presentation, or compensation [43]. Nonetheless, our

findings support the notion that HZ Sert deletion is sufficient to produce ASD-relevant social deficits in both
males and females.
Extracellular striatal 5-HT levels were significantly elevated only in Sert KO mice and were comparable between WT mice and Sert HZ mice, under the conditions
examined here. More subtle deficits certainly exist in
Sert HZ mice [16]. Dietary tryptophan restriction in
adulthood lowered striatal 5-HT levels in all three genotypes and normalized ASD-relevant social deficits in
both Sert HZ and KO mice, whereas the behavior of
WT mice was unaffected. Tryptophan deficiency reduces
brain 5-HT levels in both humans [44] and rodents [45,
46] and shows beneficial effects in other ASD models.
This diet helped to normalize social interactions when
given acutely in 129S and C57 mice [47] or chronically
in BALB/c mice [45] that have reduced 5-HT function
compared to other strains. This evidence supports the
present results in Sert mutant mice, implicating 5-HT
pathways in ASD-relevant social deficits. Although one
previous study in humans found that tryptophan depletion exacerbates some ASD deficits [31], in particular repetitive behavior and anxiety, no obvious behavioral
alterations of this type were observed in the result from
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Fig. 5 Gene expression changes corresponding to abnormal social behavior in Sert HZ and KO mice. a Gene expression changes in Sert HZ mice that
were fed a control diet (HZ[Ctrl]) and tryptophan-free diet (HZ[Trp]), showing the correlation of 165 genes that were commonly altered in both
conditions. b Gene expression changes in Sert KO mice that were fed a control diet (KO[Ctrl]) and tryptophan-free diet (KO[Trp]), showing the correlation
of 33 genes that were commonly altered in both conditions. c Relationship of genes found in Fig. 4a, b, identifying only one gene that was common to
both Sert HZ and KO mice. d Level of AU015836 gene expression in Sert HZ and KO mice compared with WT(Ctrl) mice. The data are expressed as mean
± SEM. *P < 0.05, **P < 0.01, paired Student’s t test

tryptophan depletion in this study in either WT or mutant mice. The fact that reducing tryptophan in adulthood rather than during development ameliorates
ASD-relevant social deficits in these mice is a crucial
point. There are certainly compensatory changes that
occur in Sert HZ, and especially KO, mice [48]. The fact
that tryptophan depletion is beneficial in adulthood suggests that there is not a developmental window for correcting these deficits, raising the possibility that older
children and adults with ASD might benefit from treatments targeting the same serotoninergic dysfunctions,
either through altering dietary tryptophan or through
other approaches. These findings certainly encourage
further exploration of tryptophan depletion in ASD. The
influence of tryptophan depletion on other abnormal behaviors, such as in a previous study that reported exacerbated ASD symptoms in humans [31], was not evaluated
in the present study. Such behavioral changes as hypoactivity and enhanced anxiety-like behavior are unlikely to
result in ASD-relevant social deficits. Future studies that
analyze the effects of tryptophan depletion on these behavioral aspects will deepen our understanding of the
mechanism of tryptophan depletion.

Comparisons of the gene expression profiles associated
with Sert genotype and the tryptophan intervention found
quite different profiles of gene expression between Sert
HZ and KO mice, compared to WT mice. Only 8% of the
genes altered in Sert HZ mice were also altered in Sert KO
mice. However, the genes that did overlap between these
groups all appeared to be also affected by drugs that alter
serotonin function. In any case, it would be predicted that
if these changes in gene expression were truly associated
with the behavioral outcomes that were normalized by the
dietary treatment, then the gene expression changes
would be reversed. However, only AU015836 was affected
by Sert deletion and tryptophan depletion in both Sert HZ
and KO mice. AU015836 is encoded on the X chromosome and mainly expressed in the placenta and testis in
mice, but the function of AU015836 remains unknown.
This will be of especial interest for this phenotype.
There were also interesting patterns of gene activation
in both Sert genotype, with and without tryptophan depletion. The analysis of gene expression profiles after
tryptophan depletion in Sert mutant mice revealed similarities to the influence of SSRIs (Fig. 4d). Evidence suggests that prenatal exposure to SSRIs increases the risk
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Fig. 6 Signaling pathway associated with gene expression changes in Sert HZ and KO mice. Diagram of signal transduction pathway associated
with genotype and the tryptophan-free diet in Sert HZ and KO mice. Green, “CREB1, Elk-1, TAL1, ARIX, p27KIP1-hz2” pathway that contains genes
that are affected by tryptophan deficiency in Sert HZ mice. Purple, “CREB1, Elk-1, B4GT1, PIP, beta-casein-KO” pathway that contains genes that are
affected by tryptophan deficiency in Sert KO mice. Orange, genes common to the two pathways. Genes that were included in our data are underlined
(Sert HZ mice: 41 genes; Sert KO mice: 14 genes). The cyan arrows indicate canonical pathways, as recorded by MetaCore. The arrows of each color
show the following in the corresponding protein; green, activation; red, inhibition; gray, unspecified

