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Neurobiology of Disease

Insulin-Like Growth Factor II Targets the mTOR Pathway to
Reverse Autism-Like Phenotypes in Mice

Adam B. Steinmetz,' Sarah A. Stern,' Amy S. Kohtz,' Giannina Descalzi,' and ©“Cristina M. Alberini'
ICenter for Neural Science, New York University, New York, New York, 10003

Autism spectrum disorder (ASD) is a developmental disability characterized by impairments in social interaction and repetitive behav-
ior, and is also associated with cognitive deficits. There is no current treatment that can ameliorate most of the ASD symptomatology;
thus, identifying novel therapies is urgently needed. We used male BTBR T* Itpr3”/J (BTBR) mice, a model that reproduces most of the
core behavioral phenotypes of ASD, to test the effects of systemic administration of insulin-like growth factor II (IGF-II), a polypeptide
that crosses the blood- brain barrier and acts as a cognitive enhancer. We show that systemic IGF-II treatments reverse the typical defects
in social interaction, cognitive/executive functions, and repetitive behaviors reflective of ASD-like phenotypes. In BTBR mice, IGF-II, via
IGF-II receptor, but not via IGE-I receptor, reverses the abnormal levels of the AMPK-mTOR-S6K pathway and of active translation at

synapses. Thus, IGF-II may represent a novel potential therapy for ASD.
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ignificance Statement

Currently, there is no effective treatment for autism spectrum disorder (ASD), a developmental disability affecting a high number
of children. Using a mouse model that expresses most of the key core as well as associated behavioral deficits of ASD, that are,
social, cognitive, and repetitive behaviors, we report that a systemic administration of the polypeptide insulin-like growth factor
II (IGF-II) reverses all these deficits. The effects of IGF-II occur via IGE-II receptors, and not IGF-I receptors, and target both basal
and learning-dependent molecular abnormalities found in several ASD mice models, including those of identified genetic muta-
tions. We suggest that IGF-II represents a potential novel therapeutic target for ASD.
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Introduction
Autism spectrum disorder (ASD), also called autism, is a neuro-
developmental disorder characterized by impairments in social
interactions, deficits in communication, and restrictive and repeti-
tive patterns of behaviors and interests (McFarlane et al., 2008; Volk-
mar et al., 2009; American Psychiatric Association, 2013).
Although only approximately half of the children diagnosed
with ASD show cognitive impairments (Charman et al., 2011),
most have severely impaired social cognitive abilities, as well as
problems in dividing attention and processing the “whole”, and
instead focus more on details. They also have low imitation skills,
and an increased attention to inanimate objects rather than social
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ones (Davies et al., 2011; McPartland et al., 2011). Social cogni-
tive abilities are based on learning through observation, and in-
clude an understanding of the intentions and emotions of others
during interactions, suggesting that ASD subjects have deficits of
learning and cognition (Frith and Frith, 2012). In agreement,
studies have indicated that autism is characterized by deficits in
learning and cognitive processing (Hill, 2004), and suggest a need
for cognitive enhancement as a therapeutic intervention. Cognitive
enhancers, in fact, may also provide rescuing of attention abilities,
ability to understand social cues, and executive functions (Floresco
and Jentsch, 2011; Lynch et al,, 2011). Unfortunately, efficacious
treatments for ASD are still lacking.

