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Autism spectrum disorder (ASD) is a heterogeneous and highly heritable condition with multiple aetiologies.
Although the biological mechanisms underlying ASD are not fully understood, evidence suggests that dysregulation of serotonergic systems play an important role in ASD psychopathology. Preclinical models using mice
with altered serotonergic neurotransmission may provide insight into the role of serotonin in behaviours relevant to clinical features of ASD. For example, BALB/c mice carry a loss-of-function single nucleotide
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polymorphism (SNP; C1473 G) in tryptophan hydroxylase 2 (Tph2), which encodes the brain-speciﬁc isoform of
the rate-limiting enzyme for serotonin synthesis, and these mice frequently have been used to model symptoms
of ASD. In this study, juvenile male BALB/c (G/G; loss-of-function variant) and C57BL/6 J (C/C; wild type
variant) mice, were exposed to the three-chamber sociability test, and one week later to the elevated plus-maze
(EPM). Tryptophan hydroxylase 2 (TPH2) activity was measured following injection of the aromatic amino acid
decarboxylase (AADC)-inhibitor, NSD-1015, and subsequent HPLC detection of 5-hydroxytryptophan (5-HTP)
within subregions of the dorsal raphe nucleus (DR) and median raphe nucleus (MnR). The BALB/c mice showed
reduced social behaviour and increased anxious behaviour, as well as decreased 5-HTP accumulation in the
rostral and mid-rostrocaudal DR. In the full cohort of mice, TPH2 activity in the mid-rostrocaudal DR was
correlated with anxious behaviour in the EPM, however these correlations were not statistically signiﬁcant
within each strain, suggesting that TPH2 activity was not directly associated with either anxiety or sociability.
Further research is therefore required to more fully understand how serotonergic systems are involved in mouse
behaviours that resemble some of the clinical features of ASD.

1. Introduction

diﬀerence observed in the rostral part of the DR [18]. Compared with a
number of inbred strains, including the C57BL/6 J mice, BALB/c mice
show abnormal sociability [19–21] and heightened levels of anxiety
[22–24]. Consequently, BALB/c mice represent a useful model to investigate the role of serotonergic function in mouse behaviours that
have face validity with some aspects of human ASD.
In this study, we tested the hypothesis that the C1473 G loss-offunction variant of Tph2 is associated with both decreased social behaviour and increased anxiety in association with decreased TPH2 activity in the DR median raphe nucleus (MnR). Juvenile male BALB/c
(G/G; loss-of-function variant) and C57BL/6 J (C/C; wild type variant)
mice were exposed to the three-chamber sociability test, and one week
later were placed into the elevated plus-maze (EPM), a test for rodent
speciﬁc anxiety behaviour [25,26]. Furthermore, accumulation of the
serotonin precursor molecule, 5-hydoxytryptophan (5-HTP) was quantiﬁed using HPLC in the DR and MnR of BALB/c and C57BL/6 J mice
following injection of the AADC-inhibitor, NSD-1015 as a measure of in
vivo TPH2 activity. Although TPH2 enzyme activity has been investigated in the frontal cortex and striatum [16] and the brainstem
[27] of these strains, TPH2 enzyme activity within subregions of the DR
and MnR is not known. Several lines of evidence suggest that the DR in
particular is not a homogeneous structure, but contains topographically
organized, functionally related subsets of serotonergic neurons
[17,28–30]. For example, the mid-rostrocaudal part of the DR has been
implicated in the control of anxious behaviour [31–33]. As such, in this
study, TPH2 activity was measured in male BALB/c and C57BL/6 J
mice across three rostrocaudal levels of the DR and MnR in the context
of exposure to a behavioural test of anxiety.

Autism spectrum disorder (ASD) is a heterogeneous and highly
heritable neurodevelopmental disorder that aﬀects over 1 in 100 individuals [1,2]. Alongside the core symptoms of ASD, which include
social communication deﬁcits, repetitive behaviours, restricted interests and sensory sensitivities, many individuals with ASD also present
with comorbid anxiety. Current estimates suggest that 40% of individuals with ASD also have an anxiety disorder [3]. Although the
biological mechanisms that underlie ASD and its associated comorbid
conditions are not known, dysregulation of serotonergic systems has
long been associated with both ASD [for review, see 4,5] and anxiety
[for reveiw, see 6]. Genetic association studies have demonstrated a
link between variability in the TPH2 gene, which encodes tryptophan
hydroxylase 2, the rate-limiting enzyme for brain serotonin synthesis,
and increased ASD risk [7–10]. Meanwhile, functional evidence has
demonstrated that children with ASD have reduced serotonin synthesis
capacity relative to typical developing children as measured in vivo
using α[11C]methyl-L-tryptophan and positron emission tomography
[11,12]. Taken together, these data are consistent with the hypothesis
that serotonergic dysfunction may be involved in the pathophysiology
of ASD.
Genetically modiﬁed mouse models have demonstrated utility in
developing our mechanistic understanding of how serotonin inﬂuences
behaviour. For example, mice that develop in the absence of brain
serotonin, due to a null mutation for the murine Tph2 gene, demonstrate an impairment in communication with reduced isolation-induced
ultrasonic vocalizations [13], abnormal social behaviour, repetitive and
compulsive behaviour and developmental delays [14]. Thus, alterations
to serotonergic systems appear to have an impact on behaviour; however, the mechanism(s) through which serotonin alters these behaviours are not fully understood.
Given its behavioural phenotype, the BALB/c mouse has frequently
been used in models of ASD and anxiety [for review,see 15]. Importantly, BALB/c mice carry a loss-of-function single nucleotide
polymorphism (SNP; C1473 G) in Tph2, which results in a substitution
of proline with arginine in position 447 and is associated with an approximate 50% reduction in TPH2 enzyme activity [16]. Moreover,
Tph2 mRNA expression in the dorsal raphe nucleus (DR), which contains the majority of forebrain-projecting serotonergic neurons [17], is
reduced in BALB/c mice relative to C57BL/6 J mice, with the greatest

