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Enhanced mammalian target of rapamycin (mTOR) signaling in the brain has been implicated in the
pathogenesis of autism spectrum disorder (ASD). Inhibition of the mTOR pathway improves behavior
and neuropathology in mouse models of ASD containing mTOR-associated single gene mutations. The
current study demonstrated that the amino acids histidine, lysine, threonine inhibited mTOR signaling
and IgE-mediated mast cell activation, while the amino acids leucine, isoleucine, valine had no effect
on mTOR signaling in BMMCs. Based on these results, we designed an mTOR-targeting amino acid diet
(Active 1 diet) and assessed the effects of dietary interventions with the amino acid diet or a multi-
nutrient supplementation diet (Active 2 diet) on autistic-like behavior and mTOR signaling in food
allergic mice and in inbred BTBR T + Itpr3tf/J mice. Cow’s milk allergic (CMA) or BTBR male mice were
fed a Control, Active 1, or Active 2 diet for 7 consecutive weeks. CMA mice showed reduced social
interaction and increased self-grooming behavior. Both diets reversed behavioral impairments and
inhibited the mTOR activity in the prefrontal cortex and amygdala of CMA mice. In BTBR mice, only
Active 1 diet reduced repetitive self-grooming behavior and attenuated the mTOR activity in the
prefrontal and somatosensory cortices. The current results suggest that activated mTOR signaling path-
way in the brain may be a convergent pathway in the pathogenesis of ASD bridging genetic background
and environmental triggers (food allergy) and that mTOR over-activation could serve as a potential
therapeutic target for the treatment of ASD.

� 2016 Published by Elsevier Inc.
1. Introduction

Autism spectrum disorder (ASD) is characterized by severe and
pervasive impairments in communication and social interaction,
and by the presence of stereotyped or repetitive behaviors and
interests (Kohane, 2015; Matson and Goldin, 2014). The etiology
of ASD is thought to be multifactorial and involves a complex
genetic background but also environmental triggers. Genome-
wide association studies, copy number variation screening, and
SNP analyses have identified several ASD candidate genes (Carter
and Scherer, 2013; Ehninger and Silva, 2009; De Rubeis et al.,
2014; Iossifov et al., 2014). There is also increasing evidence
indicating that immune dysfunction in ASD individuals may also
play a role in the pathophysiology of ASD (Croen et al., 2015; de
Theije et al., 2011; Onore et al., 2012; Zerbo et al., 2015). An
increased intestinal permeability was found in patients with ASD.
(de Magistris et al., 2010). Furthermore, it was demonstrated that
food allergy in children with ASD is associated with higher scores
of stereotyped behavior (Lyall et al., 2015). These studies indicate
that intestinal immune dysfunction, including food allergy, may
cause disturbances in the pathways underlying the so-called
‘gut-immune-brain axis’, which may fundamentally contribute to
the development of ASD (Kraneveld et al., 2014; Onore et al., 2012).

The mammalian target of rapamycin (mTOR) signaling pathway
is a critical regulator in various cellular processes including protein
synthesis and synaptic plasticity (Ebrahimi-Fakhari and Sahin,
2015; Wang and Doering, 2013). Findings from various
single-gene mutant mouse models suggest that enhanced mTOR
signaling may play a central role in the pathophysiology of ASD
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and pharmacological attenuation of the mTOR signaling pathway
rescued various ASD-relevant phenotypes ranging from behavioral
impairments to morphological abnormalities in the brain
(Ehninger et al., 2008; Gkogkas et al., 2013; Sharma et al., 2010;
Zhou et al., 2009). In the BTBR inbred mouse model for ASD rapa-
mycin improved several measures of sociability (Burket et al.,
2014). In addition, inhibition of the mTORC1 pathway by rapamy-
cin reversed the autistic-like behaviors in CMA mice that were
associated with enhanced phosphorylation of mTOR downstream
proteins p70 S6K and 4E-BP1 in the prefrontal cortex and amygdala
(Wu et al., 2015). Despite the fact that rapamycin showed promis-
ing capacities to reverse behavioral deficits in various murine mod-
els of autism, due to the ubiquitous inhibition of mTOR pathway,
the clinical use of rapamycin as an immunosuppressive drug leads
to diverse side effects, ranging from acute side effects to long-term
ones (Aguiar et al., 2015; Geissler, 2015).

An alternative approach targeting mTOR is using specific amino
acids that are not only the basic building blocks for protein synthe-
sis, but are also implicated in regulation of mTORC1 activation
(Bar-Peled and Sabatini, 2014; Efeyan et al., 2012). In murine mam-
mary epithelial cells, threonine, histidine, and lysine inhibited p70
S6K1 phosphorylation both individually and as a mix (Prizant and
Barash, 2008). For screening purposes, the first part of the present
study examined the effects of individual and combined amino
acids on mTOR signaling, antigen-specific degranulation, and cyto-
kine production in bone-marrow derived mast cells (BMMCs).
Based on the results from the in vitro experiments, a specific amino
acid diet for in vivo studies was designed (Active 1 diet), aimed to
attenuate the mTOR signaling pathway in ASD-related brain
regions and to improve behavioral impairments in a mouse model
of CMA and in an inbred BTBR T+Itpr3tf/J (BTBR) mouse strain for
ASD. The efficacy of this diet was compared to a control diet and
a diet of low-glycemic index carbohydrates, dietary fibers, high
trypthophan content and a lipid profile that predominantly dif-
fered in DHA and EPA content (Active 2 diet). The Active 2 diet
was previously demonstrated to have neuroprotective and anti-
inflammatory effect and to ameliorate behavioral impairments in
a prenatal valproate-induced murine model for ASD (de Theije
et al., 2014a,b; de Theije et al., 2015a,b).

The current results suggest that both the mouse model of CMA
as well as the BTBR mouse model for ASD can serve as an attractive
translational platform to evaluate the therapeutic efficacy of
mTOR-targeting interventions including specific medical diets.
Targeting the dysregulated mTOR signaling pathway with nutri-
tional interventions may offer a new approach in the management
of ASD.
2. Materials and methods

2.1. In vitro mast cell studies

2.1.1. Mouse bone-derived marrow cells (BMMCs) culture and
treatment

BMMCs were generated from the femur bone marrow cells of
male C3H/HeOuJ mice as previous described (Mortaz et al., 2008,
2006). In short, bone marrow cells were cultured for 3 weeks in
RPMI 1640 with glutamine and phenol red (Lonza, Switzerland)
supplemented with 10% FCS, 1% penicillin-streptomycin solution
(Sigma-Aldrich, Zwijndrecht, The Netherlands), 2 lM sodium pyru-
vate (Sigma-Aldrich, Zwijndrecht, The Netherlands), 6 ll 2-
mercaptoethanol (Sigma-Aldrich, Zwijndrecht, The Netherlands)
and 20 ml MEM non-essential amino acid solution (GIBCO, USA)
combined with 1 ng interleukin 3 (mouse IL-3; Prospec, USA) and
2 ng stem cell factor (mouse SCF; Prospec, USA), at 37 �C in a
humidified atmosphere with 5% CO2.
After 4 weeks BMMCs were sensitized with 15% anti-2,4-
dinitrophenol (DNP) IgE from hybridoma clone 26.82 as previously
described (Karimi et al., 2004; Mortaz et al., 2008). After overnight
sensitization, BMMCs were washed and incubated at a concentra-
tion of 5 x 106 cells/ml for 30 min with:

1. 1, 200, 500, or 1000 nM rapamycin (Rapa, LC labs, Woburn, MA,
USA) or

2. with 0.4 or 10 mM single amino acids, histidine (His), lysine
(Lys), threonine (Thr), leucine (Leu), isoleucine (Ile) or valine
(Val) (Sigma Aldrich, Zwijndrecht, the Netherlands), or amino
acid combinations.

Afterwards, BMMCs were activated with 2,4-dinitrophenyl con-
jugated to human serum albumin (DNP-HAS), at indicated concen-
trations to assess acute degranulation or 4 hours’ cytokine
production. Supernatants were collected at several time points.
Subsequently, lysis buffer containing SDS loading buffer, complete
mini protease inhibitor cocktail tablets (Roche, Almere, The
Netherlands), phosphatase inhibitor cocktail (Calbiochem, Amster-
dam, The Netherlands), 5% dithiothreitol (DTT, Sigma, USA), ben-
zonase nuclease (Calbiochem, Amsterdam, The Netherlands) was
added to the BMMCs to obtain cell lysates. Supernatants and cell
lysates were stored at 20 �C until further analysis.

2.1.2. Mast cell degranulation
To measure acute degranulation, b-hexosaminidase assay

was performed as previously described (Karimi et al., 2004;
Mortaz et al., 2008). The percentage of degranulation was
calculated as: [(A � B)/(T � B)] � 100 where A is the amount of
b-hexosaminidase released from stimulated cells, B is the release
of b-hexosaminidase from unstimulated cells, and T is total cellular
b-hexosaminidase content.

2.1.3. Mast cell cytokine production
Quantification of both IL-6 and tumor necrosis factor-a (TNF-a)

was performed using the ELISA MAXTM Standard Sets (BioLegend,
USA) according to the manufacturer’s instructions.

2.2. In vivo mouse studies

2.2.1. Animals
All animal procedures were approved by and conducted in strict

compliance with the guidelines of the Animal Ethics Committee of
Utrecht University (approval number: 2012.I.04.054 and 2014.
I.02.009). Four-week-old specific pathogen free male C3H/HeOuJ
mice were purchased from Charles River Laboratories (L’Arbresle
Cedex, France). Four-week-old male BTBR T+Itpr3tf/J and C57BL/6
mice were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). All animals were housed under a 12 h light/dark cycle
with free access to food and water ad libitum in groups of 4 or 5
mice per cage at the animal facility of the Utrecht University,
Utrecht, The Netherlands.

2.2.2. Induction of cow’s milk allergy in mice
The CMA mouse model (Fig. 1A) was conducted as described

previously (Schouten et al., 2010; Wu et al., 2015). Male C3H/
HeOuJ mice were intragastrically (i.g.) sensitized with 20 mg whey
(DMV International, Veghel, The Netherlands), with 10 lg cholera
toxin (CT, List Biological Laboratories, Campbell, CA, USA) as an
adjuvant in 0.5 ml PBS. Control mice received CT alone. Mice were
sensitized once a week for 5 consecutive weeks. One day after the
last sensitization, self-grooming behavior of the mice was assessed.
One week after the last sensitization, mice were challenged i.g.
with 50 mg whey/0.5 ml PBS. Increased whey-specific IgE, IgG1,
and IgG2a levels were measured in the serum of CMA mice,



Fig. 1. Schematic overview of two animal experiments. (A) The mouse model of CMA, n = 10 mice per group. (B) The BTBR mouse model of autism, n = 9 mice per group.
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confirming the allergic sensitization to whey. One day after chal-
lenge, social interaction of the mice was assessed. Afterwards, mice
were sacrificed to collect brain tissues for further analysis.

2.2.3. Dietary intervention
The iso-caloric diets were produced by Research Diet Services

(Wijk bij Duurstede, the Netherlands) and were based on standard
food for laboratory rodents AIN-93G (Reeves et al., 1993). The com-
positions of the Control, Active 1, Active 2 diets are presented in
Table S1 (Supplementary data). Compared to Control diet, Active
1 diet contained relative high levels of the amino acids His, Lys,
and Thr and relatively low levels of the amino acids Leu, Ile, and
Val. The Active 2 diet consisted of low-glycemic index carbohy-
drates, dietary fibers, high tryptophan content and a lipid profile
that predominantly differed in docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) content. The diets differed in the rela-
tive amounts of the amino acids Leu, Ile, and Val as compared to
His, Lys, and Thr. The weight to weight ratios of [Leu + Ile + Val]/
[His + Lys + Thr] for the respective diets were 1.53 (Control), 0.67
(Active 1), and 1.32 (Active 2).

To study the effects of dietary intervention in the CMA model,
C3H/HeOuJ mice were fed the Control, Active 1 or Active 2 diet,
starting 2 weeks prior to the first sensitization and continued dur-
ing the entire experiment (Fig. 1A).