To identify novel treatments, preclinical investigations in an-
imal models of ASD can be extremely helpful. An inbred strain,
the BTBRT* I tpr3tf/ J (BTBR) mice, seems to recapitulate several
core behavioral deficits of ASD and is thus considered a useful
representative model for translational investigations (Moy et al.,
2007; MacPherson et al., 2008; McFarlane et al., 2008; Roullet and
Crawley, 2011). BTBR mice exhibit normal general health and
physical abilities (Moy et al., 2007) but show cognitive impair-
ments, which include deficits in fear conditioning, object recog-
nition, spatial learning, and probabilistic reversal learning (Cabib
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et al., 2003; MacPherson et al., 2008; Amodeo et al., 2012, 2014).
They also have social deficits including reduced social approach,
social interaction, juvenile play, and social transmission of food
preference (McFarlane et al., 2008; Ruskin et al., 2013). They also
have reduced ultrasonic vocalizations in social settings and high
levels of repetitive behaviors including self-grooming and marble
burying (McFarlane et al., 2008; Scattoni et al., 2008; Silverman et
al., 2010a; Pobbe et al., 2011). BTBR mice lack the corpus callo-
sum, have anatomical alterations of the hippocampus, and spon-
taneous deletion of the disrupted in schizophrenia-1 (DISC-1)
gene (Wahlsten et al., 2003; Stephenson et al., 2011). In common
with other ASD mouse models (Zhou et al., 2009; Sato et al., 2012),
the social deficits of BTBR mice ameliorate with rapamycin, which
blocks the mammalian target of rapamycin (mTOR) pathway (Bur-
ketetal.,2014). These data suggest that dysregulation of active trans-
lation/protein concentration or autophagy are defective in BTBR,
similar to what has been reported with other ASD mouse models
(Kelleher and Bear, 2008). These dysregulations have been in fact
implicated in several monogenic neurodevelopmental disorders
linked to ASD (Ehninger and Silva, 2011; Sun et al., 2015, 2016),
suggesting that deficits in the mTOR pathway are common to many
types of ASD.

We and others have previously identified the polypeptide in-
sulin growth factor II (IGF-II) as a potent cognitive enhancer
when injected either into the hippocampus of rats or mice (Agis-
Balboa et al., 2011; Chen et al., 2011), or subcutaneously in mice
(Stern et al., 2014). The effect is rapid and persistent, and is me-
diated by IGF-II receptor (R) and not IGF-IR (Chen et al., 2011;
Stern etal., 2014). Importantly, as IGF-II crosses the blood—brain
barrier (Reinhardt and Bondy, 1994), it provides a unique oppor-
tunity for potential, rapid translational applications. The striking
effect of IGF-II as an enhancer of cognitive and social learning as
well as of executive functions in normal mice (Stern et al., 2014)
prompted us to investigate the effect of systemically administered
IGF-II on ASD-like behavioral phenotypes and on underlying
mechanisms.

Materials and Methods

Animals. A total of 230 adult male C57BL/6] (B6) (RID:IMSR_JAX:
000664; https://www.jax.org/strain/000664) and 265 BTBR T Itpr3¥/]
mice (6—10 weeks of age), purchased from The Jackson Laboratory (RID:
IMSR_JAX:016926; https://www.jax.org/strain/016926), were used for
this study. All mice were group housed, on a 12 h light/dark cycle, with ad
libitum access to food and water. Experiments were performed during the
light cycle. All protocols complied with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the NYU University
Animal Welfare Committee.

Drugs. Recombinant mouse IGF-II (R&D Systems) was dissolved in
0.1% BSA-PBS, pH 7.4, and injected at 30 ug/kg subcutaneously in 0.3
ml. Anti-IGF-IIR antibody (anti-IGF-IIR) or IgG control (both from
R&D Systems) were dissolved in PBS at 20 ng/ul and 0.5 ul per side were
injected into the hippocampus. This concentration blocks 90% of IGF-
IIR binding in an in vitro binding assay (R&D Systems); it also blocks
memory enhancement in rats and mice (Chen et al., 2011; Stern et al.,
2014). The IGF-IR antagonist JB1 (Bachem Biosciences) was dissolved in
PBS, and 0.5 ul of a solution at 20 ng/ul was injected in each side of the
dorsal hippocampus. This concentration has been used successtully to
block IGF-I activity in various tissues, including the brain (Quesada and
Micevych, 2004).

Experimental design for IGF-II injection and behavioral tasks. In all
experiments, mice were handled for 2-3 min/d for 5 d before their first
behavioral procedure. Each mouse was used for one to three behavioral
tasks, and all behaviors were performed in the same order; the sequence
went from the less adverse to the more adverse behavioral task. Animals
were randomly assigned to receive either IGF-II or vehicle at the first
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session, after which the treatment was counterbalanced. Seven to 10 d
between each behavioral procedure were allowed to obtain clearance
from the drug. Untrained controls (naive) received the same handling
and treatment, as detailed in the Results section, but not training or
testing. Biochemistry and corticosterone (cort) studies were done on
independent groups of mice, which were not used for multiple behaviors.
For every behavior, multiple experiments using n = 3—4/group were
repeated for data confirmation, with all conditions conducted in parallel.
Different experimenters using different litters obtained similar results,
which were finally pooled for statistical analyses.