2. Method
2.1. Animals
Male BALB/c (n = 12) and male C57BL/6 J (C57BL/6 JArc; n = 12)
mice aged 21 days were obtained from the Animal Research Centre in
Western Australia. Four additional male mice of each strain were used
as 'stranger' mice in the three-chamber sociability test for each experiment [34]. Adolescence in mice consists of early adolescence [prepubescent or juvenile, postnatal day (PND) 21–34], middle adolescence
(periadolescent, PND 34–46), and late adolescence (PND 46–59) time
periods [35]. Consequently, these mice were juveniles (PND, 21) upon
Fig. 1. Schematic illustration of the experimental timeline. Abbreviations: AADC, aromatic L-amino acid decarboxylase; EPM, elevated
plus-maze;
NSD-1015,
3hydroxybenzylhydrazine
dihydrochloride;
PND21, post-natal day 21.
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Netherlands). For the three-chamber sociability test, behaviour in both
the habituation and experimental stages were analysed. For the habituation stage, the centre chamber was divided into the centre and outer
areas, and treated as an open-ﬁeld. The centre area was deﬁned as
10 cm wide and 30 cm long surrounded by an outer area extending 5 cm
in from the wall. The duration of time spent in the centre and outer
zones was quantiﬁed. For the experimental stage, the number of entries
and duration of time spent in the social and non-social chamber, and
locomotor activity (measured as total distance travelled in cm) were
quantiﬁed. The duration of time spent in the social chamber was considered a representation of social approach behaviour [34]. For the
EPM, quantiﬁcation of behaviours included duration of time spent in
the open arms and the total number of arm entries (both closed and
open). An arm was considered to have been entered if the centre-point
of the mouse was inside the open or closed arm, and exited if the centrepoint of the mouse entered the centre square. The duration of time
spent in the open arms was considered a representation of levels of
mouse-speciﬁc anxious behavior, hereafter referred to as ‘anxiety’ [39].

arrival and tested in the social approach test at PND 28, and in the EPM
during the early periadolescent period (PND 35). A one week delay was
aﬀorded between the three-chamber sociability test and the EPM due to
the possible confound of social stress on anxiety-related behaviour [36].
All mice were group housed (4 per cage, with same-strain cage mates)
at the La Trobe Animal Research and Teaching Facility on a 12:12 reverse light-dark cycle (lights on at 1900 h) with food and water available ad libitum. Mice were acclimated to the housing facility for a
period of 7 days prior to the commencement of the research (see Fig. 1
for a schematic illustration of the experimental designs). All procedures
were carried out in accordance with the NHMRC Australian Code for
the Care and Use of Animals for Scientiﬁc Purposes (8th edition, 2013)
and with approval from the La Trobe University Animal Ethics Committee. All eﬀorts were made to limit the number of animals used and
their suﬀering.
2.2. Three-chamber sociability test
The three-chamber sociability test was used to measure social behaviour [34]. The apparatus was an open-top acrylic box (40 cm width
x 60 cm length x 20 cm height) with three chambers (20 cm width
each), separated by two removable partitions. When the partitions were
removed, two small openings allowed the mouse free access to all
chambers. Mice were exposed to the sociability test in low light conditions (∼40 lx red light at the level of the mouse) during the dark
(active) phase, between 1100 and 1600 h, a time that corresponds with
the maximal expression of TPH2 in the DR [37]. During the habituation
phase of the test, each mouse was placed in the centre of the arena and
allowed to explore the centre chamber for 10 min. Following the habituation phase, a stranger mouse was placed in a cylindrical wire cage
in the ‘social’ chamber and an empty cage was added to the ‘non-social’
chamber. The partitions were then removed, allowing the experimental
mouse to freely explore the entire apparatus for 10 min. Following this,
the mice were removed from the apparatus and returned to their home
cages. The entire apparatus was then cleaned using a 10% ethanol solution, and dried using paper towel between trials to reduce scent
carryover.

