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Fifty years ago, increased whole-blood serotonin levels, or hyper-
serotonemia, first linked disrupted 5-HT homeostasis to Autism
Spectrum Disorders (ASDs). The 5-HT transporter (SERT) gene
(SLC6A4) has been associated with whole blood 5-HT levels and
ASD susceptibility. Previously, we identified multiple gain-of-func-
tion SERT coding variants in children with ASD. Here we establish
that transgenic mice expressing the most common of these var-
iants, SERT Ala56, exhibit elevated, p38 MAPK-dependent trans-
porter phosphorylation, enhanced 5-HT clearance rates and
hyperserotonemia. These effects are accompanied by altered basal
firing of raphe 5-HT neurons, as well as 5HT1A and 5HT2A receptor
hypersensitivity. Strikingly, SERT Ala56 mice display alterations in
social function, communication, and repetitive behavior. Our ef-
forts provide strong support for the hypothesis that altered 5-HT
homeostasis can impact risk for ASD traits and provide a model
with construct and face validity that can support further analysis
of ASD mechanisms and potentially novel treatments.
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Autism spectrum disorder (ASD) is a male-predominant dis-
order that is characterized by deficits in social interactions

and communication, as well as repetitive behavior (1). Hyperse-
rotonemia, or increased whole-blood serotonin [i.e., 5-hydroxy-
tryptamine (5-HT)], is a well replicated biomarker that is present
in approximately 30% of subjects with ASD (2, 3). Some data
suggest an association of hyperserotonemia with stereotyped or
self-injurious behavior, but results have been inconsistent (4, 5).
Despite the high heritability of whole-blood 5-HT levels (6), a
mechanistic connection between hyperserotonemia and specific
components of the pathophysiology of ASD remains enigmatic.
In blood, 5-HT is contained almost exclusively in platelets (7) that
lack 5-HT biosynthetic capacity but accumulate the monoamine
via the antidepressant-sensitive serotonin transporter (SERT;
5-HTT). A genome-wide study of whole-blood 5-HT as a quanti-
tative trait found association with the SERT-encoding gene
SLC6A4, as well as with ITGB3, which encodes the SERT-inter-
acting protein integrin β3. In both cases, the strongest evidence for
association was found inmales (8–10). Linkage studies in ASD also
implicate the 17q11.2 region containing SLC6A4, again with
stronger evidence in males (11, 12).
As common SLC6A4 variants are only modestly associated with

ASD (13), we and our colleagues previously screened SLC6A4 for
rare variants in multiplex families that demonstrate strong linkage
to 17q11.2. In this effort, we identified five rare SERT coding
variants, each of which confers increased 5-HT transport in

transfected cells as well as in lymphoblasts derived from SERT
variant-expressing probands (11, 14, 15). We found the most
common of these variants, Ala56 (allele frequency in subjects of
European ancestry of 0.5–1%), to be overtransmitted to autism
probands, and to be associated with both rigid-compulsive be-
havior and sensory aversion (11, 16). No such trait association is
seen in families without linkage to this region (17). In transfected
cells, SERT Ala56 also demonstrates increased basal phosphor-
ylation and insensitivity to PKG- and p38 MAPK-linked signaling
that normally produce increased transporter trafficking and cat-
alytic activation, respectively (15). These findings suggest that
homeostatic control of 5-HT may be impaired in some children
with ASD. Importantly, model system studies indicate that 5-HT
and SERT are important determinants of normal brain devel-
opment and that early-life perturbations in 5-HT signaling can
have enduring effects on behavior (18–21).
To explore the dependence of juvenile and adult behavior on

early-life 5-HT manipulation and further understand the impact
of the SERT Ala56 variant in vivo, we generated mice expressing
SERT Ala56 from the native mouse Slc6a4 locus (22). Although
SERT Ala56 mice exhibit normal growth and fertility (22), they
display significantly increased CNS 5-HT clearance, enhanced
5-HT receptor sensitivity, and hyperserotonemia. Even more strik-
ing, SERT Ala56 animals display alterations in a number of ASD-
relevant behaviors.