of ASD in humans [49, 50]. However, the behavioral effects
of prenatal exposure to SSRIs are controversial in mice and
rats [51–53]. There may be critical periods during which
the developing brain is particularly vulnerable to elevated
5-HT function that are not addressed by reductions in Sert
expression here that occurred throughout the lifespan.
Nevertheless, since the effects of tryptophan were present
in adulthood, this suggests that reversing developmental
changes in 5-HT function in ASD may not be necessary to
produce positive behavioral outcomes. While SSRIs are effective for some ASD patients [54, 55], SSRI administration
during pregnancy is a risk of ASD in the offspring [49, 50].
This contradiction suggests that SSRI treatment may be effective for ASD patients with low levels of extracellular
5-HT. Improvements in ASD-like behavior in 15q11-13
CNV mice by increasing 5-HT levels [56] bolster this hypothesis. On the other hand, our data shows that the reducing 5-HT levels by tryptophan depletion may ameliorate
aberrant social behavior caused by increased 5-HT function in Sert mutant mice. Perhaps this indicates that both
low and high serotonin function may contribute to
ASD-relevant social deficits and that a proper balance of
5-HT function is necessary to normalize behavior.
In the present study, the signaling pathway initiated by
CREB1 was affected by tryptophan depletion in both Sert
HZ and KO mice. CREB1 is a transcription factor involved in memory, cognition, and cognitive decline in
aging [57–59]. Individuals with a 2q33.4-q34 interstitial
deletion have ASD and other symptoms observed in Rett
syndrome, and this deletion includes CREB1 [60]. The
CREB1 pathway may link abnormally high levels of
5-HT to the development of cellular and circuit-level
pathology in ASD. The pathway identified in gene expression profiles was related to 5-HT function in Sert
HZ mice, whereas this included melatonin function in
Sert KO mice (biochemically downstream of 5-HT synthesis). Some ASD patients exhibit a decrease in melatonin [61, 62] and an aberrant 5-HT-melatonin pathway
[63]. Research that focuses on melatonin in Sert mutant
mice will provide additional insights into the role of
melatonin in ASD-like, and other comorbid, deficits.
Comparisons of Sert HZ and KO mice helped overcome one of the basic limitations of using solely Sert KO
mice as a disease model to study ASD. Sert KO mice
have other non-ASD-like phenotypes and complete

SERT deletions are not seen in humans. This is similar
to the situation with dopamine transporter (DAT) KO
mice [64] that have been proposed to be an animal model
of schizophrenia and attention-deficit/hyperactivity disorder (ADHD) [65–67]. Although these mice have phenotypes characteristic of these conditions in many respects,
humans with a complete loss of DAT expression are very
rare and develop infantile parkinsonism-dystonia, a devastating, and ultimately lethal, movement disorder [68].
However, reduced DAT expression in the brain is observed in patients with schizophrenia [69] and ADHD
[70]. Consistent with this, DAT HZ mice display some
mild ADHD-like phenotypes, although not phenotypes
that are related to schizophrenia or bipolar disorder [71].
Similarly, lower SERT expression is associated with ASD
in humans [15, 72], and Sert HZ mice exhibit
ASD-relevant social deficits without other behavioral abnormalities. One limitation of the present study is that the
influence of 2 weeks of tryptophan depletion on locomotor activity was not quantitatively evaluated. Therefore,
unclear is whether 2 weeks of tryptophan depletion increased locomotor activity so as to help the recovery of
social interaction in Sert KO mice. Nonetheless, investigations of Sert HZ mice may contribute to bridging the gap
between ASD in humans and mouse models of ASD, and
treatments that normalize 5-HT function may be potential
treatments for at least some individuals with ASD.