Brains were sectioned coronally into 300 μm sections using a cryostat (Leica CM1850) at −10 °C, thaw-mounted onto microscope slides
and stored at −80 °C. Three rostrocaudal levels of the DR and median
raphe nucleus (MnR; rostral, –4.24 mm bregma; mid-rostrocaudal,
–4.54 mm bregma; and caudal, –4.84 mm bregma) were microdissected
using a biopsy punch (1 mm diameter, Cat# T982-10; ProSciTech,
Thuringowa Central, QLD, 4817, Australia) at −10 °C, using the
Palkovits punch technique [40]. Diﬀerent HPLC methods were used for
5-HTP detection in the DR and MnR, so although it is possible to make
strain and region comparisons within the DR and MnR; it is not possible
to make comparisons between the DR and MnR. Microdissected samples
of the DR and MnR were expelled into Eppendorf tubesTM containing
40 μl of acetate buﬀer (0.3% sodium acetate (w/v) and 0.43% glacial
acetic acid (v/v); pH 5.0) or 40 μl of 0.25 M formic acid solution (pH
2.18), immediately frozen on dry ice and stored at −80 °C until analysis.

2.3. Elevated plus-maze test

2.7. Genotyping

Seven days after the sociability test, mice were exposed to the EPM
test of anxiety. Mice were again tested in low red-light conditions
during the dark (active) phase, between 1100 and 1600 h. Mice were
initially placed in the centre of the EPM and then left to explore for a
period of 5 min. The entire apparatus was then cleaned using a 70%
ethanol solution, and then dried using paper towel between trials.

Genotyping was conducted in order to conﬁrm the presence of the
SNP (C1473 G) in the BALB/c mice based on previously described
protocols [41]. For the polymerase chain reaction (PCR), three PCR
master mixes were prepared all containing 100 μl of 2xGo TAQ polymerase (Promega), 20 μl of a forward primer (5′-tttgacccaaagacgacctgcttgca) and 50 μl of H2O. Twenty μl of G-speciﬁc primer (5′cagaatttcaatgctctgcgtgtggc) was added to master mix A, 20 μl of Cspeciﬁc primer (5′-cagaatttcaatgctctgcgtgtggg) was added to master
mix B and 20 μl of a reverse primer (5′-tgcatgcttactagccaaccatgaca)
used for positive control was added to master mix C [41]. The PCR
reaction products were visualized by gel electrophoresis.

2.6. Tissue processing

2.4. Drug administration
Immediately following the EPM behavioural testing, mice received
an intraperitoneal injection of the AADC inhibitor, m-hydroxybenzylhydrazine (NSD-1015; 100 mg/kg; Cat No. 54880, Lot
#BCBB1136 V; Sigma-Aldrich, Castle Hill, NSW, Australia), which was
dissolved in saline at a concentration of 100 mg/ml and injected at a
volume of 100 μl [38]. A dosage of 100 mg/kg has been previously used
to measure 5-HTP accumulation in the BALB/c and C57BL/6 J strains
[27]. Following the injection, each mouse was returned to their home
cage for 60 min, a period of time that allows for the optimal accumulation of 5-HTP [38]. After this time, the mice were anaesthetised using
5% isoﬂurane and rapidly decapitated. Brains were removed, immediately frozen on dry ice, and stored at −80 °C until processing.

2.8. TPH2 activity assay: HPLC-UV detection of 5-HTP
Immediately following exposure to the EPM, each mouse received
injections of the AADC inhibitor, NSD-1015 (100 mg/kg, i.p.). An
Agilent Inﬁnity 1260 UV-HPLC (Agilent Technologies Australia,
Mulgrave, VIC, Australia) system was used for high performance liquid
chromatography (HPLC) analysis of 5-HTP. Microdissected samples
were thawed at 2 °C and centrifuged (Eppendorf 5424 R refrigerated
centrifuge) for 20 min at 15,000 rpm (∼15,800 g) at 2 °C, the supernatant was drawn oﬀ for HPLC analysis and the tissue pellet was reconstituted with 50 μl of 0.2 M sodium hydroxide for assay of protein
content. Samples were placed in 250 μl polypropylene inserts and
placed in the autosampler at 2 °C. A 30 μl volume of supernatant was
then injected into the chromatographic system. For the DR samples,