Social interaction and social novelty memory in the open-field. Social
interaction and preference for social novelty were performed as previ-
ously described (Satoh et al., 2011; Stern et al., 2014). On two sides of a
clean square cage (30.5 X 24.1 X 21.0 cm) a rectangular wire-holder
containing either a stimulus mouse (C57BL/6]) or a novel object was
placed. Stimulus mice were habituated to the wire-holders for 10 min the
day before testing to prevent excessive movement. On the day of the
experiment, the test mice were habituated to the cage with empty wire-
holders for 10 min. During each subsequent phase the test mouse was
placed into the cage and allowed to interact freely for 5 min with the
following settings: in Phase 1, with a stranger mouse (novel Mouse 1) and
a novel object placed under the wire holders. In Phase 2, the object was
replaced with a novel mouse (Mouse 2). Finally, in Phase 3, 24 h later,
Mouse 1 was placed under the wire-holder, and a third novel mouse
(Mouse 3) was placed under the other wire-holder. Social interaction
(also called sociability) was measured as the time spent interacting/sniff-
ing with the mouse or object over 10 min. Immediate and long-term
social novelty memories, which measured the ability to discriminate be-
tween the novel mouse and the familiar mouse, were measured as the
percentage time spent interacting with the novel mouse. A percentage
index preference was calculated as the time that the test mouse spent with
the novel mouse divided by the total interaction time with both object
and mouse (Test 1), or the two mice (Tests 2 and 3), and multiplied by
100. Two independent observers blind to mouse strain and treatment
scored all the experiments.

Novel-object recognition. Novel-object recognition (nOR) was adapted
from Stern et al. (2014). One day before training, mice were placed in a
clean square novel arena, free of bedding for 5 min. The following day,
mice were trained in the same arena, containing two identical objects
(Mega Bloks 120), by allowing them to interact freely for 3 min. Five
minutes, 4 h, and/or 24 h later, the mice were returned to the arena in
which one object had been replaced with a novel object, while the other
remained constant. Each session was recorded and analyzed off-line.
Time spent interacting/sniffing each object over 5 min was recorded in
seconds, and memory was expressed as the percentage index preference
for the novel object (novel object/novel object + old object X 100) over
5 min. Two independent observers blind to mouse strain and treatment
scored all the experiments.

Contextual fear conditioning. Mice were handled for 2-3 min per day
for 5 d before training. The conditioning chamber consisted of a rectan-
gular Perspex box (30.5 X 24.1 X 21.0 cm) with a metal grid floor (Model
ENV-008 Med Associates) through which foot shocks were delivered via
aconstant current scrambler circuit. Contextual fear conditioning (CFC)
training was performed as described previously (Guedea et al., 2011).
After 2 min in the chamber, an unsignaled 2 s 0.7 mA footshock was
delivered. After 1 additional minute in the chamber, the mouse was
returned to its home cage. At testing, done at 24 h after training, the
animal was placed back in to the conditioning chamber where it re-
mained for 5 min in the absence of a footshock and was video-recorded
for off-line analysis. Freezing, defined as lack of movement in addition to
heartbeat and respiration, was recorded every 10th second by two inde-
pendent trained observers unaware of the experimental conditions.
Freezing was expressed in a score calculated as percentage of freezing
behavior over the total number of observations.