Conclusions
The present study identified an important causal link
between a reduction of Sert function and ASD-relevant
social deficits in mice. Moreover, the production of this
behavior requires only HZ deletion of Sert. The critical
role of 5-HT is confirmed by the finding that tryptophan depletion in adulthood improves social interaction
and decreases extracellular 5-HT levels in the striatum.
This finding raises hope for similar approaches to help
ASD patients. A potential underlying pathological
mechanism of ASD-relevant social deficits was found at
the level of gene expression. The AU015836 gene was
the only gene found to change in both Sert HZ and KO
mice and to be reversed by altering dietary tryptophan
intake. However, a broader set of signaling pathways
were also implicated that were highly similar to
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SSRI-related gene sets, including CREB1-related signaling pathways. These results will contribute to a better
understanding of the pathophysiology of ASD, the role
of altered 5-HT function in ASD, and may ultimately
help in the development of novel therapeutic approaches for the treatment of ASD.

Additional files
Additional file 1: Protocol on behavioral tests and lists of gene
expression in detail. (DOCX 79 kb)

Page 12 of 14

Health, National Center of Neurology and Psychiatry, Tokyo, Japan.
4
Department of Pediatrics, The University of Tokyo Hospital, Tokyo, Japan.
5
Center for Basic Technology Research, Tokyo Metropolitan Institute of
Medical Science, Tokyo, Japan. 6Department of Developmental Medical
Sciences, Graduate School of Medicine, The University of Tokyo, Tokyo,
Japan. 7Department of Pharmacology and Experimental Therapeutics,
College of Pharmacy and Pharmaceutical Sciences, The University of Toledo,
Toledo, OH, USA. 8Branch of Molecular Neurobiology, National Institute on
Drug Abuse, Baltimore, MD, USA. 9Research Service, New Mexico VA Health
Care System, Albuquerque, NM, USA. 10Laboratory of Clinical Science,
National Institutes of Health, Bethesda, MD, USA. 11Department of Psychiatry,
Kobe University Graduate School of Medicine, Kobe, Japan.
Received: 27 July 2018 Accepted: 8 November 2018

Additional file 2: Lists of the genes analyzed in Fig. 5. (XLSX 63 kb)
Abbreviations
ADHD: Attention-deficit/hyperactivity disorder; ASD: Autism spectrum disorder;
CREB1: cAMP response element-binding protein 1; DAT: Dopamine transporter;
HZ: Heterozygous; KO: Knockout; PIP: Prolactin-induced protein; SERT: Serotonin
transporter; TAL1: T cell acute lymphocytic leukemia 1; TPH: Tryptophan
hydroxylase; Trp−: Tryptophan-free diet; WT: Wild type
Acknowledgements
The authors acknowledge Dr. S. Hattori and Dr. H. Hagihara (Institute for
Comprehensive Medical Science, Fujita Health University, Aichi, Japan) and
Ms. J. Hasegawa, Ms. E. Kamegaya, and Ms. Y. Matsushima (Tokyo Metropolitan
Institute of Medical Science) for invaluable discussions and skilled technical
assistance, respectively. The authors are also grateful to the members of the
animal facility at the Tokyo Metropolitan Institute for Medical Science.
Funding
This research was supported by Grants-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) KAKENHI
(no. 26860836, 26670491, 24659490, 22659190, 16 K15565, 16H06276, 15H01303),
Japanese Ministry of Health, Labour and Welfare. The authors declare no conflicts
of interest.
Availability of data and materials
The datasets presented in this study can be made available on reasonable
request.
Authors’ contributions
MT, AS, KI, and SK designed the experiments and wrote the manuscripts. MT
and AS performed the animal studies and analyzed statistics. MT, SK, HK-M,
and HK analyzed gene expression data. MT and YH carried out microdialysis.
YN and YT performed microarray analysis. FSH revised the manuscripts. MI,
MM, GRU, DM, and IS assisted in the study design. All authors read and
approved the final manuscript.
Ethics approval
The experimental procedures were approved by the Animal Experimentation
Ethics Committee of Tokyo Metropolitan Institute of Medical Science.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.
Author details
1
Department of Psychiatry and Behavioral Sciences, Addictive Substance
Project, Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa,
Setagaya-ku, Tokyo 156-8506, Japan. 2Molecular and Cellular Medicine,
Graduate School of Medical and Dental Sciences, Niigata University, Niigata,
Japan. 3Department of Developmental Disorders, National Institute of Mental