2.5. Behaviour analysis
Behaviour was scored using EthoVision XT 10 behavioural tracking
software (Noldus Information Technology B.V., Wageningen, The
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social chamber, versus the non-social chamber, was analysed using
paired samples t-tests. For the EPM, the duration of time spent in the
open arms, the total number of arm entries and locomotor activity were
also analysed using independent samples t-tests. When Levene’s test for
equality of variance indicated a violation of the assumption of homogeneity of variance, the degrees of freedom were adjusted using the
Welch-Satterthwaite method in SPSS.
Neurochemistry data from the DR and MnR were analysed using
two separate repeated measures analyses of variance (ANOVA) with
rostrocaudal level (rostral, mid-rostrocaudal, and caudal) as withinsubjects factors and strain (C57BL/6 J and BALB/c) as a between-subjects factor. Where the assumption of sphericity was violated, the
Greenhouse-Geisser correction epsilon (ε) was used [42]. Independent
samples t-tests were used for post hoc analyses when appropriate. Family-wise error rate was maintained using Holm’s multistage method to
test three hypotheses (i.e., BALB/c versus C57BL/6 J mice within each
rostrocaudal level of the DR) that were ordered by the eﬀect size
(calculated using Cohen’s d), in descending size, against error rates (α)
ordered by the size of the adjustment (i.e., α/1, α/2. α/3) [i.e., α/1, α/
2, α/3; 43]. Correlations between 5-HTP accumulation and behaviour
in the EPM, 5-HTP accumulation and behaviour in the three-chamber
sociability test, and behaviour in the habituation and experimental
stage of the sociability test were determined using Pearson’s correlation
coeﬃcient. Statistical outliers were identiﬁed using Grubbs’ test [44]
and excluded (sociability test, 5 outliers (2.60% of total data); EPM, 0
outliers; DR neurochemistry, 1 outlier (1.39% of total data); MnR
neurochemistry 5 outliers (6.7% of total data; there were also 4 missing
data points from the MnR). For the repeated measures ANOVA, replacement values were calculated using the Petersen method [45].
Replacement values were not included in post hoc tests or in any graphical representations of the data.

chromatographic separation was achieved using a Pursuit 5 Diphenyl
S150 × 4.6 mm column (Cat No. A3040150C046; Agilent Technologies
Australia) coupled to a Poroshell 120 SB-C8 column (Cat No. 685975306; Agilent Technologies Australia) maintained at 25 °C. The mobile
phase consisted of 0.5 M formic acid at a ﬂow rate of 0.3 ml/min; 5-HTP
was detected at a wavelength of 266 nm. For the MnR, chromatographic
separation was achieved using a Zorbax Bonus-RP, 3.0 mm x 100 mm,
1.8 μm column (Cat No. AG828668-301; Agilent Technologies
Australia) maintained at 30 °C. The mobile phase consisted of 0.25 M
formic acid and 0.1 M potassium phosphate buﬀer (24.496 g H2KO4P
and 3.184 g HK2O4P/L) delivered at a ﬂow rate of 0.2 ml/min. Strongly
retained compounds were eluted with 100% methanol, with a
minimum 10 column volumes, followed by a 60-min re-equilibration
between each sample. 5-HTP was detected at a wavelength of 280 nm
( ± 40 nm) with reference wavelength of 380 nm ( ± 40 nm).
Standard curves were determined for 5-HTP in the DR and MnR based
on peak height ( r2 = 1) of known concentrations of 5-HTP, and concentrations (expressed in pg/μg of protein) in microdissected samples
were calculated based on peak height (DR, y = 0.0025x + 0.0244;
MnR, y = 0.0031x - 0.0024). Peak height was measured using the
computerized analysis system (Open Lab ChemStation, v.A.02.08SP1)
by an investigator blind to the treatment groups (AJL). The protein
content of microdissected samples was determined using the Pierce™
Coomassie Plus (Bradford) Assay Kit (Cat No. 23,236; Thermo Fisher
Scientiﬁc, Scoresby, VIC, Australia). Samples and standards were prepared according to manufacturer’s instructions, and protein content
was determined using a Bio-Tek® Synergy HT (Bio-Tek Instruments,
Inc., Highland Park, Winooski, VT, USA) plate reader at 595 nm.
2.9. Statistical analysis
All data were analysed using IBM SPSS version 22 for Windows
(IBM Corporation, Armonk,
NY, USA). For the three-chamber sociability test, the frequency of
entries and duration of time spent in the social and non-social chambers
were analysed using independent samples t-tests. Preference for the

Fig. 2. BALB/c mice showed decreased social
interaction compared with C57BL/6 mice. A)
Gel electrophoresis of PCR product. The PCR
product in the G-speciﬁc primer lane for the
BALB/c, conﬁrm the presence of the C1473 G
loss-of-function SNP. A subset of mice were
used for genotyping (C57BL/6, n = 6; BALB/c,
n = 6). B) Bar graph illustrating the time spent
in the non-social chamber and social chamber
in BALB/c and C57BL/6 mice. C and D)
Heatmaps generated using EthoVision XT illustrating the mouse location for C57BL/6 (C; n
= 12) and BALB/c (D; n = 12) mice in the
three-chamber social approach test. The solid
line circle shows the location of the cage in the
social and non-social chambers. *p < 0.05,
**p < 0.01, independent samples t-tests
(C57BL/6, n = 12; BALB/c, n = 12).
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3. Results

EPM compared with C57BL/6 J mice (t(22) = 4.355, p < 0.001,
d = 1.78; Fig. 3A). There were no strain diﬀerences in the number of
closed arm entries (t(22) = 1.467, p = 0.157, d = 0.60; Fig. 3B).