Inhibitory avoidance. Inhibitory avoidance (IA) was performed as de-
scribed previously (Chen et al., 2011). The IA chamber (Med Associates)
consisted of a rectangular Perspex box divided into a safe compartment
and a shock compartment. The safe compartment was white and illumi-
nated, whereas the shock compartment was black and dark. Foot shocks


https://scicrunch.org/resolver/IMSR_JAX:000664
https://scicrunch.org/resolver/IMSR_JAX:000664
https://scicrunch.org/resolver/IMSR_JAX:016926

Steinmetz et al. @ Systemic IGF-II Reverses Phenotypes Typical of ASD

were delivered to the grid floor of the shock chamber via a constant current
scrambler circuit. The apparatus was located in a sound-attenuated, non-
illuminated room. During training sessions, each mouse was placed in the
safe compartment with its head facing away from the door. After 10 s, the
door separating the compartments was automatically opened, allowing
the mouse access to the shock compartment; the mouse usually entered the
shock (dark) compartment within 10-20 s of the door opening. The door
closed 1 s after the mouse entered the shock compartment, and a brief
foot shock (0.7 mA for 1 s) was administered. Latency to enter the shock
compartment was taken in seconds as acquisition. The mouse was then
returned to its home cage and tested for memory retention at the desig-
nated time point(s). Retention tests were done by placing the mouse back
in the safe compartment and measuring its latency to enter the shock
compartment. Foot shocks were not administered on the retention tests,
and testing was terminated at 900 s. In reactivation (reconsolidation)
experiments, mice were trained as described and memory was reactivated
24 h later. Reactivation consisted of placing the mouse in the light com-
partment for 30 s without the door opening. Mice were then tested 24 h
and 7 d following reactivation.

Marble burying. Marble burying was used for testing repetitive and
compulsive behavior (Angoa-Pérez et al., 2013). Empty home cages were
filled with 10 cm of bedding, on top of which 12 marbles were placed in
four rows of three marbles each. The fraction of time spent burying
marbles was measured over 15 min under a red light. Digging was defined
as coordinated movements of fore or hind limbs that displace the
substrate. Sessions were video-recorded, and the time spent burying
was quantified by two independent observers blind to strain and injec-
tion. Total number of marbles buried (>75% marble covered by bedding
material) was determined at the end of the testing session.

Grooming behavior. The conditioning chamber consisted of a rectan-
gular box (30.5 X 24.1 X 21.0 cm) with 2 cm of bedding. Bedding was
used based on previous reports suggesting that this would reduce anxiety
and neophobia (Silverman et al., 2010a). Animal behavior was video-
recorded for 10 min and analyzed off-line by two independent observers
blind to strain and treatment.

Spontaneous alternation. Spontaneous alternation was performed as
previously described (Stern et al., 2014). The Y-maze consisted of three
black polycarbonate arms (7.62 X 12.7 X 38.1 cm?). Mice were allowed
to freely explore from the center of the maze for 10 min while being
video-recorded for off-line analysis. Two independent observers, blind to
strain and treatment, recorded entries into each arm and total arm entries.
Spontaneous alternation was defined as successive entries into each of the
three arms on overlapping triplet sets (e.g., ABC, BCA, CAB, etc.). Percent-
age alternation was defined as the ratio of actual alternations (total alterna-
tions) to possible alternations (total arm entries — 2) X 100.

Open-field. Mice were allowed to freely explore an open-field arena
(43.2 cm X 43.2 cm X 30.5 cm; Med Associates; ENV-515) designated
into 16 quadrants for 5 min. Activity was analyzed with Ethovision-XT
(Noldus Information Technology). Animals’ activity was measured by
scoring the number of times they moved from one square to another. The
numbers of entries in the four center quadrants, as well as the time spent
(in seconds) in the four center quadrants were measured. Illumination
levels during testing were maintained at 195 lux.

Elevated plus maze. Mice were placed in the center zone of a white
39-cm-arm-length elevated plus maze (EPM) arena (Columbus Instru-
ments) and allowed to freely explore for 5 min. Subject movements were
analyzed with Ethovision-XT (Noldus Information Technology). Illumi-
nation levels during testing were maintained at 195 lux.

Cort analysis. Plasma cort levels collected from trunk blood of mice
were analyzed using the Cayman EIA corticosterone kit (Cayman Chem-
ical Company), according to the instructions of the manufacturer. Blood
was collected either 20 min or 3 h post-IGF-II or vehicle injections.