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders, 5th edn. Washington, DC: American Psychiatric
Association; 2013.
2. Betancur C. Etiological heterogeneity in autism spectrum disorders: more
than 100 genetic and genomic disorders and still counting. Brain Res. 2011;
1380:42–77.
3. Gilman SR, Iossifov I, Levy D, Ronemus M, Wigler M, Vitkup D. Rare de novo
variants associated with autism implicate a large functional network of genes
involved in formation and function of synapses. Neuron. 2011;70(5):898–907.
4. Elsabbagh M, Divan G, Koh YJ, Kim YS, Kauchali S, Marcin C, Montiel-Nava C,
Patel V, Paula CS, Wang C, et al. Global prevalence of autism and other
pervasive developmental disorders. Autism Res. 2012;5(3):160–79.
5. Report MaMW. Prevalence of autism spectrum disorders--Autism and
Developmental Disabilities Monitoring Network, 14 sites, United States,
2008. MMWR Surveill Summ. 2012;61(3):1–19.
6. Brugha TS, McManus S, Bankart J, Scott F, Purdon S, Smith J, Bebbington P,
Jenkins R, Meltzer H. Epidemiology of autism spectrum disorders in adults
in the community in England. Arch Gen Psychiatry. 2011;68(5):459–65.
7. Whitaker-Azmitia PM. Behavioral and cellular consequences of increasing
serotonergic activity during brain development: a role in autism? Int J Dev
Neurosci. 2005;23(1):75–83.
8. Hranilovic D, Bujas-Petkovic Z, Vragovic R, Vuk T, Hock K, Jernej B.
Hyperserotonemia in adults with autistic disorder. J Autism Dev Disord.
2007;37(10):1934–40.
9. Gabriele S, Sacco R, Persico AM. Blood serotonin levels in autism spectrum
disorder: a systematic review and meta-analysis. Eur
Neuropsychopharmacol. 2014;24(6):919–29.
10. Mulder EJ, Anderson GM, Kema IP, de Bildt A, van Lang ND, den Boer JA,
Minderaa RB. Platelet serotonin levels in pervasive developmental disorders
and mental retardation: diagnostic group differences, within-group
distribution, and behavioral correlates. J Am Acad Child Adolesc Psychiatry.
2004;43(4):491–9.
11. Bacchelli E, Maestrini E. Autism spectrum disorders: molecular genetic
advances. Am J Med Genet C Semin Med Genet. 2006;142C(1):13–23.
12. Canli T, Lesch KP. Long story short: the serotonin transporter in emotion
regulation and social cognition. Nat Neurosci. 2007;10(9):1103–9.
13. Hu XZ, Lipsky RH, Zhu G, Akhtar LA, Taubman J, Greenberg BD, Xu K, Arnold
PD, Richter MA, Kennedy JL, et al. Serotonin transporter promoter gain-offunction genotypes are linked to obsessive-compulsive disorder. Am J Hum
Genet. 2006;78(5):815–26.
14. Wiggins JL, Swartz JR, Martin DM, Lord C, Monk CS. Serotonin transporter
genotype impacts amygdala habituation in youth with autism spectrum
disorders. Soc Cogn Affect Neurosci. 2014;9(6):832–8.
15. Nakamura K, Sekine Y, Ouchi Y, Tsujii M, Yoshikawa E, Futatsubashi M,
Tsuchiya KJ, Sugihara G, Iwata Y, Suzuki K, et al. Brain serotonin and
dopamine transporter bindings in adults with high-functioning autism. Arch
Gen Psychiatry. 2010;67(1):59–68.
16. Mathews TA, Fedele DE, Coppelli FM, Avila AM, Murphy DL, Andrews AM.
Gene dose-dependent alterations in extraneuronal serotonin but not
dopamine in mice with reduced serotonin transporter expression. J
Neurosci Methods. 2004;140(1–2):169–81.
17. Shen HW, Hagino Y, Kobayashi H, Shinohara-Tanaka K, Ikeda K, Yamamoto
H, Yamamoto T, Lesch KP, Murphy DL, Hall FS, et al. Regional differences in
extracellular dopamine and serotonin assessed by in vivo microdialysis in