For dietary intervention study in the BTBR mouse model for
ASD, BTBR mice or C57BL/6 control mice were fed the Control,
Active 1, or Active 2 diet for 7 consecutive weeks (Fig. 1B). Around
7 weeks of dietary treatment, all mice were subjected to social
interaction and grooming tests as indicated in Fig. 1. Subsequently,
mice were sacrificed and serum and tissues were collected for fur-
ther analysis.

2.2.4. Social interaction test
Social interaction test was performed as described previously

(de Theije et al., 2014a,b; Wu et al., 2015). In short, test mice were
individually placed in a 45 � 45 cm open field, with a small perfo-
rated Plexiglas cage (10 cm diameter) located against one wall
allowing visual, olfactory and minimal tactile interaction under
day light conditions (Fig. 4A). Test mice were habituated to the
open field for 5 min (habituation phase; no target) and a strain-
and age-matched unfamiliar target male mouse was introduced
in the small cage for an additional 5 min (interaction phase;
target). By using video tracking software (EthoVision 3.1.16,
Noldus, Wageningen, The Netherlands), an interaction zone around
the cage was digitally determined. Time spent in the interaction
zone, latency until first occurrence in the interaction zone and total
distance moved by test mice were measured. Test mice were
subjected to one social behavioral test. Strain- and age-matched
unfamiliar target males were used in maximal 3 trials. Arenas were
cleaned with water followed by 70% ethanol after each test.

2.2.5. Self-grooming
The mice were scored for spontaneous grooming behaviors as

described earlier (Crawley, 2012; Kas et al., 2014). Each mouse
was placed individually in an empty home cage (35 cm
length � 20 cm wide � 13 cm high) without bedding under day
light conditions for 15 min and video recordings were used for
behavioral scorings of frequency and cumulative time spent
grooming all body regions. After a 5 min habituation period in
the cage, each mouse was scored blindly for 10 min by two inde-
pendent researchers using The Observer XT software (Noldus
Information Technology, Wageningen, The Netherlands). Inter-
rater reliability for the self-grooming tests in the mouse model of
CMA was 96% and in the BTBR mouse model was 98.7%. The arenas
were cleaned with water followed by 70% ethanol after each test.

2.2.6. Brain tissues
After decapitation, brain tissues were immediately isolated

from mice, snap frozen in 2-methylbutane (Sigma-Aldrich, Zwijn-
drecht, The Netherlands) and dry ice, and stored at �70 �C. Coronal



Fig. 2. Effect of rapamycin on mTOR signaling pathway, acute degranulation, and cytokine production of antigen-specific mast cell activation. (A) The densities of
phosphorylation of mTOR, p70 S6K and 4E-BP1 were divided by the corresponding density of the non-phosphorylated corresponding protein. (B) Rapamycin inhibited
acute degranulation of IgE-sensitized BMMCs induced by several concentrations of DNP-HSA in a dose-dependent manner. Data are presented as the mean ± SEM,
n = 3, two-way ANOVA followed by a Bonferroni’s multiple comparisons test with repeated measures was conducted. Curve a VS control: P = 0.0002, b VS control:
P < 0.0001, c VS control: P < 0.0001, d VS control: P < 0.0001. Rapamycin inhibited IL-6 (C) and TNF-a (D) productions of IgE-activated BMMCs (10 ng/ml DNP-HSA) in
a dose-dependent manner. Data are presented as the mean ± SEM, n = 3, one-way ANOVA followed by a Bonferroni’s multiple comparisons test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.

276 J. Wu et al. / Brain, Behavior, and Immunity 59 (2017) 273–287
slices of approximate 500 lm were sectioned using a cryostat
(Model700, Laméris Instruments, Utrecht, The Netherlands). Bilat-
eral brain regions (prefrontal cortex, amygdala, somatosensory
cortex) were isolated from the coronal slices using a scalpel. The
coronal slices for the isolation of prefrontal cortex, amygdala, and
somatosensory cortex were sectioned from bregma 2.34 mm to
bregma 1.34 mm, from bregma �0.58 mm to bregma �2.06 mm,
and from bregma 0.50 mm to bregma �1.06 mm, respectively. To
prepare cell lysates, frozen tissues were sonicated in lysis buffer
containing RIPA buffer (Fisher Scientific, Landsmeer, The Nether-
lands), complete mini protease inhibitor cocktail tablets (Roche,
Almere, The Netherlands), benzonase nuclease, AEBSF, and phos-
phatase inhibitor cocktail (Calbiochem, Amsterdam, The Nether-
lands). Homogenate was centrifuged at 14,000 rpm for 20 min.
Then supernatant was collected and stored at �20 �C until further
analysis.

2.2.7. Intestinal tissue
After sacrificing C3H/HeOuJ mice, the proximal and distal seg-

ments of small intestine were isolated and stored in RNAlater (Qia-
gen GmbH, Hilden, Germany) at �70 �C until further analysis
(Kerperien et al., 2014).



Fig. 3. Effect of single amino acids and amino acid combinations on mTOR signaling pathway, acute degranulation, and cytokine production of antigen-IgE-activated BMMCs.
The specific amino acids His, Lys, Thr, and the amino acid combination of His, Lys, Thr inhibited the phosphorylation of p70-S6K in antigen-induced activation of BMMCs (A–C
and G). Leu, Ile, Val, and the combination of Leu, Ile, Val had no effect on the phosphorylation of p70-S6K in antigen-IgE-activated BMMC (D-F and H). The densitometric data
are presented as mean relative density ± SEM, n = 3 of two independent experiments. The single amino acids His, Lys, Thr, and the combination of His, Lys, Thr inhibited
antigen-induced degranulation of BMMCs in a dose-dependent manner (I). The single amino acids Lys, His, Thr and the amino acid combination of His, Lys, Thr inhibited
antigen-induced IL-6 production of BMMCs at 4 h (J). All mast cell activity data shown represent the mean ± SEM, n = 4. One-way ANOVA followed by a Bonferroni’s multiple
comparisons test was conducted. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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2.3. Western blotting

Protein concentration was determined using BCA kit (Pierce,
Rockford, USA). For western blotting, 30 lg of sample was used
to detect the phosphorylation of mTOR and AKT, or 55 lg of sample
was used to detect the phosphorylation of p70 S6K. The western
blotting was performed as described before (Wu et al., 2015).
The primary antibodies against phospho-mTOR (Ser2448, #5536),
mTOR (#2972), phospho-AKT (Ser473, #4060), AKT (#9272),
phospho-p70 S6K (Thr389, #9205), p70 S6K (#9202), phospho-
4E-BP1 (Thr37/46, #9459), and 4E-BP1 (#9452) were obtained
from Cell Signaling Technology, Leiden, The Netherlands. The
immunoreactive bands were detected by ECL prime kit (Health
Care, Amsterdam, The Netherlands) and the results were normal-
ized to GAPDH or to the non-phosphorylated corresponding pro-
tein using quantitative densitometry (Bio-Rad, Veenendaal, The
Netherlands) and reported as relative band densities. Membranes
were reprobed for a maximal of 3 times with different primary
antibodies after stripping the membranes with Restore Western
Blot Stripping buffer (Pierce, Rockford, USA).
2.4. mRNA expression analysis

The total RNA of the small intestine of C3H/HeOuJ mice was
isolated using the RNAeasy kit (Qiagen, Germantown, MD, USA)
and was reverse transcribed into cDNA using the iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA). After cDNA synthesis,
real-time PCR was performed using iQ SYBR Green supermix
kit (Bio-Rad, Hercules, CA USA) with the CFX 96 Real-time
system (BioRad, Hercules, CA USA). Ribosomal protein S13
(Rps13) was used as reference gene. Relative target mRNA was
calculated by applying the formula: relative mRNA
expression = 100 � 2Ct[Rps13] � Ct[target mRNA] (García-Vallejo et al.,
2004). Primers for interleukin (IL) 10, transforming growth factor
(TGF)-b, and T cell-associated transcription factors T-bet, Gata-3,
RORc and FoxP3, were commercially purchased from
SABiosciences-QiagenGmbH (Hilden, Germany).
2.5. Measurements of serum mMCP-1 and whey-specific
immunoglobulins

16 Hours after oral challenge, serum of C3H/HeOuJ mice was
collected. To assess mast cell activation concentration of mouse
mast cell protease-1 (mMCP-1) in 10 times diluted serum was
measured by commercially available ELISA kits (BD Biosciences,
Alphen aan de Rijn, The Netherlands) according to the manufac-
turer’s protocol. Concentrations of whey-specific immunoglobulins
IgE, IgG1 and IgG2a in 10, 100 or 1000 times diluted serum were
measured by ELISA according to the protocol described previously
(de Theije et al., 2014a,b).



Fig. 4. Effect of dietary intervention with either Active 1 or Active 2 diet on social behavior in CMA mice and BTBR mice. (A) Schematic representation of the social interaction
test. (B) CMA mice exhibited lack of sociability, defined as reduced time spent in the interaction zone compared to time of control mice spent in the interaction zone. Dietary
intervention with either Active 1 or Active 2 diet rescued the social deficit in CMA mice. (C) BTBR mice spent significantly more time in the interaction zone compared to
C57BL6 mice during the interaction session, irrespective of the dietary interventions. (D) CMA mice exhibited lack of sociability as the latency of first approach to the
interaction zone was significantly increased in CMA mice compared to that in control mice. Dietary intervention with either Active 1 or Active 2 diet ameliorated the
increased latency in CMA mice. (E) It took less time, but not significantly, for BTBR mice to approach the interaction mouse compared to C57BL/6 mice. Dietary intervention
with either Active 1 or Active 2 diet did not affect the latency in both C57BL/6 mice and BTBR mice. (F) The locomotor activity, measured by moved distance, during either the
habituation phase (no target) or the interaction phase (target) was barely affected in both CMAmice and control mice, irrespective of the dietary interventions. (G) BTBR mice
displayed significantly increased locomotor activity during the habituation phase. During the habituation phase or the interaction phase, dietary intervention with either
Active 1 or Active 2 diet did not affect the locomotor activity in both C57BL/6 mice and BTBR mice. Two-way ANOVA followed by a Bonferroni’s multiple comparisons test was
conducted and data are presented as mean time (s) ± SEM for (B and C) and as Box-and-Whisker Turkey plots for (D and E) and mean distance moved (cm) for (F and G). Dots
in (D and E) are outliers but they were not excluded from analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For latency, Kruskal-Wallis test followed by a Dunn’s multiple
comparisons test was conducted and data are presented as mean time (s) ± SEM, *P < 0.05. (B, D and F) n = 10 per group; (C, E and G) n = 9 per group.
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2.6. Statistical analysis

Experimental results are expressed as mean ± S.E.M. For effect
of different rapamycin concentrations on acute degranulation of
IgE-mediated BMMCs, data were analyzed with two-way ANOVA.
For effect of single amino acids and amino acid combinations on
phosphorylation of p70-S6K, acute degranulation, and IL-6 produc-
tion of antigen-IgE-activated BMMCs, differences between groups
were statistically determined with a one-way ANOVA. For effect
of dietary interventions on phosphorylation of mTOR-associated
proteins in specific brain regions of CMA and BTBR mice, results
were statistically analyzed using a two-way ANOVA with
between-subject factors Model, having two levels (Control-CMA,
or C57BL/6-BTBR), and Diet, having 3 levels (Control-Active
1-Active 2). Where appropriate, the within-subject factor Phase,
having 2 levels (habituation phase: no target and interaction
phase: target), was added as a repeated measure (three-way
ANOVA). Due to the fact that latency time data were not normally
distributed, Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test was conducted for latency of first approach to the
interaction zone in the social interaction test. For effect of dietary
intervention on expression of T cell-associated factors, data were
analyzed with two-way ANOVA. For effect of dietary interventions
on serum immunoglobulin and mMCP-1 levels, data were analyzed
with two-way ANOVA. Log transformed data were used to obtain
normality for serum immunoglobulin and mMCP-1 levels. For all
ANOVAs, significant main effects and interactions were followed
by Bonferroni’s multiple comparisons test. Differences were con-
sidered statistically significant when P < 0.05. Analyses were per-
formed using either IBM SPSS Statistics 20 for three-way ANOVA
or GraphPad Prism, version 6.02 for other statistical analysis.
3. Results

3.1. Effect of single amino acids or amino acid combinations on mTOR
signaling and activity of IgE-sensitized mast cells after antigen
stimulation, in vitro studies

To examine the importance of mTOR signaling in antigen-
specific mast cell activation, we first investigated the effect of
rapapmycin on the phosphorylation of key elements of mTORC1
pathway including mTOR, p70 S6K, and 4E-BP1 in IgE-sensitized
BMMCs after antigen stimulation. It was shown that mTOR, p70
S6K, and 4E-BP1 are phosphorylated in response to antigen stimu-
lation within 30 min (Fig. 2A). Rapamycin did not affect the phos-
phorylation of mTOR while it inhibited the phosphorylation of p70
S6K and 4E-BP1 (Fig. 2A and Fig. S1 in Supplementary Material).
We further investigated the effect of rapamycin on antigen-
specific degranulation and cytokine production in BMMCs. It was
shown that inhibition of mTORC1 activity by rapamycin resulted
in an inhibition of antigen-specific mast cell degranulation
(Fig. 2B) and IL-6 and TNF-a production (Fig. 2C and D) in a
dose-dependent manner. The tested rapamycin concentrations
had no effect on cell viability of antigen-IgE activated BMMCs
(Fig. S2A).