Cannulae implants and drug injection. Cannulae implants were adapted to
mice and drug injection was performed as described previously (Chen et al.,
2011; Stern et al., 2014). Mice were anesthetized with ketamine (100
mg/kg) and xylazine (75 mg/kg), and guide cannulae (C232GC; 22 gauge;
Plastics One) were implanted to target the hippocampus (—1.7 mm pos-
terior to bregma *1.5 mm lateral to midline, —2.3 mm ventral to skull
surface) using a stereotaxic apparatus (Kopf Instruments). Mice were
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allowed to recover for at least 5 d before undergoing behavioral experi-
ments. Drugs were delivered in 0.50 ul over 3 min via injection through
the cannula (26 gauge, extending 0.8 mm beyond the 1.5 mm guide)
attached to polyethylene tubing (PE50) connected to a 10 ul Hamilton
syringe and controlled by a microinfusion pump (Harvard Apparatus).
Cannula placements were verified at the end of the behavioral experiments,
following fixation of the brains in 10% formalin. Forty micrometer coronal
sections were cut through the hippocampus and examined under a light
microscope. All surgeries correctly targeted the hippocampus.

Total protein extracts, synaptoneurosomal extracts, and Western blot
analyses. Total protein extracts, synaptoneurosomal (SN) extracts, and
Western blots analyses were performed as described previously (Chen et
al., 2011). Dorsal hippocampi, medial prefrontal cortex (mPFC), stria-
tum, or cerebellum were dissected rapidly in cold dissection buffer
containing the following (in mm: 2.6 KCl, 1.23 sodium phosphate mono-
basic, 26 sodium bicarbonate, 5 kynurenic acid, 212 sucrose, 10 dextrose,
0.5 CaCl,, and 1 MgCl, ), followed by homogenization in buffer contain-
ing 10 mm HEPES, 2 mm EDTA, 2 mm EGTA, 0.5 mm DTT, 2 mm NaF, 1
M microcystin, 1 mm benzamidine, and phosphatase and protease in-
hibitor mixtures (Sigma-Aldrich). Tissues were homogenized and in part
extracted with an addition of 0.2 M NaCl to generate total protein extracts
and in part filtered sequentially through a 100 wm nylon mesh filter and
a 5 um nitrocellulose filter to generate SN preparations. SN fractions
were obtained by resuspending pellets in homogenization buffer after
centrifugation at 1000 X g for 10 min. Protein concentrations were de-
termined using the Bio-Rad protein assay. For Western blot analyses,
equal amounts of protein (10-20 ug, depending on the marker to be
investigated) to which 10% B-mercaptoethanol was added were resolved
using 10-15% denaturing SDS-PAGE and transferred to Immobilon-FL
PVDF membranes (EMD Millipore) by electroblotting. The membrane
was dried and then blocked with either 5% milk or 5% BSA in tris buffer
saline (TBS). Primary antibodies were used at the following dilutions:
anti-mTOR (1/1000; Cell Signaling Technology; RRID:AB_2105622),
anti-phospho(Ser2448)-mTOR (1/1000; Cell Signaling Technology;
RRID:AB_490932), anti-ULK (1/1000; Cell Signaling Technology;
RRID:AB_2212518), anti-phospho(Ser757)-ULK (1/1000; Cell Signal-
ing Technology; RRID:AB_10829226), anti-S6K (1/1000; Cell Signaling
Technology; RRID:AB_10695156), anti-phospho(Thr389)-S6K (1/1000;
Cell Signaling Technology; RRID:AB_1658214), anti-AMPK (1/1000;
Cell Signaling Technology; RRID:AB_10695248), or anti-phospho(Thr172)-
AMPK (1/1000; Cell Signaling Technology; RRID:AB_330330), LC3-B (1/
1000; Novus; RRID:AB_1049142), p62 (1/1000; Cell Signaling Tech-
nology; RRID:AB_10624872), and anti-actin (1/10,000; Santa Cruz Bio-
technology; RRID:AB_626632) All primary antibodies were diluted in
TBS and used to incubate the blotted membranes with gently rocking
overnight at 4°C. Membranes were then washed and incubated with
secondary antibodies (anti-rabbit IRDye800CW and anti-mouse IRDye680;
1/10,000; Li-Cor) for 1 h at room temperature. Membranes were scanned
on the Li-Cor Odyssey imager under nonsaturating conditions. Data
were quantified using pixel intensities with the Odyssey software ac-
cording to the protocols of the manufacturer (Li-Cor). Intensities
were normalized to corresponding values of actin immunoreactivity
and expressed as percentage fold-changes relative to the control
group mean value.