Tanaka et al. Molecular Autism

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

(2018) 9:60

mice lacking dopamine and/or serotonin transporters.
Neuropsychopharmacology. 2004;29(10):1790–9.
Hagino Y, Takamatsu Y, Yamamoto H, Iwamura T, Murphy DL, Uhl GR, Sora I,
Ikeda K. Effects of MDMA on extracellular dopamine and serotonin levels in
mice lacking dopamine and/or serotonin transporters. Curr
Neuropharmacol. 2011;9(1):91–5.
Kalueff AV, Olivier JD, Nonkes LJ, Homberg JR. Conserved role for the
serotonin transporter gene in rat and mouse neurobehavioral
endophenotypes. Neurosci Biobehav Rev. 2010;34(3):373–86.
Bengel D, Murphy DL, Andrews AM, Wichems CH, Feltner D, Heils A,
Mossner R, Westphal H, Lesch KP. Altered brain serotonin homeostasis and
locomotor insensitivity to 3, 4-methylenedioxymethamphetamine (“ecstasy”)
in serotonin transporter-deficient mice. Mol Pharmacol. 1998;53(4):649–55.
Wellman CL, Izquierdo A, Garrett JE, Martin KP, Carroll J, Millstein R, Lesch
KP, Murphy DL, Holmes A. Impaired stress-coping and fear extinction and
abnormal corticolimbic morphology in serotonin transporter knock-out
mice. J Neurosci. 2007;27(3):684–91.
Murphy DL, Lesch KP. Targeting the murine serotonin transporter: insights
into human neurobiology. Nat Rev Neurosci. 2008;9(2):85–96.
Bartolomucci A, Carola V, Pascucci T, Puglisi-Allegra S, Cabib S, Lesch KP,
Parmigiani S, Palanza P, Gross C. Increased vulnerability to psychosocial
stress in heterozygous serotonin transporter knockout mice. Dis Model
Mech. 2010;3(7–8):459–70.
Kalueff AV, Fox MA, Gallagher PS, Murphy DL. Hypolocomotion, anxiety and
serotonin syndrome-like behavior contribute to the complex phenotype of
serotonin transporter knockout mice. Genes Brain Behav. 2007;6(4):389–400.
Moy SS, Nadler JJ, Young NB, Nonneman RJ, Grossman AW, Murphy DL,
D'Ercole AJ, Crawley JN, Magnuson TR, Lauder JM. Social approach in
genetically engineered mouse lines relevant to autism. Genes Brain Behav.
2009;8(2):129–42.
Page DT, Kuti OJ, Prestia C, Sur M. Haploinsufficiency for Pten and serotonin
transporter cooperatively influences brain size and social behavior. Proc Natl
Acad Sci U S A. 2009;106(6):1989–94.
Olivier JD, Jans LA, Korte-Bouws GA, Korte SM, Deen PM, Cools AR,
Ellenbroek BA, Blokland A. Acute tryptophan depletion dose dependently
impairs object memory in serotonin transporter knockout rats.
Psychopharmacology. 2008;200(2):243–54.
Zepf FD, Sanchez CL, Biskup CS, Kotting WF, Bubenzer S, Helmbold K, Eisert
A, Gaber TJ, Landgraf M, Dahmen B, et al. Acute tryptophan depletion converging evidence for decreasing central nervous serotonin synthesis in
rodents and humans. Acta Psychiatr Scand. 2014;129(2):157–9.
Merens W, Willem Van der Does AJ, Spinhoven P. The effects of serotonin
manipulations on emotional information processing and mood. J Affect
Disord. 2007;103(1–3):43–62.
Williams JH, Perrett DI, Waiter GD, Pechey S. Differential effects of
tryptophan depletion on emotion processing according to face direction.
Soc Cogn Affect Neurosci. 2007;2(4):264–73.
McDougle CJ, Naylor ST, Cohen DJ, Aghajanian GK, Heninger GR, Price LH.
Effects of tryptophan depletion in drug-free adults with autistic disorder.
Arch Gen Psychiatry. 1996;53(11):993–1000.
Daly E, Ecker C, Hallahan B, Deeley Q, Craig M, Murphy C, Johnston P, Spain
D, Gillan N, Gudbrandsen M, et al. Response inhibition and serotonin in
autism: a functional MRI study using acute tryptophan depletion. Brain.
2014;137(Pt 9):2600–10.
Alenina N, Kikic D, Todiras M, Mosienko V, Qadri F, Plehm R, Boye P,
Vilianovitch L, Sohr R, Tenner K, et al. Growth retardation and altered
autonomic control in mice lacking brain serotonin. Proc Natl Acad Sci U S
A. 2009;106(25):10332–7.
Gutknecht L, Araragi N, Merker S, Waider J, Sommerlandt FM, Mlinar B,
Baccini G, Mayer U, Proft F, Hamon M, et al. Impacts of brain serotonin
deficiency following Tph2 inactivation on development and raphe neuron
serotonergic specification. PLoS One. 2012;7(8):e43157.
Kane MJ, Angoa-Perez M, Briggs DI, Sykes CE, Francescutti DM, Rosenberg
DR, Kuhn DM. Mice genetically depleted of brain serotonin display social
impairments, communication deficits and repetitive behaviors: possible
relevance to autism. PLoS One. 2012;7(11):e48975.
Mosienko V, Beis D, Alenina N, Wohr M. Reduced isolation-induced pup
ultrasonic communication in mouse pups lacking brain serotonin. Mol
Autism. 2015;6:13.
Boylan CB, Blue ME, Hohmann CF. Modeling early cortical serotonergic
deficits in autism. Behav Brain Res. 2007;176(1):94–108.