3.1. Genotyping and behaviour
The genotyping of a subset of BALB/c and C57BL/6J mice conﬁrmed the presence of the G/G allele in BALB/c mice and the C/C allele
in the C57BL/6J mice (Fig. 2A).
During the habituation phase, BALB/c mice spent less time in the
central area of the centre chamber (t(17.991) = 2.483, p = 0.023,
d = 1.01) and more time in the outer area of the centre chamber
compared to C57BL/6 J mice (t(17.811) = -2.475, p = 0.024,
d = 1.01). During the experimental phase, BALB/c mice spent less time
in the social chamber compared with C57BL/6 J mice (t
(13.632) = 2.227, p = 0.043, d = 0.91; Fig. 2B) and also spent less
time in the non-social chamber compared with C57BL/6 J mice (t
(21) = 5.364, p < 0.001, d = 2.24, Fig. 2B). The BALB/c mice entered
the non-social chamber fewer times than C57BL/6 J mice (t
(21) = 3.641, p = 0.002, d = 1.518); however no strain diﬀerences
were found in the frequency of entries into the social chamber (t
(22) = 1.718, p = 0.100, d = 0.701). Both C57BL/6 J and BALB/c mice
showed a preference for the social over the non-social chamber
(C57BL/6 J, t(11) = 7.400, p < 0.001, d = 2.17; BALB/c, t
(10) = 2.930, p = 0.015, d = 1.01). The BALB/c mice covered less
overall distance compared with C57BL/6 J mice (mean ± SEM:
C57BL/6, 3728 ± 207 cm; BALB/c, 1854 ± 221 cm; t(22) = 6.178,
p < 0.001, d = 2.52). There was a positive correlation between the
time spent in the central area of the centre chamber during the habituation phase and time spent in the social chamber (r = 0.510,
p = 0.011). The correlation coeﬃcient was not signiﬁcant within either
strain for time spent in the central area of the centre chamber during
the habituation phase and time spent in the social chamber (C57BL/6 J,
r = 0.236, p = 0.459; BALB/c, r = 0.429, p = 0.164).
In the EPM, BALB/c mice spent less time in the open arms of the

3.2. TPH2 activity
In the DR, BALB/c mice showed decreased 5-HTP accumulation
compared with C57BL/6 J mice (repeated measures ANOVA strain main
eﬀect, F(1, 22) = 13.925, p = 0.001; region main eﬀect, F(1.413,
31.092) = 9.338, p = 0.002, ε = 0.707; the interaction between strain
and region was not statistically signiﬁcant, F(1.413, 31.092) = 3.411,
p = 0.061; ε = 0.707). Post hoc tests indicated that BALB/c mice
showed decreased 5-HTP accumulation in the rostral DR (t
(21) = 4.106, p = 0.001, d = 1.71; Fig. 4A, A’) and mid-rostrocaudal
DR (t(22) = 3.489, p = 0.002, d = 1.71; Fig. 4B, B’) compared with
C57BL/6 J mice. There were no strain diﬀerences in 5-HTP accumulation in the caudal DR (t(22) = 0.338, p = 0.738, d = 0.14; Fig. 4C, C’).
In the MnR, there was no interaction between strain and rostrocaudal
level (F(1.328, 29.221) = 0.217, p = 0.714, ε = 0.664; Table 1) and
no main eﬀect of strain on 5-HTP accumulation (F(1, 22) = 1.644, p =
0.213). There was, however, a main eﬀect of MnR rostrocaudal level (F
(1.328, 29.221) = 8.107, p = 0.004, ε = 0.664) indicating diﬀerences
in 5-HTP accumulation across the rostrocaudal extent of the MnR.
The total distance moved in both the EPM and the sociability test
positively correlated with 5-HTP accumulation in the rostral DR across
the combined groups (r = 0.635, p = 0.001; r = 0.555, p = 0.005,
respectively). Upon calculating the correlation coeﬃcient within each
strain, there was no statistically signiﬁcant correlations between the
distance moved in the sociability test or the EPM test and 5-HTP accumulation in the rostral DR within either strain (sociability: C57BL/6J,
r = 0.259, p = 0.416; BALB/c, r = -0.377, p = 0.227; EPM: C57BL/6 J,
r = 0.444, p = 0.148; BALB/c, r = -0.076, p = 0.814). There was a
positive correlation between the time spent in the open arms of the EPM
Fig. 3. BALB/c mice showed increased anxious
behaviour compared with C57BL/6 mice. A)
Bar graph illustrating the duration of time
spent in the open arms of the EPM in both
mouse strains. B) Bar graph illustrating the
number of entries made into the closed arms of
the EPM in both mouse strains. C and D)
Heatmaps generated using EthoVision XT illustrating the mouse location for C57BL/6 (C; n
= 12) and BALB/c (D; n = 12) mice in the
EPM. Dotted lines indicate the open arms of
the EPM. ***p < 0.001, independent samples
t-tests (C57BL/6, n = 12; BALB/c, n = 12).
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Fig. 4. BALB/c mice showed decreased levels of 5-HTP in the dorsal raphe nucleus (DR) compared with C57BL/6 mice. A–C) Schematic illustrations of the rostral DR
(–4.24 mm bregma; A), mid-rostrocaudal DR (–4.54 mm bregma; B) and caudal DR (–4.84 mm bregma; C) that were microdissected and assessed for 5-HTP accumulation. A’-C’) Bar graphs illustrating the concentrations of 5-HTP in pg/μg protein in the rostral DR (–4.24 mm bregma; A’), mid-rostrocaudal DR (–4.54 mm
bregma; B’) and caudal DR (–4.84 mm bregma; C’). **p < 0.01 independent samples t-tests. (C57BL/6, n = 12; BALB/c, n = 11–12).