To investigate whether the regulation of mast cell activation by
specific amino acids or amino acid combinations involves the
mTORC1 pathway, we examined the effect of single amino acids
or amino acid combinations on the mTORC1 pathway in antigen-
IgE stimulated BMMCs. At a concentration of 10 mM, the single
amino acids His, Lys, Thr and the combination of His, Lys and Thr
inhibited antigen-induced enhancement of p70 S6K phosphoryla-
tion (F4, 5 = 49.89, P = 0.0003 for His, Fig. 3A; F4, 5 = 44.53,
P = 0.0004 for Lys, Fig. 3B; F4, 5 = 18.25, P = 0.0035 for Thr,
Fig. 3C; F4, 5 = 284.6, P < 0.0001 for the combination of His, Lys,
Thr, Fig. 3G). The single amino acids Leu, Ile, Val and the combina-
tion of Leu, Ile, Val did not affect the antigen specific upregulation
of p70 S6K phosphorylation (Fig. 3D, E, F, H, and Fig. S2 in the
Supplementary Material).

The effect of single His, Lys, Thr and the combination on
antigen-specific mast cell degranulation and cytokine production
was further investigated. The single amino acids His, Lys, Thr and
the combination inhibited antigen-mediated mast cell degranula-
tion in a dose-dependent manner, as assessed by means of
b-hexosaminidase release (F2, 9 = 30.92, P < 0.0001 for His;
F2, 9 = 147.7, P < 0.0001 for Lys; F2, 9 = 12.48, P < 0.01 for Thr;
F2, 9 = 50.83, P < 0.0001 for the combination; Fig. 3I). To investigate
the effect of amino acids on cytokine production of antigen-specific
activated BMMCs, IL-6 production was measured 4 h after stimula-
tion of IgE-sensitized BBMCs with DNP-HSA. The single His, Lys,
Thr and the combination inhibited IL-6 production in a dose-
dependent manner (F2, 9 = 167.9, P < 0.0001 for His; F2, 9 = 18.73,
P < 0.001 for Lys; F2, 9 = 10.05, P < 0.01 for Thr; F2, 8 = 26.24,
P < 0.001 for the combination; Fig. 3J). Supplementation of differ-
ent concentrations of single amino acids or amino acid combina-
tions had no effect on cell viability as measured by LDH release
(Fig. S1B and C). Based on these results, a specific amino acid diet
was designed for in vivo studies that contained increased relative
amounts of His, Lys, and Thr and reduced relative amounts of
Leu, Ile, and Val, to attenuate the mTOR signaling pathway
(Table S1 in the Supplementary Material, Active 1 diet).

3.2. Both Active 1 and Active 2 diets improved social behavior of CMA
mice

CMA mice were fed the Active 1 or Active 2 diet and exposed to
a social interaction test one day after oral challenge with the aller-
gen whey. A two-way ANOVA showed a significant interaction
between Model and Diet (F2, 53 = 4.184, P = 0.0205). CMA mice on
the Control diet spent significantly less time with the interaction
mouse compared to non-allergic control mice (P = 0.0125,
Fig. 4B). Social behavior was normalized when CMA mice were
fed the Active 1 (P = 0.0055) or Active 2 diet (P = 0.0020). Latency
of first approach to the interaction mouse was significantly
increased in CMA mice compared to control mice fed Control diet
(Kruskal-Wallis test: P = 0.0106, Dunn’s multiple comparison test:
P = 0.0196, Fig. 4D). The increased latency in CMA mice was not
observed when CMA mice were fed the Active 1 or Active 2
diet. For distance travelled, a three-way ANOVA showed a
significant interaction between Phase and Model (F1, 54 = 4.219,
P = 0.045), but no significant interaction between Phase and
Diet (F2, 54 = 0.530, P = 0.592) or between Phase, Model, and Diet
(F2, 54 = 0.364, P = 0.696). Thus, locomotor activity of the control
and CMA mice fed different diets did not significantly differ
between groups during either the habituation phase (no target)
or the interaction phase (target) (Fig. 4F).

To investigate the effect of the Active 1 diet and Active 2 diet on
social behavior in the BTBR mouse model for ASD, social interac-
tion of BTBR mice was determined after 7 consecutive weeks of
dietary treatment. For social interaction, a three-way ANOVA
showed a significant interaction between Phase and Model (F1,
46 = 15.708, P < 0.001), but no significant interaction between
Phase and Diet (F2, 46 = 0.771, P = 0.469) or between Phase, Model,
and Diet (F2, 46 = 1.661, P = 0.201). BTBR mice spent more time in
the interaction zone compared to C57BL/6 both in the absence
(habituation phase, no target: F1, 46 = 16.48, P = 0.0002) and even
more so in the presence (interaction phase, target: F1, 46 = 36.00,
P < 0.0001) of an interaction mouse (Fig. 4C). No significant differ-
ences were observed in latency of first approach to the interaction
zone with or without target comparing C56BL/6J and BTBR mice
(Kruskal-Wallis test: P = 0.0547, Fig. 4E). For distance travelled, a
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three-way ANOVA showed a significant interaction between Phase
and Model (F1, 46 = 53.3010, P < 0.001), but no significant interac-
tion between Phase and Diet (F2, 46 = 0.6360, P = 0.534) or between
Phase, Model, and Diet (F2, 46 = 0.8210, P = 0.446). BTBR mice
displayed significantly increased locomotor activity compared to
C57BL/6 mice in the absence (no target: F1, 46 = 64.61, P < 0.0001,
Fig. 4G) and albeit to a lesser extent in the presence (target:
F1, 46 = 5.548, P = 0.0228) of an interaction mouse (Fig. 4G). Intro-
duction of an interaction mouse (target) induced a significant
reduction of distance moved by BTBR mice (F3, 92 = 68.43,
P < 0.0001, Fig. 4G) and this was associated with spending more
time in the interaction zone (Fig. 4C).

3.3. Active 1 diet normalized repetitive behavior of both CMA mice and
BTBR mice, while Active 2 diet normalized repetitive behavior of CMA
mice only.

Next, the effect of Active 1 diet and Active 2 diet on novelty-
induced repetitive self-grooming behavior of CMA and BTBR mice
was assessed. The two-way ANOVA showed a significant main
effect of Model (F1, 54 = 15.30, P = 0.0003) and Diet (F2, 54 = 5.402,
P = 0.0073) for the duration of self-grooming. When fed the Control
diet, CMA mice showed increased duration of self-grooming com-
pared to control mice (P = 0.0015, Fig. 5A). Both the Active 1 diet
and Active 2 diet normalized the increased duration of self-
grooming (Active 1 diet: P = 0.0053; Active 2 diet: P = 0.0167,
Fig. 5A). A significant interaction between Model and Diet was
Fig. 5. Effect of dietary intervention with either Active 1 or Active 2 diet on repetitive se
increased amount of time spent self-grooming compared to control mice and this effect
mice displayed significantly increased amount of time spent self-grooming compared to
the amount of time spent self-grooming in BTBR mice. (C) CMA mice fed either Active
frequency. (D) High levels of self-grooming frequency were significantly reduced in BTB
followed by a Bonferroni’s multiple comparisons test was conducted and data are pres
*P < 0.05, **P < 0.01, ***P < 0.001. (A and C) n = 10 per group; (B and D) n = 9 per group.
observed for the frequency of self-grooming (F2,54 = 4.869,
P = 0.0114), with CMA mice on the Control diet showing an
increase in frequency of self-grooming compared to control mice
on the Control diet (P = 0.0027, Fig. 5C). Self-grooming frequency
was normalized when CMA mice were fed the Active 1 diet or
Active 2 diet (Active 1 diet: P = 0.0037; Active 2 diet: P = 0.0363,
Fig. 5C).

Significant interactions between Model and Diet on duration
and frequency of repetitive self-grooming were also observed in
BTBR mice (duration: F2,45 = 4.240, P = 0.0207, Fig. 5B; frequency:
F2,45 = 6.009, P = 0.0049, Fig. 5D). Consistent with previous findings
(McFarlane et al., 2008; Pearson et al., 2011; Silverman et al.,
2010a), BTBR mice fed the Control diet engaged in much longer
bouts of self-grooming (P = 0.0169, Fig. 5B) and showed a higher
self-grooming frequency (P = 0.0146, Fig. 5D) compared to control
C57BL/6 mice on the Control diet. Dietary intervention with Active
1 diet significantly reduced repetitive self-grooming scores in BTBR
mice (self-grooming duration: P = 0.0140; self-grooming fre-
quency: P = 0.0007) while dietary intervention with Active 2 diet
did not significantly alter duration of self-grooming and reduced
frequency of self-grooming in BTBR mice (Fig. 5B and D).

3.4. Both Active 1 and Active 2 diets attenuated mTORC1 signaling in
the brain of CMA and BTBR mice

To examine the effect of Active 1 diet and Active 2 diet on mTOR
signaling pathway in the brain of CMA and BTBR mice, the phos-
lf-grooming behavior in CMA and BTBR mice. (A) CMA mice displayed significantly
was reduced by dietary intervention with either Active 1 or Active 2 diet. (B) BTBR
C57BL/6 mice. Dietary intervention with Active 1 diet, but not Active 2 diet, reduced
1 or Active 2 diet displayed significant reductions in high levels of self-grooming
R mice fed the Active 1 diet, but not when fed the Active 2 diet. Two-way ANOVA
ented as mean duration (s) ± SEM for (A and B) and mean frequency for (C and D),



Fig. 6. Effect of dietary intervention with either Active 1 or Active 2 diet on mTOR signaling in the prefrontal cortex (PFC, A), amygdala (B), and somatosensory cortex
(SSC, C) in CMA and BTBR mice measured by western blot analysis. (D and E) A significant increase of the phosphorylation of p70 S6K was measured in the PFC and
amygdala in CMA mice on Control diet. CMA mice fed either Active 1 or Active 2 diet exhibited significant reductions in the phosphorylation of p70 S6K in the PFC
and amygdala. (F) The phosphorylation of p70 S6K in the SSC was not affected by either the induction of CMA or dietary interventions. (G and I) BTBR mice displayed
a significant decrease in the phosphorylation of p70 S6K in the SSC compared to C57BL/6 mice. Dietary intervention with Active 1 diet, but not Active 2 diet,
significantly inhibited the phosphorylation of p70 S6K in the PFC and SSC in both C57BL/6 mice and BTBR mice. (H) The phosphorylation of p70 S6K in the amygdala
was not affected by dietary interventions. Density of phosphorylation of p70 S6K were divided by the non-phosphorylated p70 S6K. Two-way ANOVA followed by a
Bonferroni’s multiple comparisons test was conducted and data are presented as mean relative density ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001. (D–H) n = 4 per
group; (I) n = 3–4 per group.
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phorylation of mTOR-related proteins was measured in the pre-
frontal cortex (PFC, Fig. 6A), amygdala (Fig. 6B), and somatosensory
cortex (SSC, Fig. 6C) using western blotting analysis. The phospho-
rylation of mTOR and AKT was not affected by CMA or diets in the
examined regions of the brain (Fig. S4A–F). In contrast, a significant
two-way ANOVA interaction was observed between Model and
Diet on the phosphorylation of p70 S6K in the PFC (F2,18 = 8.775,
P = 0.0022, Fig. 6D) and amygdala (F2,18 = 4.724, P = 0.0234,
Fig. 6E). The phosphorylation of p70 S6K, a downstream protein
of mTORC1, was significantly enhanced in the PFC (P = 0.0001,
Fig. 6D) and amygdala (P = 0.0047, Fig. 6E) of CMA mice on Control
diet compared to control mice on Control diet, which is consistent
with previous findings (Wu et al., 2015). Treatment of CMA mice
with either Active 1 or Active 2 diet effectively reduced the levels
of phosphorylated p70 S6K in the PFC (Active 1 diet: P = 0.0006,
Active 2 diet: P = 0.0002) and amygdala (Active 1 diet: P = 0.0067,
Active 2 diet: P = 0.0072). The phosphorylation of p70 S6K in the
SSC (Fig. 6F) was not affected in CMA mice. Images of the Western
blot experiments are presented in the Supplementary Material
(Fig. S5).