Results
SERT Function and Synaptic Homeostasis Is Altered in SERT Ala56
Mice. As predicted from studies of SERT Ala56 transfected cells
(11, 14, 15), midbrain SERT protein levels in Ala56 mice were
found to be identical to those of WT, Gly56 littermate controls
(Fig. S1A), results that are paralleled by the results of antagonist
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binding (Fig. S1B) and immunohistochemical studies (Fig. S2).
SERT proteins exhibit significant posttranslational regulation
(23), including Ser/Thr phosphorylation that involves PKG and
p38 MAPK-linked pathways (24, 25). Consistent with our find-
ings in transfected cells (14, 15), we found phosphorylation of
SERT Ala56 to be significantly elevated in midbrain synapto-
somes under basal conditions (P = 0.0002; Fig. 1A). Moreover,
we found that activation of PKG with 8-Bromo-cGMP (8-Br-
cGMP) fails to increase phosphorylation of SERT Ala56,
whereas a robust increase in phosphorylation is observed for WT
SERT (P = 0.0013; Fig. 1B). Basal SERT phosphorylation is
dependent on p38 MAPK activity (24), and PKG activation leads
to a p38 MAPK-dependent increase in SERT activity (26). The
gain of SERT activity following activation of p38 MAPK is
paralleled by an increased affinity for 5-HT that can support an
enhanced rate of transport at low 5-HT concentrations (14, 15).
When we incubated synaptosomes with the p38-MAPK inhibitor
PD169316, we found significant reductions in basal phosphory-
lation of SERT Gly56 mice (P = 0.018; Fig. 1C). Importantly,
the inhibitor also normalized the difference in phosphorylation
between the WT and mutant transporters. These findings suggest
that constitutive phosphorylation of SERT Ala56 precludes the
flexibility exhibited by WT SERT to move between low and high
activity states in parallel with changes in 5-HT release.

To complement our ex vivo phosphorylation studies and de-
termine whether SERT Ala56 mice exhibit constitutively en-
hanced SERT activity in vivo, we monitored hippocampal 5-HT
clearance by in vivo chronoamperometry (27). In these studies,
we observed a significant increase in the rate of 5-HT clearance
for Ala56 animals vs. WT littermates (P < 0.0001; Fig. 1D and
Fig. S3). Paralleling our findings in synaptosomes, we observed
a significant increase in 5-HT clearance following infusion of 8-
Br-cGMP in the WT animals but no significant response in
SERT Ala56 animals (P = 0.022 and P = 0.009 for time to clear
20% and 80% of maximum 5-HT signal, respectively; Fig. 1E).
Despite the significant increase in 5-HT clearance, no change
was observed in midbrain or forebrain tissue 5-HT levels (Fig.
S4 A and B). In contrast, in whole blood, in which 5-HT is se-
questered by platelets that lack the capability to offset 5-HT
accumulation with decreased 5-HT synthesis, SERT Ala56 mice
exhibited significantly increased 5-HT levels relative to WT lit-
termates (P = 0.02; Fig. 1F).
Genetic or pharmacological reductions in SERT activity produce

diminished sensitivity of multiple 5-HT receptors (28). Therefore,
we hypothesized that increased CNS 5-HT clearance could lead to
decreased synaptic 5-HT availability and a compensatory increase
in 5-HT receptor sensitivity. Consistent with this idea, enhanced 5-
HT receptor sensitivity occurs in mice overexpressing SERT (29).
To explore this hypothesis in our mice, we first examined the