mid-rostrocaudal DR and anxious behaviour in the EPM when strains
were pooled, however upon looking within each strain, the correlation
was no longer signiﬁcant. These data reinforce the idea that BALB/c
mice display reduced sociability, increased anxious behaviours, and
impairments in serotonin synthesis with reductions in both the rostral
and mid-rostrocaudal DR. However, further research is required in
order to better understand the mechanism(s) through which the serotonergic system alters sociability and anxious behaviours.
The BALB/c mice showed decreased social behaviour compared
with C57BL/6 J mice. This is consistent with a number of previous
ﬁndings [19,21,48], including a recent report demonstrating that
BALB/c mice had decreased social approach behaviour in the threechamber sociability test compared with C57BL/6 mice [49]; however,
when mice were allowed direct contact with a stranger mouse, there
were no diﬀerences between the strains [49]. Furthermore, the quality
of social interactions were diﬀerent between the strains. In particular,
using a body-part investigation assay with a non-familiar adult conspeciﬁc, BALB/c mice tended to avoid anogenital investigation and
engage in more facial investigation compared with C57BL/6 mice,
which show no preference for facial versus anogenital investigation.
Together these data suggest that, rather than a social deﬁcit per se,
BALB/c mice show a qualitatively diﬀerent social investigation strategy
[49]. Further, our data demonstrated that BALB/c mice also show decreased investigation of non-social novelty; speciﬁcally, BALB/c mice
entered the non-social chamber fewer times than C57BL/6 J mice.
While this diﬀerence may reﬂect the high-anxiety phenotype of BALB/c
mice, diﬀerences in the number of chamber transitions is considered an
indicator of locomotor activity [34], which can potentially serve as a
confounding factor in the sociability test. Importantly, research suggests that there are no baseline diﬀerences in locomotor activity between the BALB/c and C57BL/6 J strains [21,50]. Sankoorikal and
colleagues [20] also reported that BALB/c mice transition less between
chambers of the sociability test compared to C57BL/6 J mice upon the
introduction of a stimulus mouse, despite there being no diﬀerences
during the habituation phase. When considered in conjunction with the
ﬁnding that BALB/c mice covered less distance than the C57BL/6 J

Table 1
5-HTP accumulation (pg/ug protein) in three rostrocaudal levels of the median
raphe nucleus (MnR).
Strain

Rostral MnR
Midrostrocaudal MnR
Caudal MnR

bregma

BALB/c

C57BL/6J

–4.24 mm
–4.54 mm

41.25 ± 2.17 (n = 12)
48.49 ± 6.97 (n = 10)

46.10 ± 2.46 (n = 10)
59.91 ± 8.92 (n = 12)

–4.84 mm

40.61 ± 2.05 (n = 8)

38.07 ± 4.55 (n = 11)

Note: Values are presented as mean ± SEM.

and 5-HTP accumulation in the mid-rostrocaudal DR when the strains
were pooled (r = 0.455, p = 0.025); however, again there was no
statistically signiﬁcant correlation within either strain (C57BL/6J, r =
-0.060, p = 0.853; BALB/c, r = 0.277, p = 0.383).