Activation of the mTOR signaling pathway was examined in
BTBR mice as well. As observed in CMA mice, no significant
differences in the phosphorylation of mTOR or AKT in PFC,
amygdala, and SSC were found when comparing BTBR and
C57BL/6 mice, irrespective of dietary intervention (Fig. S4G–L).
For the phosphorylation of p70 S6K, a two-way ANOVA showed
no significant interaction between Model and Diet in the PFC
(F2,17 = 1.946, P = 0.1734, Fig. 6G). The Active 1 diet significantly
reduced phosphorylation of p70 S6K in the PFC (F2,17 = 47.77,
P < 0.0001, Fig. 6G), which was observed both in C57BL/6 mice
(P = 0.0004) and in BTBR mice (P < 0.0001). The Active 2 diet
had no effect on the phosphorylation of p70 S6K in the PFC
of C57BL/6 mice and BTBR mice. The phosphorylation of p70
S6K in the amygdala was not affected by dietary interventions
both in C57BL/6 mice and in BTBR mice (Fig. 6H). In the SSC,
a two-way ANOVA showed a significant interaction between
Model and Diet for the phosphorylation of p70 S6K
(F2,18 = 4.421, P = 0.0274, Fig. 6I). The phosphorylation of p70
S6K in the SSC is significantly reduced in Control diet fed BTBR
mice compared to that in Control diet fed C57BL/6 mice
(P = 0.0008, Fig. 6I). The phosphorylation of p70 S6K was signif-
icantly further reduced by the dietary intervention with Active
1 diet (P = 0.0050, Fig. 6I). A similar effect of Active 1 diet
was also observed in the SSC of C57BL/6 mice (P < 0.0001,
Fig. 6I). Active 2 diet did not affect the phosphorylation of
p70 S6K in the SSC in both C57BL/6 mice and BTBR mice.
Images of Western blot experiments are provided in the
Supplementary Material (Fig. S6).
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3.5. Both Active 1 and Active 2 diets suppress whey-induced Th17 cell
associated transcriptional markers and enhance Treg cell-associated
transcription marker in the proximal part of small intestine of CMA
mice

To investigate the effect of both dietary interventions on
allergy-associated mucosal immune activation, mRNA analysis of
transcription factors specific for T cell populations in the small
Fig. 7. The effects of Active 1 diet and Active 2 diet on T cell differentiations in the prox
increased in the proximal part of small intestine of CMA mice and both diets suppres
associated transcription factor RORc and both diets inhibited Th17 development in t
significantly enhanced Treg-associated transcription factor Foxp3 in the proximal part of
part of the small intestine were suppressed by Active 1 diet in CMA mice. (E) Expression o
by Active 2 diet in CMA mice. Data were analyzed by a two-way ANOVA followed by a
intestine of CMA mice was performed. A two-way ANOVA showed
no effect for expression of Th1-associated transcription factor Tbet
or Th2-associated transcription factor GATA3 in the small intestine
of CMAmice. For the ratio of Th2 (GATA3) to Th1 (Tbet), a two-way
ANOVA showed a significant interaction between Model and Diet
in the proximal small intestine (F2, 15 = 3.806, P = 0.0460, Fig. 7A).
The ratio of Th2 to Th1 associated T cell transcription factor mRNA
expression tended to be increased in the proximal small intestine
imal part of small intestine of CMA mice. (A) The ratio of Th2 to Th1 tended to be
sed this ratio. (B) CMA mice showed increased mRNA expression levels of Th17-
he proximal part of the small intestine. (C) Both the Active 1 and Active 2 diets
small intestine of CMA mice. (D) Expression of mRNA levels for IL-10 in the proximal
f mRNA levels for TGF-b in the proximal part of the small intestine were suppressed
Bonferroni’s multiple comparisons test. *P < 0.05, **P < 0.01. N = 4–5 per group.
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of CMA mice (P = 0.0583, Fig. 7A). This was suppressed by dietary
intervention with either Active 1 (P = 0.0786) or Active 2 diet
(P = 0.1552). A two-way ANOVA showed a significant interaction
between Model and Diet for expression of Th17-associated tran-
scription factor RORc in the proximal small intestine of CMA mice
(F2, 21 = 6.049, P = 0.0084, Fig. 7B). The relative mRNA expression
levels of RORc were enhanced in the proximal small intestine of
CMA mice compared to control mice fed Control diet (P = 0.0103,
Fig. 7B). Dietary intervention with either Active 1 or Active 2 diet
reduced the relative mRNA expression levels of RORc in the prox-
imal small intestine (Active 1 diet: P = 0.0025; Active 2 diet,
P = 0.0322). For expression of Treg cell-associated transcription
factor Foxp3, a two-way ANOVA showed a significant effect of
Model in the proximal small intestine of CMA mice (F1, 19 =
42.39, P < 0.0001, Fig. 7C). Dietary intervention with Active 1 diet
enhanced Treg cell-associated transcription factor Foxp3 in the
proximal small intestine of CMA mice compared to control mice
(P = 0.0011, Fig. 7C). This effect was also found by dietary
intervention with Active 2 diet (P = 0.0039, Fig. 7C). For expression
of IL-10 and TGF-b, a two-way ANOVA showed a significant effect
of Diet in the proximal small intestine (IL-10: F2, 21 = 4.782,
P = 0.0194, Fig. 7D; TGF-b: F2, 23 = 10.03, P = 0.0006, Fig. 7E).
Dietary intervention with Active 1 diet tended to reduce IL-10
expression (P = 0.0979, Fig. 7D) and dietary intervention with
Active 2 diet reduced TGF-b expression in the proximal small
intestine of CMA mice (P = 0.0264, Fig. 7E).
Fig. 8. Effect of Active 1 diet and Active 2 diet on humoral response and mucosal mast ce
(C) as well as mMCP-1 (D) were increased in allergic mice compared to control. Dietary i
and mucosal mast cell degranulation in CMA mice. Data were log transformed to obtai
comparisons test and data are presented as Box-and-Whisker Turkey plots. *P < 0.05, **P
3.6. Both diets had no effect on humoral antigen specific-immune
responses and mucosal mast cell degranulation

To investigate the effect of the Active 1 and Active 2 diet on
humoral immune response, whey-specific immunoglobulin levels
were measured in the serum. Increased serum levels of whey-
specific IgE, IgG1, and IgG2a were observed in CMAmice compared
to control mice (Fig. 8A–C). Both Active 1 and Active 2 diets had no
effect on whey-specific IgE, IgG1, and IgG2a levels in serum of CMA
mice. The concentration of mMCP-1 was measured in the serum as
marker for mucosal mast cell degranulation in the intestinal tract.
CMAmice showed significantly augmented mMCP-1 concentration
in serum of CMA compared to control mice and both dietary inter-
ventions did not affect this (Fig. 8D).

4. Discussion

This study aimed to assess whether activation of mTOR signal-
ing in the brain could serve as a novel therapeutic target for the
treatment of ASD-like behavioral deficits by using dietary interven-
tions. In the first part of this study, antigen-induced mast cell
degranulation was used as a screening method to investigate the
mTORC1-modulatory capacity of different amino acids. Mast cell
activation is a critical process in the allergic response and is regu-
lated by a complex series of intracellular signaling cascades that
also involve phosphorylation of key elements of the mTORC1
ll degranulation in CMA mice. Serum levels of whey-specific IgE (A), IgG1 (B), IgG2a
ntervention with either Active 1 or Active 2 diet had no effect on humoral response
n normality. Two-way ANOVA was conducted followed by a Bonferroni’s multiple
< 0.01, ***P < 0.001, ****P < 0.0001, n = 10 per group.
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pathway including mTOR, p70 S6K, and 4E-BP1 (Kim et al., 2008;
Yamaki and Yoshino, 2012). Our studies as well as from others in
BMMCs (Hwang et al., 2013; Kim et al., 2008; Thomson et al.,
2009) have shown that key elements of mTORC1 pathway includ-
ing mTOR, p70 S6K, and 4E-BP1 are phosphorylated in response to
antigen stimulation, and inhibition of mTORC1 activity by rapamy-
cin resulted in an inhibition of antigen-specific mast cell degranu-
lation and cytokine production, indicating that mTORC1 pathway
plays a critical role in regulation of mast cell functions. Single
amino acids His, Lys, Thr and amino acid combination of His, Lys,
Thr inhibited the phosphorylation of mTORC1 downstream target
p70 S6K, while the single amino acids Leu, Ile, Val and amino acid
combination of Leu, Ile, Val had no effect on the phosphorylation of
p70 S6K in antigen-IgE-activated mast cells in vitro. Furthermore,
the single amino acids His, Lys, Thr and the amino acid combina-
tion of His, Lys, Thr inhibited specific antigen-induced acute
degranulation and cytokine production of mast cells. Based on
these in vitro results, an mTOR-targeting amino acid diet contain-
ing increased relative amounts of His, Lys, Thr and reduced relative
amounts of Leu, Ile, Val was designed for in vivo purposes. For this
goal, two different mouse models displaying ASD-like behavior
were used. Previous study has demonstrated that early treatment
with the ketogenic diet prevented the development of epilepsy
by inhibiting the mTOR pathway in the hippocampus in the rat epi-
lepsy model induced by kainic acid injection (McDaniel et al.,
2011). We demonstrated ASD-like behavior in CMA mice, possibly
representing a model for environmental triggered ASD (de Theije
et al., 2014a,b; Wu et al., 2015). BTBR mice, used as a second
model, carry multiple naturally occurring mutations (Ellegood
and Crawley, 2015; Ellegood et al., 2014) and their behavioral
and neurological impairments represent autistic phenotypes
(McFarlane et al., 2008; Meyza et al., 2013; Silverman et al.,
2010b). The ability of dietary interventions to improve behavioral
impairments by attenuating mTOR activity in the brains of CMA
mice as well as of BTBR mice was investigated by using two diets:
a diet containing a specific ratio of amino acids to target mTOR,
indicated as Active 1 diet, and a multi-nutrient supplementation
diet containing specific neuroprotective and anti-inflammatory
ingredients, indicated as Active 2 diet. The present study demon-
strated that dietary intervention with either Active 1 or Active 2
diet normalized food allergy-induced autistic-like behavioral defi-
cits in a mouse model of CMA, which may be attributed to the
attenuation of the enhanced mTOR signaling in the PFC and amyg-
dala of CMAmice. In the BTBR mouse model of autism, only dietary
intervention with the Active 1 diet normalized the repetitive self-
grooming behavior while dietary intervention with Active 2 diet
had no effect on behavioral deficits in BTBR mice. Although mTOR
signaling was not significantly altered in BTBR compared to
C57BL/6 mice, mTOR signaling was reduced when fed the Active
1 diet, but not the Active 2 diet, in the PFC and SSC of both
C57BL/6 and BTBR mice.