Fig. 1. Dysregulated SERT phosphorylation, increased 5-HT uptake, and hyperserotonemia in the SERT Ala56 knock-in mice. (A) Representative gel and
cumulative graph of basal phosphorylation of SERT [Bartlett test statistic, 26.49, showing unequal variances (P < 0.0001); therefore, nonparametric Mann–
Whitney test was used, U = 6.00, P = 0.0002, n = 12 per genotype]. (B) Representative gel and cumulative graph of 8-Br-cGMP–induced phosphorylation (two-
way repeated-measures ANOVA interaction of cGMP treatment by genotype, F = 17.51, P = 0.0013; Bonferroni post-test in WT for cGMP treatment, t = 3.66,
P < 0.01; Bonferroni post-test in Ala56 for cGMP, t = 2.26, P > 0.05; WT, n = 7; Ala56, n = 7). (C) Representative gel and cumulative graph of PD169316
inhibition of phosphorylation (two-way repeated-measures ANOVA interaction of PD169316 treatment by genotype, F = 8.815, P = 0.018; Bonferroni post-test
of genotype difference in basal condition, t = 4.83, P < 0.01; Bonferroni post-test of genotype difference after PD169316 treatment, t = 0.63, P > 0.05; WT, n =
5; Ala56, n = 5). (D) 5-HT clearance rates in the CA3 region of the hippocampus as a function of increasing extracellular 5-HT concentrations. Mean clearance
values from multiple 5-HT pulses ± SEM with three to six mice per point. For purposes of clarity, the SEMs for signal amplitudes are not shown, but they were
always within 10% of the mean. Clearance of 5-HT was significantly faster in Ala56 mice than that in WT controls (main effect genotype, F1,73 = 64.69, P <
0.0001; main effect 5-HT concentration, F7,73 = 15.86, P < 0.0001, two-way ANOVA with Bonferroni post hoc comparisons). Kinetic analysis reveals an ap-
proximate twofold increase in the apparent Vmax for 5-HT clearance (t10 = 7.248, P < 0.0001; Ala56, 82 ± 20 nM/s vs. Gly56, 41 ± 15 nM/s) with no change in
apparent transporter affinity (KT) (corrected for volume fraction, α = 0.02; Ala56, 64 ± 42 nM vs. Gly56, 64 ± 28 nM). (E) Time to clear 20% (T20) and 80% (T80)
of the peak 5-HT signal amplitude 10 min after application of 0.5 pmol of 8-Br-cGMP, normalized to baseline 5-HT clearance. T20 reflects 5-HT at a concen-
tration at which SERT-mediated 5-HT clearance is near Vmax, whereas T80 provides an index of 5-HT clearance at a concentration approximating the Km for
SERT-mediated 5-HT uptake. 8-Br-cGMP significantly shortened both T20 and T80 for 5-HT clearance in WT mice but was without effect in Ala56 mice (T20, t =
2.65, P = 0.022; T80: t = 3.195, P = 0.009; WT, n = 7; Ala56 n = 6). (F) HPLC measurement of 5-HT in whole blood. Unpaired t test revealed a significant increase in
whole-blood 5-HT in the Ala56 animals compared with WT controls (t = 2.55, P = 0.02; WT, n = 11; Ala56, n = 9).
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sensitivity of animals to the 5-HT2A/2C receptor agonist 1-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane (DOI), which produces
a stereotyped head twitch response mediated by postsynaptic,
cortical 5-HT2A receptors (30). We observed a significantly ele-
vated head twitch response in SERT Ala56 mice compared with
WT littermate controls (P < 0.01; Fig. 2A). Next, we treated ani-
mals with the 5-HT1A/7 agonist 8-hydroxy-2-(di-n-propylamino)-
tetraline (8-OH-DPAT), which leads to hypothermia in mice, me-
diated by 5-HT1A autoreceptors located on raphe 5-HT neurons

(31). As with DOI studies, SERT Ala56 mice displayed a signifi-
cantly increased sensitivity to 8-OH-DPAT–induced hypother-
mia compared with WT controls (P < 0.0001; Fig. 2B; baseline
temperature shown in Fig. S5A).
To establish a physiological consequence of altered 5-HT

receptor signaling in SERT Ala56 mice, we used loose-patch
recordings of dorsal raphe 5-HT neurons in midbrain slices to
examine basal firing rates and 5HT1A-mediated suppression
of raphe neuron excitability. Location of recordings was first