In vivo SUnSET. A protein synthesis assay was performed as previously
described using the surface sensing of translation (SUnSET) method
(Schmidt et al., 2009). In brief, puromycin (25 g in 0.5 ul of PBS;
Sigma-Aldrich) was injected bilaterally into dorsal hippocampus 60 min,
immediately following an anti-IGF-IIR or IgG bilateral hippocampal
injection. The animals were killed 60 min later. Additionally, mice re-
ceived subcutaneous injections of IGF-II immediately following puro-
mycin. Dorsal hippocampi were dissected; total and SN extracts were
prepared as described above. Twenty-five micrograms of protein extract
were resolved on a 4—20% gradient gel and transferred to Immunobilon-FL
PVDF membranes (EMD Millipore) by electroblotting. The membranes
were dried and then blocked with 5% BSA in TBS. Puromycin incorpo-
ration was revealed using an anti-puromycin monoclonal antibody (1/
5000; Millipore; RRID:AB_2566826). Signal intensities were normalized
to corresponding values for B-tubulin immunoreactivity (AB_10990122) in
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each sample. The mean value of each group was calculated and expressed as
percentage fold-change relative to the control mean value.

Experimental design and statistical analyses. For statistical analyses,
unpaired ¢ tests or one- or two-way ANOVA followed by Tukey or Bon-
ferroni post hoc tests were used. Only male mice were used for all exper-
iments. All tests were conducted using GraphPad Prism v7.0 software
with significance set at p < 0.05. Neurobehavioral assessment was
performed blindly with respect to experimental group and drug
administration.

Results

IGF-II reverses social interaction deficits of BTBR mice and
increases their social novelty memory

Detailed statistical analyses for all experiments shown in this paper
can be found in the Extended Data tables (Figs. 1-4 available at
https://doi.org/10.1523/]NEUROSCI.2010-17.2017.f1-4, 1-5 avail-
able at https://doi.org/10.1523/JNEUROSCI.2010-17.2017.f1-5, 1-6
available at https://doi.org/10.1523/JNEUROSCI.2010-17.2017.
f1-6, 1-7 available at https://doi.org/10.1523/JNEUROSCI.
2010-17.2017.f1-7, 2-2 available at https://doi.org/10.1523/
JNEUROSCI.2010-17.2017.f2-2, 2-3 available at https://doi.org/
10.1523/JNEUROSCI.2010-17.2017.f2-3, 3-1 available at https://
doi.org/10.1523/JNEUROSCI.2010-17.2017.f3-1, 4-1 available at
https://doi.org/10.1523/]NEUROSCI.2010-17.2017.f4-1, 5-2 ava-
ilable at https://doi.org/10.1523/JNEUROSCI.2010-17.2017.f5-2,
6-2 available at https://doi.org/10.1523/JNEUROSCI.2010-17.
2017.f6-2, 6-3 available at https://doi.org/10.1523/J]NEUROSCI.
2010-17.2017.f6-3, and 7-1 available at https://doi.org/10.1523/
JNEUROSCI.2010-17.2017.£7-1).

We tested the effects of a subcutaneous administration of
IGF-II to adult male BTBR mice and compared them to B6 mice,
which were used as controls. B6 is a standard inbred strain of mice
that have normal social behavior, low repetitive behaviors, as well
as good cognitive performance. For all experiments, the dose of
30 ug/kg and time of IGF-II administration were chosen on the
basis of the previous study (Stern et al., 2014) in B6 mice, which
established a dose—response curve and significant cognitive en-
hancing effects.