The current study demonstrated that the phosphorylation of
mTORC1 downstream protein p70 S6K was enhanced in the PFC
and amygdala in CMAmice, which is consistent with previous find-
ings (Wu et al., 2015). The enhanced phosphorylation levels of p70
S6K at Thr389 reflect enhanced mTOR activity, because this epi-
tope on p70 S6K is directly phosphorylated by mTOR (Magnuson
et al., 2012). It is known that mTOR phosphorylation itself is a poor
indicator for mTOR activity and mTOR activity is routinely deter-
mined by measuring the phosphorylation status of p70 S6K at
Thr389 (Caccamo et al., 2010; Das et al., 2008; Guertin and
Sabatini, 2007; Hay and Sonenberg, 2004; Hay, 2005). AKT is not
only the upstream protein of mTORC1, but also the downstream
protein of mTORC2 (Toker and Marmiroli, 2014). No significant dif-
ference was observed in all groups regarding the AKT phosphoryla-
tion, suggesting that mTORC2 activity may be not involved in the
development of ASD-related phenotypes in CMA mice. Given the
fact that p70 S6K plays a crucial role in protein translation
(Magnuson et al., 2012; Tavares et al., 2015), enhanced p70 S6K
activity in the PFC and amygdala of CMA mice might lead to
increased translation of synaptic cell-adhesion molecules including
neuroligins (NLGNs), which cause increased excitation/inhibition
(E/I) ratio, potentially leading to the development of ASD pheno-
types (Baudouin et al., 2012; Gkogkas et al., 2013; Penzes et al.,
2011; Südhof, 2008; Wang and Doering, 2013). The PFC plays a
central role in acquiring and representing both cognitive and moti-
vational context information to generate the goal-directed behav-
ior, which allows us to cope with complex and novel social
situations (Buschman and Miller, 2014; Chrysikou et al., 2014).
Abnormal repetitive behavior can be attributed to damage to the
corticostriatal circuits and disturbances in direct and indirect neu-
robiological pathways in the PFC (Langen et al., 2011). The amyg-
dala has also been implicated in mediating social behavior and
regulating emotions (Bickart et al., 2014; Hermans et al., 2014)
and destruction of amygdala impaired social recognition in mice
(Wang et al., 2014). Although it was previously demonstrated that
BTBR mice exhibit lower levels of sociability compared to C57BL/6
mice in a three-chamber sociability test (McFarlane et al., 2008;
Moy et al., 2007). We were not able to detect differences in social
behavior of BTBR mice using our experimental set-up, which was
fundamentally different: one chamber. The observed high locomo-
tor activity of BTBR mice may have interfered with their social
interaction, precluding the examination of social behavior in BTBR
mice in the current experimental set-up.

In addition to the effects of the diets on social behavior in CMA
mice, the Active 1 diet suppressed repetitive behavior in both CMA
and BTBR mice and the Active 2 diet in CMA mice only. The atten-
uation of the self-grooming behavior by dietary intervention may
be attributed to the inhibitory effect on mTOR signaling in the
PFC, as the dysregulation of molecular pathways in the PFC is
known to be implicated in abnormal repetitive behavior in mice
(Langen et al., 2011).

The SSC is a brain region that processes tactile information from
the body. It integrates various sensory information, including
touch, pain, temperature, and spatial attention, allowing people
to receive and interpret a wide variety of sensations (Pei and
Bensmaia, 2014; Pei et al., 2011). It was reported that 44–88% of
individuals with ASD have abnormal responsibility to tactile stim-
uli (Baranek and Parham, 2005) and some children with ASD have a
reduced somatosensory response (Marco et al., 2012). In the cur-
rent study, dietary intervention with Active 1 diet significantly
reduced the phosphorylation of mTORC1 downstream protein
p70 S6K in the SSC in BTBR mice, suggesting that altered mTOR sig-
naling in the SSC may also contribute to the reduced repetitive
grooming behavior in BTBR mice.

Unlike the Active 1 diet that is designed to attenuate the mTOR
signaling pathway, by modulating the relative amount of specific
amino acids, the Active 2 diet is composed of various specific ingre-
dients that play important roles in the development, maintenance,
and function of the nervous system and/or influence (neuro)in-
flammatory responses. For instance, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) belong to omega-3 long-chain
polyunsaturated fatty acids (n-3 LCPUFAs), which play a critical
role in the development and the function of the brain and nervous
system (Gharami et al., 2015; Martin, 2014; van Elst et al., 2014).
The dietary supplementation with n-3 LCPUFAs was shown in
our previous studies to restore decreased prefrontal dopamine
and metabolite levels and normalize social behavior in allergic
mice (de Theije et al., 2015a,b). A previous study showed that chil-
dren with autism had significantly higher scores of essential fatty
acid deficiency compared to controls. Supplementation with EPA-
rich fish oils has been shown to result in improvements in general
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health, sleep patterns, concentrations, sociability, and hyperactiv-
ity among autistic children (Bell et al., 2004). Vitamins are essential
for neurodevelopment and neuronal function and severe deficien-
cies, in particular vitamin B and D deficiencies, have been linked to
increased risk of neurodevelopmental disorders including ASD
(Eyles et al., 2009; Mitchell et al., 2014). Moreover, vitamin B6
has anti-inflammatory properties in the intestinal tract (Selhub
et al., 2013). Previous studies have shown that both LCPUFAs and
dietary fibers supplemented in the Active 2 diet are implicated in
modulating the mucosal immune activation to prevent allergic
symptoms. For instance, n-3 LCPUFAs were shown to reduce the
humoral response and acute allergic symptoms and enhance local
intestinal and systemic Treg cell responses in the mouse model of
CMA (van den Elsen et al., 2013). Dietary supplementation with the
mixture of short-chain galacto-oligosaccharides (GOS) and long-
chain fructo-oligosaccharides (FOS) effectively alleviated allergic
symptoms in CMA mice (De Kivit et al., 2013; Kerperien et al.,
2014; Schouten et al., 2010) and reduced immunoglobulin free
light-chain plasma concentrations, which might be involved in
the pathophysiology of allergic disease, in infants at high risk for
allergies (Schouten et al., 2011; Van Hoffen et al., 2009). The rice
fibers in Active 2 diet were also shown to reduce inflammation
by modulating colonic physiology, restoring of serotonin levels
and regulating T cell differentiation in a mouse model for colitis
(Komiyama et al., 2011). Interestingly, in the small intestine of
CMA mice in this study, both Active 1 and Active 2 diets restored
the CMA-induced disturbed balance for T helper and regulatory T
cells as indicated by transcriptional markers indicative for these
cell types (Fig. 6). Additionally, both Active 1 and Active 2 diets
exerted no effect on humoral response and mucosal mast cell
degranulation in CMAmice (Fig. S6). Thus, the effects of the dietary
interventions on CMA-induced ASD-like behavior as well as
enhanced mTOR signaling in the brain can be the results of neuro-
protective or anti-inflammatory properties, either via direct effects
on mTOR signaling in the brain, or indirect via the gut-immune-
brain axis.

Taken together, we demonstrated that inhibiting downstream
mTOR cascades with dietary amino acid manipulation attenuated
biochemical and behavioral influences of the allergenic and genetic
models, while anti-inflammatory/neuroprotective diet was effec-
tive only in the allergen model. Our data indicate that Active 1 diet
may have directly exerted its effect on the mTOR signaling path-
way in the gut-immune-brain axis of CMA and brain of BTBR mice,
ameliorating behavioral impairments in these mice. Active 2 diet
only reduced food allergy-enhanced mTOR signaling in brains
and associated ASD-like behavior while it did not affect the behav-
ior or mTOR signaling in the brain of BTBR mice containing genetic
mutations, suggesting that the Active 2 diet is more likely to atten-
uate the local immune disturbances in intestinal tract of CMA mice
and thereby indirectly down-regulates the mTOR signaling in the
brain, eventually leading to the improvement of brain functions
and behavioral alterations in CMA mice.

In conclusion, the current results from both the murine model
of CMA and the BTBR mouse model of ASD indicate that dietary
attenuation of the mTOR signaling pathway has promising conse-
quences on autistic-like behavioral impairments in mice. These
findings reveal more details of the molecular mechanisms underly-
ing the interaction of environmental triggers with a complex
genetic predisposition and suggest a possible therapeutic strategy
for patients with ASD suffering from intestinal problems that
might be related to food allergy.
Conflict of interest

The authors declare no conflict of interest.
Acknowledgments

This study is part of the Utrecht University ‘Focus en Massa
Drug Innovation’ program and financially supported by Nutricia
Research, Utrecht, The Netherlands. Prof. Dr. Johan Garssen is a
part-time employee at Nutricia Research, Utrecht, The Nether-
lands. Dr. Laus Broersen is an employee of Nutricia Research,
Utrecht, The Netherlands. Dr. Sofia Lopes da Silva was an employee
of Nutricia Research, Utrecht, The Netherlands, at the time of the
study.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbi.2016.09.016.

References

Aguiar, P.V., Campistol, J.M., Diekmann, F., 2015. Safety of mTOR inhibitors in adult
solid organ transplantation. Exp. Opin. Drug Safety. http://dx.doi.org/10.1517/
14740338.2016.1132698. 0338.

Bar-Peled, L., Sabatini, D.M., 2014. Regulation of mTORC1 by amino acids. Trends
Cell Biol. 24, 400–406. http://dx.doi.org/10.1016/j.tcb.2014.03.003.

Baudouin, S.J., Gaudias, J., Gerharz, S., Hatstatt, L., Zhou, K., Punnakkal, P., Tanaka, K.
F., Spooren, W., Hen, R., De Zeeuw, C.I., Vogt, K., Scheiffele, P., 2012. Shared
synaptic pathophysiology in syndromic and nonsyndromic rodent models of
autism. Science 338, 128–132. http://dx.doi.org/10.1126/science.1224159.

Bell, J.G., MacKinlay, E.E., Dick, J.R., MacDonald, D.J., Boyle, R.M., Glen, A.C.A., 2004.
Essential fatty acids and phospholipase A2 in autistic spectrum disorders.
Prostaglandins Leukot. Essent. Fat. Acids 71, 201–204. http://dx.doi.org/
10.1016/j.plefa.2004.03.008.

Bickart, K.C., Dickerson, B.C., Barrett, L.F., 2014. The amygdala as a hub in brain
networks that support social life. Neuropsychologia 63, 235–248. http://dx.doi.
org/10.1016/j.neuropsychologia.2014.08.013.

Burket, J.A., Benson, A.D., Tang, A.H., Deutsch, S.I., 2014. Rapamycin improves
sociability in the BTBR T(+)Itpr3(tf)/J mouse model of autism spectrum
disorders. Brain Res. Bull. 100, 70–75. http://dx.doi.org/10.1016/j.
brainresbull.2013.11.005.

Buschman, T.J., Miller, E.K., 2014. Goal-direction and top-down control. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 369. http://dx.doi.org/10.1098/rstb.2013.0471.
20130471.

Caccamo, A., Majumder, S., Richardson, A., Strong, R., Oddo, S., 2010. Molecular
interplay between mammalian target of rapamycin (mTOR), amyloid-beta, and
Tau: effects on cognitive impairments. J. Biol. Chem. 285, 13107–13120. http://
dx.doi.org/10.1074/jbc.M110.100420.

Carter, M.T., Scherer, S.W., 2013. Autism spectrum disorder in the genetics clinic: a
review. Clin. Genet. 83, 399–407. http://dx.doi.org/10.1111/cge.12101.

Chrysikou, E.G., Weber, M.J., Thompson-Schill, S.L., 2014. A matched filter
hypothesis for cognitive control. Neuropsychologia 62, 341–355. http://dx.doi.
org/10.1016/j.neuropsychologia.2013.10.021.

Crawley, J.N., 2012. Clinical research, 293–305.
Croen, L.A., Zerbo, O., Qian, Y., Massolo, M.L., Rich, S., Sidney, S., Kripke, C., 2015. The

health status of adults on the autism spectrum. Autism 19. http://dx.doi.org/
10.1177/1362361315577517. 1362361315577517.

Das, F., Ghosh-Choudhury, N., Mahimainathan, L., Venkatesan, B., Feliers, D., Riley,
D.J., Kasinath, B.S., Choudhury, G.G., 2008. Raptor-rictor axis in TGFbeta-
induced protein synthesis. Cell. Signal. 20, 409–423. http://dx.doi.org/10.1016/
j.cellsig.2007.10.027.