Fig. 2. Increased receptor sensitivity and altered social, communication, and repetitive behavior in SERT Ala56 knock-in mice. (A) Head twitches recorded by
two observers blind to genotype over 15 min following injection of saline solution, the 5-HT2 agonist DOI, or the specific 5-HT2A antagonist M-100907 fol-
lowed by DOI. Two-way repeated-measures ANOVA revealed a significant genotype–drug interaction (F = 6.88, P = 0.0029, n = 10 per genotype), with
a significant Bonferroni posttest result only for the difference between WT and SERT Ala56 animals in the DOI condition (P < 0.01). (B) Change in rectal
temperature from baseline after administration of the 5-HT1A/5-HT7 receptor agonist 8-OH-DPAT. Piecewise mixed linear model analysis revealed a significant
genotype–drug–time interaction over the 30 min from baseline to maximal hypothermia response (F1,177, P < 0.0001, n = 12 per genotype), reflecting
a steeper slope in the SERT Ala56 animals compared with the WT controls. (C) Example traces with basal firing rates are shown for cell-attached extracellular
recordings of dorsal raphe neurons in midbrain slices (n = 16 per genotype). Unpaired t test with Welch correction for unequal variances (F test to compare
variances, F15,15 = 4.345, P = 0.0036) revealed a significant decrease in firing rate in the Ala56 animals compared with the WT controls (t = 2.92, P = 0.032). (D)
Percent inhibition of firing of dorsal raphe neurons as a function of varying, bath-applied 5-HT concentration. Curve fit analysis against log(5-HT concen-
tration) with variable slope reveals a significant increase in sensitivity to inhibition of firing by 5-HT in the Ala56 animals compared with the WT controls (F2,6 =
292.3, P < 0.0001). (E) Pup vocalizations upon separation from the dam for 5 min at postnatal day 7. Mann–Whitney test revealed a significant decrease in
ultrasonic vocalizations in the SERT Ala56 animals in contrast with WT littermate controls (U = 85.5, P = 0.015; WT, n = 15; Ala56, n = 22). (F) Time in each
chamber of the three-chamber Crawley sociability test is shown. Animals with four or fewer total entries were excluded from the analysis as a result of
inactivity (Fig. S5C). Two-way repeated measures ANOVA revealed a main effect for chamber (F = 23.25, P = 0.0006) and a trend for an interaction between
genotype and stimulus (F = 3.92, P = 0.058; WT, n = 11; Ala56, n = 17). Bonferroni posttest revealed a significant preference for the social chamber in the WT
(P < 0.01) but not the SERT Ala56 animals (P > 0.05). (G) Wins (frontward exit) for male animals on the tube test. McNemar exact test revealed a significant
decrease in wins in the SERT Ala56 animals in contrast with WT littermate controls (P < 0.0001, n = 140 pairings). (H) Time spent performing individual
behaviors over 24 h in the home cage. To allow better visualization, time spent sleeping is not shown, but did not differ by genotype. Two-way repeated
measures ANOVA of log10(time) revealed a significant genotype effect (F = 5.84, P = 0.027, n = 10 per genotype), with Bonferroni posttest showing a sig-
nificant genotype difference only for time spent hanging (P < 0.05). (I) Number of bouts of hanging behavior in 24 h in the home cage. t test of log10(bouts)
revealed a significant increase in bouts of hanging in Ala56 SERT animals in comparison with WT littermate controls (t = 2.567, P = 0.019), with a significant
correlation between log10(time) and log10(bouts) (Pearson R = 0.749, P < 0.001).
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established by using ePET-1:EYFP transgenic mice (32), cen-
tering on neurons of the medial division of the dorsal raphe.
Under basal conditions, we observed a decrease in the firing rate
of these neurons in SERT Ala56 brain slices (P = 0.0036; Fig.
2C), potentially arising from increased firing suppression by in-
hibitory 5-HT1A autoreceptors (33). Consistent with this hypoth-
esis, dose–response studies of raphe neuron inhibition produced
by bath-applied 5-HT revealed an enhanced inhibitory potency of
bath-applied 5-HT (P < 0.0001; Fig. 2D).