4. Discussion
Dysregulation of serotonergic systems has been consistently implicated in ASD, and allelic variance in genes that code for components
of serotonin signalling pathways, e.g. in the TPH2 gene, have been reported among individuals with ASD. The BALB/c mice show a SNP in
the murine Tph2 gene (G/G variant of the C1473 G SNP) and show a
number of behavioural and physiologic characteristics that have face
validity with ASD [46,47]. In this study, juvenile BALB/c mice showed
decreased social approach behaviour in the three-chamber sociability
test, and increased anxious behaviour in the EPM when compared with
C57BL/6 J mice, which possess the wild type (C/C) variant of the
C1473 G SNP. Analysis of 5-HTP accumulation in the DR demonstrated
decreased 5-HTP accumulation in the rostral and mid-rostrocaudal
parts of the DR in BALB/c mice compared with C57BL/6 J mice, but no
diﬀerence was found between the strains in the caudal part of the DR.
There was a positive correlation between 5-HTP accumulation in the
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identical to those observed in 5-HT1A KO models [62]. While 5-HT1A
KO mouse models have also been used to demonstrate the presence of
an anxiogenic phenotype, levels of 5-HT and 5-HIAA both remain unaﬀected in mice null for the 5-HT1A receptor [63]. However, in contrast,
transgenic mice that overexpress the 5-HT1A receptor display reduced
anxious behaviour, and reduced serotonin turnover in multiple brain
regions at age 8 weeks [64]. Understanding the interaction of the
C1473 G SNP and the 5-HT1A receptor in the behavioural phenotype of
BALB/c mice will require further exploration. Congenic BALB/c mice
carrying either the 1473C or 1473G variant of Tph2 may help to address
this question.
In the present study we observed a strong positive correlation between TPH2 activity in the rostral DR and overall locomotor activity in
the EPM. Consistent with this observation, the rostral DR sends serotonergic projections to regions associated with motor control, including the caudate putamen, substantia nigra [65], subthalamic nucleus [66,67], and the motor cortex [68]. Furthermore, it has been
shown that 3 and 6 weeks of wheel running in male Fischer rats results
in a reduction in slc6a4 mRNA in the rostral aspects of the dorsal part,
lateral part and ventral part of the DR [69]. Moreover, an increase in 5HT1A receptor mRNA expression within the dorsal part of the rostral
and midrostrocaudal DR has been reported in adult male Sprague
Dawley rats in response to 6 weeks of voluntary freewheel running
[70]. It has also been proposed by Commons [71] that the rostral part of
the DR plays a role in goal-orientated behaviour along with the coordination of cortical function [for review, see 71]. Taken together,
these data provide evidence suggesting that the rostral part of the DR is
implicated in voluntary motor control.
The EPM is a mild stressor [72] and it is possible that the stress of
exposure to the EPM altered TPH2 activity. Consistent with this hypothesis, we have previously shown that exposure to aversive acoustic
stimulation increases in vivo TPH2 activity [73], and perfusion of
cortiocotropin-releasing hormone over a brain slice preparation increases TPH2 activity in vitro in the caudal DR in rats [74]. In contrast,
exposure to restraint stress decreases TPH2 activity, and interestingly,
the interaction between stress and TPH2 activity may be strain-speciﬁc
[27]. For example, exposure to acute restraint stress decreases TPH2
activity in the brainstem of C57BL/6 J mice, but not in BALB/c mice;
while exposure to chronic stress decreases TPH2 activity in both strains.
While we can’t rule out that stress-induced decreases in TPH2 activity
diﬀerentially aﬀect the BALB/c and C57BL/6 J strains in this study,
given that acute stress decreases TPH2 activity in C57BL/6 J mice only,
it is unlikely that stress itself plays a role in the decreased TPH2 activity
in BALB/c compared with C57BL/6 J mice.
Although BALB/c mice had lower TPH2 activity in the rostral and
mid-rostrocaudal parts of the DR, there were no diﬀerences in TPH2
activity in the caudal part of the DR or in the MnR of BALB/c mice
compared with C57BL/6 J mice. With respect to the caudal DR, this
result is consistent with the observation that BALB/c mice have higher
numbers of serotonergic neurons in the caudal DR compared with
C57BL/6 J mice [75]. Therefore, although BALB/c express the loss-offunction variant of the TPH2 enzyme, there are more serotonergic cells
expressing the enzyme in the caudal DR of BALB/c mice compared with
C57BL/6 J mice. The mid-rostrocaudal and caudal DR, comprising parts
of the B7 and B6 serotonergic cell groups respectively [using the alpha
numeric nomenclature of 76], share the same developmental lineage
from the isthmus and rhombomere 1 of the developing neural tube
[77,78]. Although the mid-rostrocaudal and caudal DR, especially the
dorsal parts of these nuclei (DRD and DRC) are likely functionally related [for review, see 6], these subregions give rise to relatively distinct
patterns of aﬀerent projections. Recent conditional anterograde tract
tracing indicates that dorsal and ventral parts of the B7 group send
projections to limbic forebrain targets associated with anxiety states,
such as the basolateral amygdala and bed nucleus of the stria terminalis, while the B6 group sends serotonergic projections to the subventricular serotonin terminal network and subventricular zone