De Kivit, S., Kraneveld, A.D., Knippels, L.M.J., Van Kooyk, Y., Garssen, J., Willemsen, L.
E.M., 2013. Intestinal epithelium-derived galectin-9 is involved in the
immunomodulating effects of nondigestible oligosaccharides. J. Innate
Immun. 5, 625–638. http://dx.doi.org/10.1159/000350515.

de Magistris, L., Familiari, V., Pascotto, A., Sapone, A., Frolli, A., Iardino, P., Carteni,
M., De Rosa, M., Francavilla, R., Riegler, G., Militerni, R., Bravaccio, C., 2010.
Alterations of the intestinal barrier in patients with autism spectrum disorders
and in their first-degree relatives. J. Pediatr. Gastroenterol. Nutr. 51, 418–424.
http://dx.doi.org/10.1097/MPG.0b013e3181dcc4a5.

De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K., Cicek, A.E., Kou, Y.,
Liu, L., Fromer, M., Walker, S., Singh, T., Klei, L., Kosmicki, J., Shih-Chen, F.,
Aleksic, B., Biscaldi, M., Bolton, P.F., Brownfeld, J.M., Cai, J., Campbell, N.G.,
Carracedo, A., Chahrour, M.H., Chiocchetti, A.G., Coon, H., Crawford, E.L., Curran,
S.R., Dawson, G., Duketis, E., Fernandez, B.A., Gallagher, L., Geller, E., Guter, S.J.,
Hill, R.S., Ionita-Laza, J., Jimenz Gonzalez, P., Kilpinen, H., Klauck, S.M., Kolevzon,
A., Lee, I., Lei, I., Lei, J., Lehtimäki, T., Lin, C.F., Ma’ayan, A., Marshall, C.R.,
McInnes, A.L., Neale, B., Owen, M.J., Ozaki, N., Parellada, M., Parr, J.R., Purcell, S.,
Puura, K., Rajagopalan, D., Rehnström, K., Reichenberg, A., Sabo, A., Sachse, M.,
Sanders, S.J., Schafer, C., Schulte-Rüther, M., Skuse, D., Stevens, C., Szatmari, P.,
Tammimies, K., Valladares, O., Voran, A., Li-San, W., Weiss, L.A., Willsey, A.J., Yu,
T.W., Yuen, R.K., DDD Study, Homozygosity Mapping Collaborative for Autism,
UK10K Consortium, Cook, E.H., Freitag, C.M., Gill, M., Hultman, C.M., Lehner, T.,

http://dx.doi.org/10.1016/j.bbi.2016.09.016
http://dx.doi.org/10.1517/14740338.2016.1132698
http://dx.doi.org/10.1517/14740338.2016.1132698
http://dx.doi.org/10.1016/j.tcb.2014.03.003
http://dx.doi.org/10.1126/science.1224159
http://dx.doi.org/10.1016/j.plefa.2004.03.008
http://dx.doi.org/10.1016/j.plefa.2004.03.008
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.013
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.013
http://dx.doi.org/10.1016/j.brainresbull.2013.11.005
http://dx.doi.org/10.1016/j.brainresbull.2013.11.005
http://dx.doi.org/10.1098/rstb.2013.0471
http://dx.doi.org/10.1074/jbc.M110.100420
http://dx.doi.org/10.1074/jbc.M110.100420
http://dx.doi.org/10.1111/cge.12101
http://dx.doi.org/10.1016/j.neuropsychologia.2013.10.021
http://dx.doi.org/10.1016/j.neuropsychologia.2013.10.021
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0055
http://dx.doi.org/10.1177/1362361315577517
http://dx.doi.org/10.1177/1362361315577517
http://dx.doi.org/10.1016/j.cellsig.2007.10.027
http://dx.doi.org/10.1016/j.cellsig.2007.10.027
http://dx.doi.org/10.1159/000350515
http://dx.doi.org/10.1097/MPG.0b013e3181dcc4a5


286 J. Wu et al. / Brain, Behavior, and Immunity 59 (2017) 273–287
Palotie, A., Schellenberg, G.D., Sklar, P., State, M.W., Sutcliffe, J.S., Walsh, C.A.,
Scherer, S.W., Zwick, M.E., Barett, J.C., Cutler, D.J., Roeder, K., Devlin, B., Daly, M.
J., Buxbaum, J.D., 2014. Synaptic, transcriptional and chromatin genes disrupted
in autism. Nature 515 (7526), 209–215. http://dx.doi.org/10.1038/nature13772.

De Theije, C.G.M., Kers, A., Korte-Bouws, G.A.H., Lopes da Silva, S., Korte, S.M.,
Olivier, B., Garssen, J., Kraneveld, A.D., 2014. A diet containing specific anti-
inflammatory and neuroprotective ingredients ameliorates behavioral and
serotonergic deficits in a murine model of autism spectrum disorder. Thesis
Neuroimmunomodulation of the young brain. ISNB 978–90-6464-780-2, pp.
81–99.

De Theije, C.G.M., Kers, A., Korte-Bouws, G.A.H., Lopes da Silva, S., Broersen, L.M.,
Korte, S.M., Olivier, B., Garssen, J., Kraneveld, A.D., 2015. A multi-targeted diet
ameliorates behavioural and serotonergic deficits in a murine model of autism
spectrum disorders. Poster presentation in Pharma-nutrition 2015. Reference
number: NUTR2015_0185.

de Theije, C.G.M., van den Elsen, L.W.J., Willemsen, L.E.M., Milosevic, V., Korte-
Bouws, G.A.H., da Silva, S. Lopes, Broersen, L.M., Korte, S.M., Olivier, B., Garssen,
J., Kraneveld, A.D., 2015b. Dietary long chain n-3 polyunsaturated fatty acids
prevent impaired social behaviour and normalize brain dopamine levels in food
allergic mice. Neuropharmacology 90, 15–22. http://dx.doi.org/10.1016/j.
neuropharm.2014.11.001.

de Theije, C.G.M., Wu, J., da Silva, S.L., Kamphuis, P.J., Garssen, J., Korte, S.M.,
Kraneveld, A.D., 2011. Pathways underlying the gut-to-brain connection in
autism spectrum disorders as future targets for disease management. Eur. J.
Pharmacol. 668 (Suppl), S70–S80. http://dx.doi.org/10.1016/j.ejphar.2011.
07.013.

de Theije, C.G.M., Wu, J., Koelink, P.J., Korte-Bouws, G.A.H., Borre, Y., Kas, M.J.H., da
Silva, S. Lopes, Korte, S.M., Olivier, B., Garssen, J., Kraneveld, A.D., 2014b.
Autistic-like behavioural and neurochemical changes in a mouse model of food
allergy. Behav. Brain Res. 261, 265–274. http://dx.doi.org/10.1016/j.
bbr.2013.12.008.

Ebrahimi-Fakhari, D., Sahin, M., 2015. Autism and the synapse. Curr. Opin. Neurol.
28, 91–102. http://dx.doi.org/10.1097/WCO.0000000000000186.

Efeyan, A., Zoncu, R., Sabatini, D.M., 2012. Amino acids and mTORC1: from
lysosomes to disease. Trends Mol. Med. 18, 524–533. http://dx.doi.org/
10.1016/j.molmed.2012.05.007.

Ehninger, D., Han, S., Shilyansky, C., Zhou, Y., Li, W., Kwiatkowski, D.J., Ramesh,
V., Silva, A.J., 2008. Reversal of learning deficits in a Tsc2+/� mouse model
of tuberous sclerosis. Nat. Med. 14, 843–848. http://dx.doi.org/10.1038/
nm1788.

Ehninger, D., Silva, A.J., 2009. Genetics and neuropsychiatric disorders: treatment
during adulthood. Nat. Med. 15, 849–850. http://dx.doi.org/10.1038/nm0809-
849.

Ellegood, J., Anagnostou, E., Babineau, B.A., Crawley, J.N., Lin, L., Genestine, M.,
DiCicco-Bloom, E., Lai, J.K.Y., Foster, J.A., Peñagarikano, O., Geschwind, D.H.,
Pacey, L.K., Hampson, D.R., Laliberté, C.L., Mills, A.A., Tam, E., Osborne, L.R.,
Kouser, M., Espinosa-Becerra, F., Xuan, Z., Powell, C.M., Raznahan, A., Robins, D.
M., Nakai, N., Nakatani, J., Takumi, T., van Eede, M.C., Kerr, T.M., Muller, C.,
Blakely, R.D., Veenstra-VanderWeele, J., Henkelman, R.M., Lerch, J.P., 2014.
Clustering autism: using neuroanatomical differences in 26 mouse models to
gain insight into the heterogeneity. Mol. Psychiatry 20, 118–125. http://dx.doi.
org/10.1038/mp.2014.98.

Ellegood, J., Crawley, J.N., 2015. Behavioral and neuroanatomical phenotypes in
mouse models of autism. Neurotherapeutics 12, 521–533. http://dx.doi.org/
10.1007/s13311-015-0360-z.

Eyles, D.W., Feron, F., Cui, X., Kesby, J.P., Harms, L.H., Ko, P., McGrath, J.J., Burne, T.H.
J., 2009. Developmental vitamin D deficiency causes abnormal brain
development. Psychoneuroendocrinology 34 (Suppl. 1), S247–S257. http://dx.
doi.org/10.1016/j.psyneuen.2009.04.015.

Baranek, G.T., Parham, L.D., J.W.B., 2005. Sensory and motor features in autism:
assessment and intervention. In: Volkmar, F. et al. (Eds.), Handbook of Autism
and Pervasive Developmental Disorders. John Wiley & Sons, Hoboken, NJ, pp.
831–857.

García-Vallejo, J.J., Van Het Hof, B., Robben, J., VanWijk, J.A.E., Van Die, I., Joziasse, D.
H., Van Dijk, W., 2004. Approach for defining endogenous reference genes in
gene expression experiments. Anal. Biochem. 329, 293–299. http://dx.doi.org/
10.1016/j.ab.2004.02.037.

Geissler, E.K., 2015. Post-transplantation malignancies: Here today, gone
tomorrow? Nat. Rev. Clin. Oncol. 12, 705–717. http://dx.doi.org/10.1038/
nrclinonc.2015.186.

Gharami, K., Das, M., Das, S., 2015. Essential role of docosahexaenoic acid towards
development of a smarter brain. Neurochem. Int. 89, 51–62. http://dx.doi.org/
10.1016/j.neuint.2015.08.014.

Gkogkas, C.G., Khoutorsky, A., Ran, I., Rampakakis, E., Nevarko, T., Weatherill, D.B.,
Vasuta, C., Yee, S., Truitt, M., Dallaire, P., Major, F., Lasko, P., Ruggero, D., Nader,
K., Lacaille, J.-C., Sonenberg, N., 2013. Autism-related deficits via dysregulated
eIF4E-dependent translational control. Nature 493, 371–377. http://dx.doi.org/
10.1038/nature11628.

Guertin, D.A., Sabatini, D.M., 2007. Defining the role of mTOR in cancer. Cancer Cell
12, 9–22. http://dx.doi.org/10.1016/j.ccr.2007.05.008.

Hay, N., 2005. The Akt-mTOR tango and its relevance to cancer. Cancer Cell 8, 179–
183. http://dx.doi.org/10.1016/j.ccr.2005.08.008.

Hay, N., Sonenberg, N., 2004. Upstream and downstream of mTOR. Genes Dev. 18,
1926–1945. http://dx.doi.org/10.1101/gad.1212704.

Hermans, E.J., Battaglia, F.P., Atsak, P., de Voogd, L.D., Fernández, G., Roozendaal, B.,
2014. How the amygdala affects emotional memory by altering brain network
properties. Neurobiol. Learn. Mem. 112, 2–16. http://dx.doi.org/10.1016/j.
nlm.2014.02.005.

Hwang, S.-L., Li, X., Lu, Y., Jin, Y., Jeong, Y.-T., Kim, Y.D., Lee, I.-K., Taketomi, Y., Sato,
H., Cho, Y.S., Murakami, M., Chang, H.W., 2013. AMP-activated protein kinase
negatively regulates FceRI-mediated mast cell signaling and anaphylaxis in
mice. J. Allergy Clin. Immunol. 132 (729–736), e12. http://dx.doi.org/10.1016/
j.jaci.2013.02.018.