SERT Ala56 Mice Show Abnormal Social, Communication, and
Repetitive Behavior. Impaired social communication is often the
first sign of ASD (34). To obtain a measure of early social
communication, we measured ultrasonic vocalizations in pups
that were separated from their dam at postnatal day 7. We ob-
served a twofold decrease in vocalizations in SERT Ala56 pups
in contrast to Gly56 littermate controls (P = 0.015; Fig. 2G). As
body temperature could affect vocalization, we measured body
temperatures in 7-day-old pups and found no differences be-
tween SERT Ala56 pups and Gly56 littermate controls (Fig.
S5B). As adults, SERT Ala56 and WT littermates exhibit a low
baseline level of ambulatory activity in novel environments (Fig.
S6 A–C), typical of 129S substrains (35, 36). Thus, in analyses of
adult animals that are dependent upon exploratory behavior, we
included only data from mice with sufficient activity levels to
allow a valid comparison between time spent in different arms or
chambers (Fig. S6 B and C). In these studies, we observed no
differences in anxiety-like behavior on the elevated plus-maze
among mice with more than four arm entries (Fig. S6D–F; pooled
results from active and inactive animals are shown in Fig. S6G). In
cognitive or behavioral assays dependent on forced movement,
including the Morris water maze test of spatial learning (Fig. S7
A–C), the rotarod test (Fig. S7D), and the forced swim test (Fig.
S7E), no significant differences were observed. However, when we
tested SERT Ala56 mice for potential social interaction deficits in
the three-chamber test of sociability (36, 37), these animals, un-
like their WT littermates, failed to demonstrate preference for
another mouse vs. an inanimate object (Fig. 2E; pooled results
from active and inactive animals are shown in Fig. S6H).
To evaluate adult social interaction in a task that does not re-

quire high levels of ambulatory activity, we implemented the tube
test of social dominance (38). Mouse models of other disorders
that display ASD traits, including Rett and Fragile X syndromes
(38, 39), show altered behavior on this task. After being trained to
progress forward through an empty tube to be returned to their
home cage, mice encounter an unfamiliar mouse that has entered
from the opposite end of the tube. In these experiments, we found
that SERT Ala56 animals more often withdrew from the tube
upon encountering an age- and sex-matched WT littermate
control (P < 0.0001; Fig. 2F).
In our studies that identified multiple, gain-of-function SERT

variants in ASD subjects, we found the SERT Ala56 variant to be
associated with rigid-compulsive behavior and sensory aversion in
ASD (11). Several tests of sensorimotor function display deficits
in subjects with ASD, including prepulse inhibition (40), a sen-
sorimotor gating test that can be applied in mice. In a compari-
son with WT littermate controls, SERT Ala56 mice displayed
a genotype by prepulse amplitude interaction effect on acoustic
startle amplitude and prepulse inhibition of startle, reflecting
an increased startle response at baseline that attenuated with
increasing prepulse amplitudes (Fig. S8 A and B). To assess
spontaneous repetitive behavior, we performed noninvasive, au-
tomated monitoring of animals in the home cage. Although many
behaviors were found to be normal in these studies, we observed
that SERT Ala56 mice spent a significantly greater time hanging
from the wire cage lid relative to WT littermates (P < 0.05; Fig.
2H). Time hanging was significantly correlated with the number
of bouts of hanging (Pearson R = 0.749, P < 0.001). Indeed,

examination of recordings revealed that SERT Ala56 animals
climbed up to hang briefly on the wire lid and then returned back
to the floor of the cage, repeating this behavior an average of
approximately 1,000 times over a 24-h recording period (P =
0.019; Fig. 2I). Other potential repetitive behaviors, including
grooming, were not found in the home cage (Fig. 2H). We also
did not see abnormalities in marble burying (Fig. S9), a test of
repetitive behavior proposed to be relevant to ASD (41).

Discussion
These studies describe biochemical, physiological and behavioral
traits that derive from the conversion of a single amino acid, Gly56,
in SERT. Although conversion of Gly to Ala is a relatively minor
change of structure, the SERTN terminus supports multiple SERT
protein associations that may be impacted (23, 42–44). In this re-
gard, SERT associates with proteins that influence the trans-
porter’s phosphorylation state, including the catalytic subunit of the
Ser/Thr phosphatase PP2A (45) and PKG1 (46); although sites
supporting these associations have not been defined. As the Ala56
variant does not create or alter a canonical phosphorylation site, we
suspect that the alteration modifies the secondary structure of the
N terminus to permit enhanced access of one or more kinases (or
restricted access of a protein phosphatase) to either the N terminus
itself or a nearby cytoplasmic phosphorylation site. The SERT N
terminus is directly connected to transmembrane domain 1, a do-
main that participates in 5-HT binding during the translocation
process (47, 48). We hypothesize therefore that SERT Ala56-in-
duced changes in N-terminal structure, protein associations, or
phosphorylation, lock the transporter in a high-affinity conforma-
tion for 5-HT. Such an effect could lead to diminished availability
of 5-HT for signaling and effectively eliminate the flexibility needed
for SERT activity to track changes in 5-HT release. As proper
control of 5-HT availability is vital to normal brain development
(18–21), constitutively diminished 5-HT availability could lead to
alterations in brain wiring and enduring changes in behavior.
The pattern of alterations in whole blood 5-HT levels, midbrain