strain, this may reﬂect diﬀerences in exploratory drive rather than
diﬀerences in gross motor behaviour.
Consistent with previous ﬁndings [22,24,51], BALB/c mice showed
increased anxious behaviour in the EPM, spending less time in the open
arms of the test compared with C57BL/6 J mice. There was also no
diﬀerence in the number of closed arm transitions, an indicator of locomotor behaviour [52,53]. The anxious phenotype in BALB/c mice
also has been demonstrated in the light-dark exploration test [23,51],
concentric square-ﬁeld test [22], novel open-ﬁeld [24], the staircase
test [51], and selective suppression of stress-sensitive rapid eye movement sleep following fear conditioning [54].
The C1473 G SNP is not the only locus of allelic variation between
C57BL/6 J and BALB/c mice. The speciﬁc contribution of the C1473 G
SNP in the control of emotional behaviour, especially among BALB/c
mice, is not fully understood. Experiments using C57BL/6 J congenic
mice that express either the wildtype C/C or the G/G loss-of-function
variant of the C1473 G SNP, have reported contrasting results. Studies
on a strain of congenic adult male C57BL/6 J mice derived from DBA/
2 N inbred mice backcrossed to a C57BL/6 N strain for 10 generations
demonstrated that mice expressing the loss-of-function, G/G, variant
showed increased anxious behaviour in the EPM, elevated zero-maze,
and the light/dark box [55]. Conversely, among similarly derived
congenic adult male C57BL/6 J mice backcrossed for eight generations,
no diﬀerences were noted in the EPM or marble burying task [56]. In
both models, analysis of 5-HTP accumulation following treatment with
NSD-1015 suggested substantial decrements in 5-HTP accumulation in
the C57BL/6 J mice with the G/G variant, but comparatively smaller
changes in brain serotonin content, suggesting compensatory mechanisms that serve to normalize brain serotonin concentrations in the
congenic mice [55,56].
Analysis of 5-HTP accumulation demonstrated decreased TPH2 activity in the rostral and mid-rostrocaudal parts of the DR in BALB/c
mice compared with C57BL/6 J mice, but no diﬀerence between the
strains in the caudal part of the DR. The mid-rostrocaudal DR, especially its dorsal part (DRD), has been implicated in the control of anxiety-states and anxiety-related behaviour [31,32] and sends serotonergic projections to brain regions known to be important in the
expression of anxious behaviour, including the basolateral amygdala
[57], bed nucleus of the stria terminalis [30,58] and prefrontal cortices
[30]. However, despite observing a correlation between the mid-rostrocaudal DR and increased anxious behaviour in the EPM when strains
were pooled, no signiﬁcant relationship was found independently
within either strain. These ﬁndings tend to suggest that anxiogenic
behavioural diﬀerences between these strains may not be directly explained by diﬀerences in the rate of serotonin synthesis. There are
multiple explanations as to why a correlation was only found when
strains are pooled. Statistical power may be one possibility, as pooling
strains increases the overall sample size, therefore increasing the power
to detect a statistically signiﬁcant correlation. However, as behavioural
testing was conducted over a 5 min period, followed by a 60 min time
period to allow for optimal accumulation of 5-HTP, it remains possible
that TPH2 activity to some extent may have inﬂuenced behaviour, but
this eﬀect may have been masked due to the 60 min delay to allow for
5-HTP accumulation. Alternatively, evidence suggests that the presence
of the C1473 G Tph2 SNP is associated with desensitisation of the 5HT1A autoreceptor, which is also associated with anxiogenic behaviour
[55]. Research has demonstrated that the 5-HT1A autoreceptor plays an
important role in anxiety-related behaviours, with transgenic mice that
develop in the absence of the 5-HT1A receptor displaying elevated levels
of anxious behaviour [59]. Pharmacological targeting of this receptor
using buspirone (a partial 5-HT1A receptor agonist) leads to increased
levels of social interaction in BTBR mice [60] and decreased isolation
induced ultrasonic vocalizations (USV) in mice and rats [61]. Furthermore, in an inducible 5-HT1A receptor knockout model, switching oﬀ
the 5-HT1A receptor function during the critical period between PND5PND21 leads to anxiety-related behaviours in adult mice, which are
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[30,79]. Interestingly, the autism risk gene Met, which encodes Met
receptor tyrosine kinase [for review, see 80] is selectively expressed in
B6 serotonergic neurons in the DRC [81–83]. Thus, the relative contributions of B7 and B6 serotonergic cell groups to the behavioural
diﬀerences noted in these strains requires further investigation.
In conclusion, decreased sociability and an anxiogenic phenotype
have been well established in the BALB/c mouse; however, despite
observing decreased TPH2 activity within the rostral and mid-rostrocaudal parts of the DR, it appears to be unlikely that impairments in
serotonin synthesis due to the C1473 G SNP are directly responsible for
the anxiogenic phenotype of BALB/c mice. Therefore, further research
is required in order to provide insight into the mechanistic understanding of how the serotonergic system is involved in both sociability
and anxiety. Furthermore, given the observation that there is allelic
variation in genes that encode proteins critical for serotonergic signalling [7–10] and ﬁndings of dysregulation of serotonergic systems
[11,12] among individuals with ASD, mouse models like the BALB/c,
which show altered serotonergic neurotransmission, may still help to
provide insight into the neurobiology of ASD.
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