Iossifov, I., Oroak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D., Stessman, H.
A., Witherspoon, K., Vives, L., Patterson, K.E., Smith, J.D., Paeper, B., Nickerson, D.
A., Dea, J., Dong, S., Gonzalez, L.E., Mandell, J.D., Mane, S.M., Murtha, M.T.,
Sullivan, C.A., Walker, M.F., Waqar, Z., Wei, L., Willsey, A.J., Yamrom, B., Lee, Y.-
H., Grabowska, E., Dalkic, E., Wang, Z., Marks, S., Andrews, P., Leotta, A., Kendall,
J., Hakker, I., Rosenbaum, J., Ma, B., Rodgers, L., Troge, J., Narzisi, G., Yoon, S.,
Schatz, M.C., Ye, K., Mccombie, W.R., Shendure, J., Eichler, E.E., State, M.W.,
Wigler, M., 2014. The contribution of de novo coding mutations to autism
spectrum disorder. Nature 515 (7526), 216–221. http://dx.doi.org/10.15154/
1149697.

Karimi, K., Kool, M., Nijkamp, F.P., Redegeld, F.A., 2004. Substance P can stimulate
prostaglandin D2 and leukotriene C4 generation without granule exocytosis in
murine mast cells. Eur. J. Pharmacol. 489, 49–54. http://dx.doi.org/10.1016/j.
ejphar.2004.03.003.

Kas, M.J., Glennon, J.C., Buitelaar, J., Ey, E., Biemans, B., Crawley, J., Ring, R.H.,
Lajonchere, C., Esclassan, F., Talpos, J., Noldus, L.P.J.J., Burbach, J.P.H., Steckler, T.,
2014. Assessing behavioural and cognitive domains of autism spectrum
disorders in rodents: current status and future perspectives.
Psychopharmacology 231, 1125–1146. http://dx.doi.org/10.1007/s00213-013-
3268-5.

Kerperien, J., Jeurink, P.V., Wehkamp, T., van der Veer, A., van de Kant, H.J.G.,
Hofman, G.A., van EschL.M.J.,, E.C.A.M., Garssen, J., Willemsen, L.E.M., Knippels,
L.M.J., 2014. Non-digestible oligosaccharides modulate intestinal immune
activation and suppress cow’s milk allergic symptoms. Pediatr. Allergy
Immunol. 25, 747–754. http://dx.doi.org/10.1111/pai.12311.

Kim, M.-S., Kuehn, H.S., Metcalfe, D.D., Gilfillan, A.M., 2008. Activation and function
of the mTORC1 pathway in mast cells. J. Immunol. 180, 4586–4595.

Kohane, I.S., 2015. An autism case history to review the systematic analysis of
large-scale data to refine the diagnosis and treatment of neuropsychiatric
disorders. Biol. Psychiatry 77, 59–65. http://dx.doi.org/10.1016/j.biopsych.2014.
05.024.

Komiyama, Y., Andoh, A., Fujiwara, D., Ohmae, H., Araki, Y., Fujiyama, Y., Mitsuyama,
K., Kanauchi, O., 2011. New prebiotics from rice bran ameliorate inflammation
in murine colitis models through the modulation of intestinal homeostasis and
the mucosal immune system. Scand. J. Gastroenterol. 46, 40–52. http://dx.doi.
org/10.3109/00365521.2010.513062.

Kraneveld, A.D., de Theije, C.G.M., van Heesch, F., Borre, Y., de Kivit, S., Olivier, B.,
Korte, M., Garssen, J., 2014. The neuro-immune axis: prospect for novel
treatments for mental disorders. Basic Clin. Pharmacol. Toxicol. 114, 128–136.
http://dx.doi.org/10.1111/bcpt.12154.

Langen, M., Kas, M.J.H., Staal, W.G., van Engeland, H., Durston, S., 2011. The
neurobiology of repetitive behavior: of mice. . .. Neurosci. Biobehav. Rev. 35,
345–355. http://dx.doi.org/10.1016/j.neubiorev.2010.02.004.

Lyall, K., Van de Water, J., Ashwood, P., Hertz-Picciotto, I., 2015. Asthma and
allergies in children with autism spectrum disorders: results from the charge
study. Autism Res. http://dx.doi.org/10.1002/aur.1471.

Magnuson, B., Ekim, B., Fingar, D.C., 2012. Regulation and function of ribosomal
protein S6 kinase (S6K) within mTOR signalling networks. Biochem. J. 441, 1–
21. http://dx.doi.org/10.1042/BJ20110892.

Marco, E.J., Khatibi, K., Hill, S.S., Siegel, B., Arroyo, M.S., Dowling, A.F., Neuhaus, J.M.,
Sherr, E.H., Hinkley, L.N.B., Nagarajan, S.S., 2012. Children with autism show
reduced somatosensory response: an MEG study. Autism Res. 5, 340–351.
http://dx.doi.org/10.1002/aur.1247.

Martin, C.R., 2014. Fatty acid requirements in preterm infants and their role in
health and disease. Clin. Perinatol. 41, 363–382. http://dx.doi.org/10.1016/
j.clp.2014.02.007.

Matson, J.L., Goldin, R.L., 2014. Diagnosing young children with autism. Int. J. Dev.
Neurosci. 39, 44–48. http://dx.doi.org/10.1016/j.ijdevneu.2014.02.003.

McDaniel, S.S., Rensing, N.R., Thio, L.L., Yamada, K.A., Wong, M., 2011. The ketogenic
diet inhibits the mammalian target of rapamycin (mTOR) pathway. Epilepsia
52, e7–e11. http://dx.doi.org/10.1111/j.1528-1167.2011.02981.x.

McFarlane, H.G., Kusek, G.K., Yang, M., Phoenix, J.L., Bolivar, V.J., Crawley, J.N., 2008.
Autism-like behavioral phenotypes in BTBR T+tf/J mice. Genes. Brain. Behav. 7,
152–163. http://dx.doi.org/10.1111/j.1601-183X.2007.00330.x.

Meyza, K.Z., Defensor, E.B., Jensen, A.L., Corley, M.J., Pearson, B.L., Pobbe, R.L.H.,
Bolivar, V.J., Blanchard, D.C., Blanchard, R.J., 2013. The BTBR T+ tf/J mouse model
for autism spectrum disorders-in search of biomarkers. Behav. Brain Res. 251,
25–34. http://dx.doi.org/10.1016/j.bbr.2012.07.021.

Mitchell, E.S., Conus, N., Kaput, J., 2014. B vitamin polymorphisms and behavior:
Evidence of associations with neurodevelopment, depression, schizophrenia,
bipolar disorder and cognitive decline. Neurosci. Biobehav. Rev. 47, 307–320.
http://dx.doi.org/10.1016/j.neubiorev.2014.08.006.

Mortaz, E., Redegeld, F.A., Bloksma, N., Dunsmore, K., Denenberg, A., Wong, H.R.,
Nijkamp, F.P., Engels, F., 2006. Induction of HSP70 is dispensable for anti-
inflammatory action of heat shock or NSAIDs in mast cells. Exp. Hematol. 34,
414–423. http://dx.doi.org/10.1016/j.exphem.2005.12.017.

Mortaz, E., Redegeld, F.A., Sarir, H., Karimi, K., Raats, D., Nijkamp, F.P., Folkerts, G.,
2008. Cigarette smoke stimulates the production of chemokines in mast cells. J.
Leukoc. Biol. 83, 575–580. http://dx.doi.org/10.1189/jlb.0907625.

http://dx.doi.org/10.1038/nature13772
http://dx.doi.org/10.1016/j.neuropharm.2014.11.001
http://dx.doi.org/10.1016/j.neuropharm.2014.11.001
http://dx.doi.org/10.1016/j.ejphar.2011.07.013
http://dx.doi.org/10.1016/j.ejphar.2011.07.013
http://dx.doi.org/10.1016/j.bbr.2013.12.008
http://dx.doi.org/10.1016/j.bbr.2013.12.008
http://dx.doi.org/10.1097/WCO.0000000000000186
http://dx.doi.org/10.1016/j.molmed.2012.05.007
http://dx.doi.org/10.1016/j.molmed.2012.05.007
http://dx.doi.org/10.1038/nm1788
http://dx.doi.org/10.1038/nm1788
http://dx.doi.org/10.1038/nm0809-849
http://dx.doi.org/10.1038/nm0809-849
http://dx.doi.org/10.1038/mp.2014.98
http://dx.doi.org/10.1038/mp.2014.98
http://dx.doi.org/10.1007/s13311-015-0360-z
http://dx.doi.org/10.1007/s13311-015-0360-z
http://dx.doi.org/10.1016/j.psyneuen.2009.04.015
http://dx.doi.org/10.1016/j.psyneuen.2009.04.015
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0145
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0145
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0145
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0145
http://dx.doi.org/10.1016/j.ab.2004.02.037
http://dx.doi.org/10.1016/j.ab.2004.02.037
http://dx.doi.org/10.1038/nrclinonc.2015.186
http://dx.doi.org/10.1038/nrclinonc.2015.186
http://dx.doi.org/10.1016/j.neuint.2015.08.014
http://dx.doi.org/10.1016/j.neuint.2015.08.014
http://dx.doi.org/10.1038/nature11628
http://dx.doi.org/10.1038/nature11628
http://dx.doi.org/10.1016/j.ccr.2007.05.008
http://dx.doi.org/10.1016/j.ccr.2005.08.008
http://dx.doi.org/10.1101/gad.1212704
http://dx.doi.org/10.1016/j.nlm.2014.02.005
http://dx.doi.org/10.1016/j.nlm.2014.02.005
http://dx.doi.org/10.1016/j.jaci.2013.02.018
http://dx.doi.org/10.1016/j.jaci.2013.02.018
http://dx.doi.org/10.15154/1149697
http://dx.doi.org/10.15154/1149697
http://dx.doi.org/10.1016/j.ejphar.2004.03.003
http://dx.doi.org/10.1016/j.ejphar.2004.03.003
http://dx.doi.org/10.1007/s00213-013-3268-5
http://dx.doi.org/10.1007/s00213-013-3268-5
http://dx.doi.org/10.1111/pai.12311
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0215
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0215
http://dx.doi.org/10.1016/j.biopsych.2014.05.024
http://dx.doi.org/10.1016/j.biopsych.2014.05.024
http://dx.doi.org/10.3109/00365521.2010.513062
http://dx.doi.org/10.3109/00365521.2010.513062
http://dx.doi.org/10.1111/bcpt.12154
http://dx.doi.org/10.1016/j.neubiorev.2010.02.004
http://dx.doi.org/10.1002/aur.1471
http://dx.doi.org/10.1042/BJ20110892
http://dx.doi.org/10.1002/aur.1247
http://dx.doi.org/10.1016/j.clp.2014.02.007
http://dx.doi.org/10.1016/j.clp.2014.02.007
http://dx.doi.org/10.1016/j.ijdevneu.2014.02.003
http://dx.doi.org/10.1111/j.1528-1167.2011.02981.x
http://dx.doi.org/10.1111/j.1601-183X.2007.00330.x
http://dx.doi.org/10.1016/j.bbr.2012.07.021
http://dx.doi.org/10.1016/j.neubiorev.2014.08.006
http://dx.doi.org/10.1016/j.exphem.2005.12.017
http://dx.doi.org/10.1189/jlb.0907625


J. Wu et al. / Brain, Behavior, and Immunity 59 (2017) 273–287 287
Moy, S.S., Nadler, J.J., Young, N.B., Perez, A., Holloway, L.P., Barbaro, R.P., Barbaro, J.R.,
Wilson, L.M., Threadgill, D.W., Lauder, J.M., Magnuson, T.R., Crawley, J.N., 2007.
Mouse behavioral tasks relevant to autism: phenotypes of 10 inbred strains.
Behav. Brain Res. 176, 4–20. http://dx.doi.org/10.1016/j.bbr.2006.07.030.

Onore, C., Careaga, M., Ashwood, P., 2012. The role of immune dysfunction in the
pathophysiology of autism. Brain Behav. Immun. 26, 383–392. http://dx.doi.
org/10.1016/j.bbi.2011.08.007.