5-HT neuron firing, and receptor sensitivities in the SERT Ala56
mouse reflects homeostatic changes in response to the primary
change in SERT. Hyperserotonemia in the Ala56 mouse is con-
sistent with the role of SERT in platelet 5-HT uptake and with
prior studies showing that mice lacking SERT show essentially no
whole-blood 5-HT (9, 49). Although no changes were found in
brain tissue 5-HT levels in the SERT Ala56 mice, we suspect that
tryptophan hydroxylase activity can be readily modified to reduce
5-HT biosynthetic capacity. Platelets lack this mechanism of ho-
meostatic control, as they do not synthesize 5-HT but rather ac-
cumulate 5-HT released by duodenal enterochromaffin cells as
they circulate through the gut (49). Moreover, tissue levels are
a poor correlate of the synaptic availability of 5-HT, which likely
depends more on smaller, readily releasable pools of neuro-
transmitter and the inherent excitability of 5-HT neurons. Our
findings of altered basal firing of raphe neurons in vitro and in-
creased sensitivity of SERT Ala56 animals to challenge with
5HT1A and 5HT2A receptor agonists provides critical evidence
that the changes seen in 5-HT clearance translate into behav-
iorally relevant changes in 5-HT signaling.
Substantial ethological differences exist between mice and

humans, and scientists have, to date, generated only a few mouse
models derived from gene variants identified in ASD (50–54). It is
thus not possible to assert that a particular set of behavioral ab-
normalities directly models ASD in a mouse. We believe that, at
this time, it is more reasonable to identify how genetic variation
impacts mouse behavior, with the goal of identifying underlying
changes in brain function that may be conserved in man and which
can promote an understanding of the deficits arising inASD.Given
that SERT Ala56 represents a susceptibility variant, rather than
a highly penetrant, monogenic cause of ASD (11, 17), we do not
expect animals expressing the variant to model all aspects of ASD.
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The impact of susceptibility variants is expected to vary depending
on the presence of other genetic or environmental factors. Thus,
the biochemical, physiological, and behavioral changes seen in an
animal model of a susceptibility variant could offer many, or few,
parallels to the human disorder. Further, individuals with ASD
show considerable heterogeneity in clinical symptoms and genetic
susceptibility, and an animal model of a susceptibility variant
could therefore show some features that arise in only a subset of
individuals (55). Further research is needed to understand how
other genetic or environmental factors modulate the phenotypes
that we observed in the SERT Ala56 mice, as well as the in-
teraction between this variant and other risk factors in individuals
with ASD (11).
We find potential parallels of ASD-associated deficits in the

SERT Ala56 mice. ASD is a disorder of pediatric onset. The
decrease in ultrasonic vocalizations we observe in SERT Ala56
pups suggests an early emergence of the impact of 5-HT on the
capacity or drive for communication. Social interaction deficits in
ASD persist into adulthood. The tube test represents an etho-
logically valid mouse social interaction with a binary outcome that
may be particularly sensitive to changes in social proficiency (39).
Interestingly, Duvall and colleagues (56) identified a male-pre-
dominant, quantitative trait locus for social responsiveness
in multiplex ASD families on chromosome 17q, including the
SLC6A4 gene region. Consistent with this, we observed a lack of
preference by adult SERT Ala56 mice for a social stimulus in
the three-chamber test. Finally, SERT Ala56 has been associ-
ated with sensory aversion in ASD subjects (11). Although we
observed only a modest enhancement in the startle response
during prepulse inhibition tests, more sensitive studies are
needed that examine the physiological properties of the sensory
fields of mice and the ability of animals to integrate sensory
information as these functions are known to be under the in-
fluence of 5-HT during development and in the adult (19–21).
Rigid-compulsive behavior (57) is significantly elevated in