Page 13 of 14

38. Holmes A, Yang RJ, Lesch KP, Crawley JN, Murphy DL. Mice lacking the
serotonin transporter exhibit 5-HT(1A) receptor-mediated abnormalities in tests
for anxiety-like behavior. Neuropsychopharmacology. 2003;28(12):2077–88.
39. Sato A, Kasai S, Kobayashi T, Takamatsu Y, Hino O, Ikeda K, Mizuguchi M.
Rapamycin reverses impaired social interaction in mouse models of
tuberous sclerosis complex. Nat Commun. 2012;3:1292.
40. Holmes A, Lit Q, Murphy DL, Gold E, Crawley JN. Abnormal anxiety-related
behavior in serotonin transporter null mutant mice: the influence of genetic
background. Genes Brain Behav. 2003;2(6):365–80.
41. Li A, Nattie E. Serotonin transporter knockout mice have a reduced
ventilatory response to hypercapnia (predominantly in males) but not to
hypoxia. J Physiol. 2008;586(9):2321–9.
42. Narayanan V, Heiming RS, Jansen F, Lesting J, Sachser N, Pape HC, Seidenbecher
T. Social defeat: impact on fear extinction and amygdala-prefrontal cortical theta
synchrony in 5-HTT deficient mice. PLoS One. 2011;6(7):e22600.
43. Dworzynski K, Ronald A, Bolton P, Happe F. How different are girls and boys
above and below the diagnostic threshold for autism spectrum disorders? J
Am Acad Child Adolesc Psychiatry. 2012;51(8):788–97.
44. van Donkelaar EL, Blokland A, Ferrington L, Kelly PA, Steinbusch HW,
Prickaerts J. Mechanism of acute tryptophan depletion: is it only serotonin?
Mol Psychiatry. 2011;16(7):695–713.
45. Biskup CS, Sanchez CL, Arrant A, Van Swearingen AE, Kuhn C, Zepf FD.
Effects of acute tryptophan depletion on brain serotonin function and
concentrations of dopamine and norepinephrine in C57BL/6J and BALB/cJ
mice. PLoS One. 2012;7(5):e35916.
46. Browne CA, Clarke G, Dinan TG, Cryan JF. An effective dietary method for
chronic tryptophan depletion in two mouse strains illuminates a role for 5HT in nesting behaviour. Neuropharmacology. 2012;62(5–6):1903–15.
47. Zhang WQ, Smolik CM, Barba-Escobedo PA, Gamez M, Sanchez JJ, Javors MA,
Daws LC, Gould GG. Acute dietary tryptophan manipulation differentially alters
social behavior, brain serotonin and plasma corticosterone in three inbred
mouse strains. Neuropharmacology. 2015;90:1–8.
48. Kim DK, Tolliver TJ, Huang SJ, Martin BJ, Andrews AM, Wichems C, Holmes
A, Lesch KP, Murphy DL. Altered serotonin synthesis, turnover and dynamic
regulation in multiple brain regions of mice lacking the serotonin