Pearson, B.L., Pobbe, R.L.H., Defensor, E.B., Oasay, L., Bolivar, V.J., Blanchard, D.C.,
Blanchard, R.J., 2011. Motor and cognitive stereotypies in the BTBR T+tf/J mouse
model of autism. Genes. Brain Behav. 10, 228–235. http://dx.doi.org/10.1111/
j.1601-183X.2010.00659.x.

Pei, Y.-C., Bensmaia, S.J., 2014. The neural basis of tactile motion perception. J.
Neurophysiol. http://dx.doi.org/10.1152/jn.00391.2014.

Pei, Y.-C., Hsiao, S.S., Craig, J.C., Bensmaia, S.J., 2011. Neural mechanisms of tactile
motion integration in somatosensory cortex. Neuron 69, 536–547. http://dx.doi.
org/10.1016/j.neuron.2010.12.033.

Penzes, P., Cahill, M.E., Jones, K.A., VanLeeuwen, J.-E., Woolfrey, K.M., 2011.
Dendritic spine pathology in neuropsychiatric disorders. Nat. Neurosci. 14,
285–293. http://dx.doi.org/10.1038/nn.2741.

Prizant, R.L., Barash, I., 2008. Negative effects of the amino acids Lys, His, and Thr on
S6K1 phosphorylation in mammary epithelial cells. J. Cell. Biochem. 105, 1038–
1047. http://dx.doi.org/10.1002/jcb.21904.

Reeves, P.G., Nielsen, F.H., Fahey, G.C., 1993. AIN-93 purified diets for laboratory
rodents: final report of the American Institute of Nutrition ad hoc writing
committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 123, 1939–
1951.

Schouten, B., van Esch, B.C.A.M., Hofman, G.A., Boon, L., Knippels, L.M.J., Willemsen,
L.E.M., Garssen, J., 2010. Oligosaccharide-induced whey-specific CD25(+)
regulatory T-cells are involved in the suppression of cow milk allergy in mice.
J. Nutr. 140, 835–841. http://dx.doi.org/10.3945/jn.109.116061.

Schouten, B., Van Esch, B.C.A.M., Kormelink, T.G., Moro, G.E., Arslanoglu, S., Boehm,
G., Knippels, L.M.J., Redegeld, F.A., Willemsen, L.E.M., Garssen, J., 2011. Non-
digestible oligosaccharides reduce immunoglobulin free light-chain
concentrations in infants at risk for allergy. Pediatr. Allergy Immunol. 22,
537–542. http://dx.doi.org/10.1111/j.1399-3038.2010.01132.x.

Selhub, J., Byun, A., Liu, Z., Mason, J.B., Bronson, R.T., Crott, J.W., 2013. Dietary
vitamin B6 intake modulates colonic inflammation in the IL10-/- model of
inflammatory bowel disease. J. Nutr. Biochem. 24, 2138–2143. http://dx.doi.
org/10.1016/j.jnutbio.2013.08.005.

Sharma, A., Hoeffer, C.A., Takayasu, Y., Miyawaki, T., McBride, S.M., Klann, E., Zukin,
R.S., 2010. Dysregulation of mTOR signaling in fragile X syndrome. J. Neurosci.
30, 694–702. http://dx.doi.org/10.1523/JNEUROSCI.3696-09.2010.

Silverman, J.L., Tolu, S.S., Barkan, C.L., Crawley, J.N., 2010a. Repetitive self-grooming
behavior in the BTBR mouse model of autism is blocked by the mGluR5
antagonist MPEP. Neuropsychopharmacology 35, 976–989. http://dx.doi.org/
10.1038/npp.2009.201.

Silverman, J.L., Yang, M., Lord, C., Crawley, J.N., 2010b. Behavioural phenotyping
assays for mouse models of autism. Nat. Rev. Neurosci. 11, 490–502. http://dx.
doi.org/10.1038/nrn2851.
Südhof, T.C., 2008. Neuroligins and neurexins link synaptic function to cognitive
disease. Nature 455, 903–911. http://dx.doi.org/10.1038/nature07456.

Tavares, M.R., Pavan, I.C.B., Amaral, C.L., Meneguello, L., Luchessi, A.D., Simabuco, F.
M., 2015. The S6K protein family in health and disease. Life Sci. 131, 1–10.
http://dx.doi.org/10.1016/j.lfs.2015.03.001.

Thomson, A.W., Turnquist, H.R., Raimondi, G., 2009. Immunoregulatory functions of
mTOR inhibition. Nat. Rev. Immunol. 9, 324–337. http://dx.doi.org/10.1038/
nri2546.

Toker, A., Marmiroli, S., 2014. Signaling specificity in the Akt pathway in biology and
disease. Adv. Biol. Regul. 55, 28–38. http://dx.doi.org/10.1016/j.jbior.2014.
04.001.

van den Elsen, L.W.J., van Esch, B.C.A.M., Hofman, G.A., Kant, J., van de Heijning, B.J.
M., Garssen, J., Willemsen, L.E.M., 2013. Dietary long chain n-3 polyunsaturated
fatty acids prevent allergic sensitization to cow’s milk protein in mice. Clin. Exp.
Allergy 43, 798–810. http://dx.doi.org/10.1111/cea.12111.

van Elst, K., Bruining, H., Birtoli, B., Terreaux, C., Buitelaar, J.K., Kas, M.J., 2014. Food
for thought: dietary changes in essential fatty acid ratios and the increase in
autism spectrum disorders. Neurosci. Biobehav. Rev. 45, 369–378. http://dx.doi.
org/10.1016/j.neubiorev.2014.07.004.

Van Hoffen, E., Ruiter, B., Faber, J., M’Rabet, L., Knol, E.F., Stahl, B., Arslanoglu, S.,
Moro, G., Boehm, G., Garssen, J., 2009. A specific mixture of short-chain
galacto-oligosaccharides and long-chain fructo-oligosaccharides induces a
beneficial immunoglobulin profile in infants at high risk for allergy. Allergy
Eur. J. Allergy Clin. Immunol. 64, 484–487. http://dx.doi.org/10.1111/j.1398-
9995.2008.01765.x.

Wang, H., Doering, L.C., 2013. Reversing autism by targeting downstream mTOR
signaling. Front. Cell. Neurosci. 7, 28. http://dx.doi.org/10.3389/fncel.2013.
00028.

Wang, Y., Zhao, S., Liu, X., Fu, Q., 2014. Effects of the medial or basolateral amygdala
upon social anxiety and social recognition in mice. Turkish J. Med. Sci. 44, 353–
359.

Wu, J., de Theije, C.M.G., da Silva, S.L., van der Horst, H., Reinders, M.T.M., Broersen,
L.M., Willemsen, L.E.M., Kas, M.J.H., Garssen, J., Kraneveld, A.D., 2015. MTOR
plays an important role in cow’s milk allergy-associated behavioral and
immunological deficits. Neuropharmacology 1–13. http://dx.doi.org/10.1016/j.
neuropharm.2015.04.035.

Yamaki, K., Yoshino, S., 2012. Preventive and therapeutic effects of rapamycin, a
mammalian target of rapamycin inhibitor, on food allergy in mice. Allergy 67,
1259–1270. http://dx.doi.org/10.1111/all.12000.

Zerbo, O., Leong, A., Barcellos, L., Bernal, P., Fireman, B., Croen, L.A., 2015. Immune
mediated conditions in autism spectrum disorders. Brain Behav. Immun. 46,
232–236. http://dx.doi.org/10.1016/j.bbi.2015.02.001.

Zhou, J., Blundell, J., Ogawa, S., Kwon, C.-H., Zhang, W., Sinton, C., Powell, C.M.,
Parada, L.F., 2009. Pharmacological inhibition of mTORC1 suppresses
anatomical, cellular, and behavioral abnormalities in neural-specific Pten
knock-out mice. J. Neurosci. 29, 1773–1783. http://dx.doi.org/10.1523/
JNEUROSCI.5685-08.2009.

http://dx.doi.org/10.1016/j.bbr.2006.07.030
http://dx.doi.org/10.1016/j.bbi.2011.08.007
http://dx.doi.org/10.1016/j.bbi.2011.08.007
http://dx.doi.org/10.1111/j.1601-183X.2010.00659.x
http://dx.doi.org/10.1111/j.1601-183X.2010.00659.x
http://dx.doi.org/10.1152/jn.00391.2014
http://dx.doi.org/10.1016/j.neuron.2010.12.033
http://dx.doi.org/10.1016/j.neuron.2010.12.033
http://dx.doi.org/10.1038/nn.2741
http://dx.doi.org/10.1002/jcb.21904
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0330
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0330
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0330
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0330
http://dx.doi.org/10.3945/jn.109.116061
http://dx.doi.org/10.1111/j.1399-3038.2010.01132.x
http://dx.doi.org/10.1016/j.jnutbio.2013.08.005
http://dx.doi.org/10.1016/j.jnutbio.2013.08.005
http://dx.doi.org/10.1523/JNEUROSCI.3696-09.2010
http://dx.doi.org/10.1038/npp.2009.201
http://dx.doi.org/10.1038/npp.2009.201
http://dx.doi.org/10.1038/nrn2851
http://dx.doi.org/10.1038/nrn2851
http://dx.doi.org/10.1038/nature07456
http://dx.doi.org/10.1016/j.lfs.2015.03.001
http://dx.doi.org/10.1038/nri2546
http://dx.doi.org/10.1038/nri2546
http://dx.doi.org/10.1016/j.jbior.2014.04.001
http://dx.doi.org/10.1016/j.jbior.2014.04.001
http://dx.doi.org/10.1111/cea.12111
http://dx.doi.org/10.1016/j.neubiorev.2014.07.004
http://dx.doi.org/10.1016/j.neubiorev.2014.07.004
http://dx.doi.org/10.1111/j.1398-9995.2008.01765.x
http://dx.doi.org/10.1111/j.1398-9995.2008.01765.x
http://dx.doi.org/10.3389/fncel.2013.00028
http://dx.doi.org/10.3389/fncel.2013.00028
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0405
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0405
http://refhub.elsevier.com/S0889-1591(16)30425-1/h0405
http://dx.doi.org/10.1016/j.neuropharm.2015.04.035
http://dx.doi.org/10.1016/j.neuropharm.2015.04.035
http://dx.doi.org/10.1111/all.12000
http://dx.doi.org/10.1016/j.bbi.2015.02.001
http://dx.doi.org/10.1523/JNEUROSCI.5685-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5685-08.2009

	Dietary interventions that reduce mTOR activity rescue autistic-like behavioral deficits in mice
	1 Introduction
	2 Materials and methods
	2.1 In vitro mast cell studies
	2.1.1 Mouse bone-derived marrow cells (BMMCs) culture and treatment
	2.1.2 Mast cell degranulation
	2.1.3 Mast cell cytokine production

	2.2 In vivo mouse studies
	2.2.1 Animals
	2.2.2 Induction of cow’s milk allergy in mice
	2.2.3 Dietary intervention
	2.2.4 Social interaction test
	2.2.5 Self-grooming
	2.2.6 Brain tissues
	2.2.7 Intestinal tissue

	2.3 Western blotting
	2.4 mRNA expression analysis
	2.5 Measurements of serum mMCP-1 and whey-specific immunoglobulins
	2.6 Statistical analysis

	3 Results
	3.1 Effect of single amino acids or amino acid combinations on mTOR signaling and activity of IgE-sensitized mast cells after antigen stimulation, in&blank;vitro studies
	3.2 Both Active 1 and Active 2 diets improved social behavior of CMA mice
	3.3 Active 1 diet normalized repetitive behavior of both CMA mice and BTBR mice, while Active 2 diet normalized repetitive behavior of CMA mice only.
	3.4 Both Active 1 and Active 2 diets attenuated mTORC1 signaling in the brain of CMA and BTBR mice
	3.5 Both Active 1 and Active 2 diets suppress whey-induced Th17 cell associated transcriptional markers and enhance Treg cell-associated transcription marker in the proximal part of small intestine of CMA mice
	3.6 Both diets had no effect on humoral antigen specific-immune responses and mucosal mast cell degranulation

	4 Discussion
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