SERT Ala56 carriers and in a combined group comprising SERT
Ala56 carriers and other carriers of rare, hyperfunctional SERT
coding variants (11). It is difficult to predict how a genetic de-
terminant of rigid-compulsive behavior in humans will manifest
in an animal model. The repetitive bouts of hanging from the
wire cage lid we observe in these mice may represent a novel
parallel of the repetitive, nonfunctional routines that are com-
mon in ASD (1), although other interpretations are possible.
Importantly, the repetitive hanging phenotype was identified in
the context of many normal behaviors and in the animals’ home
cage, suggesting that we detected a spontaneous, rather than
experimentally induced, repetitive behavior.
The biochemical, physiological, and behavioral results in the

SERT Ala56 animals also have some important limitations. First,
it is not clear how the specific change from Gly56 to Ala56 leads
to increased p38-MAPK–sensitive basal phosphorylation, whether
by way of altered SERT tertiary structure or disrupted protein–
protein interactions in the N-terminal domain where Gly56 is
expressed. Further work is needed to understand these mecha-
nisms, including identifying the residues at which phosphorylation
occurs and the kinases or phosphatases that act at these residues.
Second, we studied only homozygous animals to maximize our
ability to detect phenotypes. Future studies will be needed to
understand whether similar biochemical, physiological, and be-
havioral phenotypes are found in animals with only one copy of the
SERT Ala56 variant. Third, the low activity seen in some animals
in the elevated plus-maze and three-chamber sociability test limit

the interpretation of these data. This low activity level appears to
be a result of the inbred strain background (35, 36) and does not
differ by genotype. When coupled with the ultrasonic vocalization
and tube test results, however, the overall data are consistent with
a change in social function. Further experiments conducted on
other inbred strain backgrounds may clarify the lack of preference
for social stimuli in the SERT Ala56 mice. Finally, in contrast
with increased grooming behavior observed in some other mouse
models of ASD-associated genetic variation (52, 54, 58), the in-
creased climbing/hanging behavior we observed in the SERT
Ala56 mice is a repetitive behavior that has not previously been
described to our knowledge. The difference in the pattern of ob-
served repetitive behavior in the SERT Ala56 mice, in contrast
to other models of ASD susceptibility, could reflect the fact that
expression of this susceptibility variant is limited to a single, neu-
rochemically defined pathway. Further experiments will be nec-
essary to connect this behavior to changes in underlying circuits.
As autism is a neurodevelopmental disorder, it will be impor-

tant to now investigate the temporal profile and developmental
requirements for constitutively elevated 5-HT transport in the
changes we observe in the SERT Ala56 mice. Excess 5-HT clear-
ance during early stages of development could influence neuronal
migration, axonal projections, and synapse development in these
mice, as indicated by other developmental manipulations that
target 5-HT signaling (19, 20, 59). Our constitutively expressed
variant also does not speak to the important sites of expression of
SERT Ala56 in dictating phenotypes. SERT is not only expressed
in the developing andmature brain but also in gut, platelet, adrenal
gland, immune cells, pancreas, and lung. Moreover, Bonnin and
coworkers have shown that the placenta, which expresses high
levels of SERT (60, 61), is a source of forebrain 5-HT during
gestation and is important for normal axonal trajectories (62).
Modulating 5-HT levels or transporter function to assess the re-
versibility of these phenotypes could yield insight into the de-
velopmental impact of increased and dysregulated SERT function.
Ultimately, studies that allow for temporal and spatial control of
the SERT Ala56 variant are needed to answer these questions.
Finally, ASD is a disorder with few therapies and none that con-
sistently reverse major deficits. We believe that the SERT Ala56
model offers an opportunity to pursue genetic and pharmacolog-
ical studies that can both probe ASD mechanisms and possibly
identify novel therapeutic targets.

Materials and Methods
All animal procedures were in accordance with the National Institutes of
Health Guide for the Care andUse of Laboratory Animals and approved by the
Vanderbilt University, Medical University of South Carolina, or University of
TexasHealthScienceCenter InstitutionalAnimalCareandUseCommittee.SERT
Ala56 knock-in mice were constructed as previously described (22). Details of
methods related to synaptosome preparation, Western blotting, citalopram
binding, SERT phosphorylation, HPLC, immunohistochemistry, in vivo elec-
trochemical recordings, slice preparation, electrophysiological recordings, and
behavioral experiments are provided in SI Materials and Methods.
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