transporter. Neuropharmacology. 2005;49(6):798–810.
49. Boukhris T, Sheehy O, Mottron L, Bérard A. Antidepressant use during
pregnancy and the risk of autism spectrum disorder in children. JAMA
Pediatr. 2016;170(2):117–24.
50. Andalib S, Emamhadi MR, Yousefzadeh-Chabok S, Shakouri SK, HoilundCarlsen PF, Vafaee MS, Michel TM. Maternal SSRI exposure increases the risk
of autistic offspring: a meta-analysis and systematic review. Eur Psychiatry.
2017;45:161–6.
51. Bairy KL, Madhyastha S, Ashok KP, Bairy I, Malini S. Developmental and behavioral
consequences of prenatal fluoxetine. Pharmacology. 2007;79(1):1–11.
52. Sprowles JL, Hufgard JR, Gutierrez A, Bailey RA, Jablonski SA, Williams MT,
Vorhees CV. Perinatal exposure to the selective serotonin reuptake inhibitor
citalopram alters spatial learning and memory, anxiety, depression, and
startle in Sprague-Dawley rats. Int J Dev Neurosci. 2016;54:39–52.
53. Meyer LR, Dexter B, Lo C, Kenkel E, Hirai T, Roghair RD, Haskell SE. Perinatal
SSRI exposure permanently alters cerebral serotonin receptor mRNA in mice
but does not impact adult behaviors. J Matern Fetal Neonatal Med. 2018;
31(11):1393–1401.
54. Hollander E, Soorya L, Chaplin W, Anagnostou E, Taylor BP, Ferretti CJ,
Wasserman S, Swanson E, Settipani C. A double-blind placebo-controlled
trial of fluoxetine for repetitive behaviors and global severity in adult autism
spectrum disorders. Am J Psychiatry. 2012;169(3):292–9.
55. Williams K, Brignell A, Randall M, Silove N, Hazell P. Selective serotonin
reuptake inhibitors (SSRIs) for autism spectrum disorders (ASD). Cochrane
Database Syst Rev. 2013;8. https://doi.org/10.1002/14651858
56. Nakai N, Nagano M, Saitow F, Watanabe Y, Kawamura Y, Kawamoto A,
Tamada K, Mizuma H, Onoe H, Watanabe Y, et al. Serotonin rebalances
cortical tuning and behavior linked to autism symptoms in 15q11-13 CNV
mice. Sci Adv. 2017;3(6):e1603001.
57. Bartsch D, Casadio A, Karl KA, Serodio P, Kandel ER. CREB1 encodes a
nuclear activator, a repressor, and a cytoplasmic modulator that form a
regulatory unit critical for long-term facilitation. Cell. 1998;95(2):211–23.
58. Barral S, Reitz C, Small SA, Mayeux R. Genetic variants in a ‘cAMP element
binding protein’ (CREB)-dependent histone acetylation pathway influence
memory performance in cognitively healthy elderly individuals. Neurobiol
Aging. 2014;35(12):2881 e2887–2881 e2810.

Tanaka et al. Molecular Autism

(2018) 9:60

59. Avgan N, Sutherland HG, Lea RA, Spriggens LK, Haupt LM, Shum DHK,
Griffiths LR. A CREB1 gene polymorphism (rs2253206) is associated with
prospective memory in a healthy cohort. Front Behav Neurosci. 2017;11:86.
60. Jang DH, Chae H, Kim M. Autistic and Rett-like features associated with
2q33.3-q34 interstitial deletion. Am J Med Genet A. 2015;167a(9):2213–8.
61. Tordjman S, Najjar I, Bellissant E, Anderson GM, Barburoth M, Cohen D,
Jaafari N, Schischmanoff O, Fagard R, Lagdas E, et al. Advances in the
research of melatonin in autism spectrum disorders: literature review and
new perspectives. Int J Mol Sci. 2013;14(10):20508–42.
62. Veatch OJ, Goldman SE, Adkins KW, Malow BA. Melatonin in children with
autism spectrum disorders: how does the evidence fit together? J Nat Sci.
2015;1(7):e125.
63. Pagan C, Delorme R, Callebert J, Goubran-Botros H, Amsellem F, Drouot X,
Boudebesse C, Le Dudal K, Ngo-Nguyen N, Laouamri H, et al. The serotoninN-acetylserotonin-melatonin pathway as a biomarker for autism spectrum
disorders. Transl Psychiatry. 2014;4:e479.
64. Sora I, Wichems C, Takahashi N, Li XF, Zeng Z, Revay R, Lesch KP, Murphy
DL, Uhl GR. Cocaine reward models: conditioned place preference can be
established in dopamine- and in serotonin-transporter knockout mice. Proc
Natl Acad Sci U S A. 1998;95(13):7699–704.
65. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. Hyperlocomotion and
indifference to cocaine and amphetamine in mice lacking the dopamine
transporter. Nature. 1996;379(6566):606–12.
66. Ralph RJ, Paulus MP, Fumagalli F, Caron MG, Geyer MA. Prepulse inhibition
deficits and perseverative motor patterns in dopamine transporter knockout mice: differential effects of D1 and D2 receptor antagonists. J Neurosci.
2001;21(1):305–13.
67. Hall FS, Sora I, Hen R, Uhl GR. Serotonin/dopamine interactions in a
hyperactive mouse: reduced serotonin receptor 1B activity reverses effects
of dopamine transporter knockout. PLoS One. 2014;9(12):e115009.
68. Kurian MA, Li Y, Zhen J, Meyer E, Hai N, Christen H-J, Hoffmann GF, Jardine
P, von Moers A, Mordekar SR, et al. Clinical and molecular characterisation
of hereditary dopamine transporter deficiency syndrome: an observational
cohort and experimental study. Lancet Neurol. 2011;10(1):54–62.
69. Markota M, Sin J, Pantazopoulos H, Jonilionis R, Berretta S. Reduced
dopamine transporter expression in the amygdala of subjects diagnosed
with schizophrenia. Schizophr Bull. 2014;40(5):984–91.
70. Volkow ND, Wang GJ, Kollins SH, Wigal TL, Newcorn JH, Telang F, Fowler JS,
Zhu W, Logan J, Ma Y, et al. Evaluating dopamine reward pathway in
ADHD: clinical implications. JAMA. 2009;302(10):1084–91.
71. Mereu M, Contarini G, Buonaguro EF, Latte G, Manago F, Iasevoli F, de
Bartolomeis A, Papaleo F. Dopamine transporter (DAT) genetic
hypofunction in mice produces alterations consistent with ADHD but not
schizophrenia or bipolar disorder. Neuropharmacology. 2017;121:179–94.
72. Makkonen I, Riikonen R, Kokki H, Airaksinen MM, Kuikka JT. Serotonin and
dopamine transporter binding in children with autism determined by
SPECT. Dev Med Child Neurol. 2008;50(8):593–7.

Page 14 of 14