Because IGF-II increases social novelty memory in B6 mice
(Stern et al., 2014), here we tested the effect of IGF-II on social
interaction deficits as well as social novelty memory of BTBR
mice. A subcutaneous injection of vehicle or IGF-II 20 min before
testing social interaction showed that, while as expected (Moy et
al., 2007; McFarlane et al., 2008) vehicle-injected B6 mice spent
significantly more time with a stranger mouse compared with an
object, vehicle-injected BTBR mice had no preference (group X
test interaction: F4 g7y = 3.92, p = 0.0016; two-way ANOVA; Fig.
1A, Test 1). This sociability deficit of BTBR mice did not reflect an
olfactory impairment or inability to detect novelty, because 5 min
after Test 1 the same BTBR mice spent significantly more time
investigating a novel mouse compared with the mouse just seen
(Fig. 1A, Test 2). Notably, IGF-II did not change the social inter-
action of B6 mice, but completely rescued the social interaction
deficit of BTBR mice (Fig. 1A, Test 1). Furthermore, 24 h after
Test 1, whereas both B6 and BTBR mice injected with vehicle lost
their social novelty memory, both IGF-II-injected groups still
displayed significant social novelty memory (Fig. 1A, Test 3). Anal-
yses of interaction time expressed in seconds showed similar effects
(Fig. 1-1 available at https://doi.org/10.1523/JNEUROSCI.
2010-17.2017.f1-1). No significant differences were detected in
total exploration time between groups or treatment, leading to
the conclusion that the effects of IGF-II were not due to changes
in motivation or exploratory behavior (Fig. 1-3 available at
https://doi.org/10.1523/JNEUROSCI.2010-17.2017.f1-3). Toge-
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ther, these data indicated that IGF-II rescues the social interac-
tion deficits and increases social novelty memory in BTBR mice.

IGF-II can bind to both IGF-IR and IGF-IIR, two distinct
receptors, with different affinity for IGF-II (Nissley and Rechler,
1984). Because social novelty memory requires hippocampal
functions, we then tested whether the rescuing effects on social
interaction deficits and/or the enhancing effect on social novelty
memory by systemic IGF-II administration occurs via IGF-IR or
IGF-IIR in the dorsal hippocampus. An anti-IGF-IIR blocking
antibody or the selective IGF-IR blocker, JB1, were injected bilat-
erally into the dorsal hippocampus 20 min before social interac-
tion; immediately after, IGF-II was injected subcutaneously.
Relative control injections consisted of IgG and vehicle solution,
respectively. Neither blockers of IGE-IR or IGF-IIR affected so-
cial interaction in B6 mice. No effect was found also on the res-
cuing effect of IGF-II on social interaction deficit of BTBR mice
(group X test interaction: F,, 55,y = 57.19, p < 0.001; two-way
ANOVA; Fig. 1B, Test 1). In contrast, blocking the IGF-IIR, but
not the IGF-IR, completely blunted the effect of IGF-II in en-
hancing social novelty memory (Test 3) in both strains. When
comparing time spent interacting with each object/mouse, com-
pared with percentage, similar enhancement/rescuing effects of
IGF-II were found. These effects were then blunted when an IGF-
IIR, but not IGF-1R, blocker was administered into the hippocam-
pus (Fig. 1-2 available at https://doi.org/10.1523/JNEUROSCI.
2010-17.2017.f1-2). Thus, in line with a role of the hippocampus
in social novelty memory but not in social interaction (McHugh
et al., 2004; Felix-Ortiz and Tye, 2014; Hitti and Siegelbaum,
2014), the IGF-II effect only on social novelty memory required
the selective role of hippocampal IGF-IIR but not IGF-IR.

IGF-II, via IGF-IIR, reverses memory deficits of BTBR mice
Approximately one-third of children diagnosed with ASD have a
comorbid intellectual disability (Chakrabarti and Fombonne,
2005). To determine whether IGF-II rescues cognitive-like defi-
cits, we next tested the effect of systemic IGF-II treatment on both
non-aversive (nOR) and aversive (CFC and TA) memories. IGF-IT
injected 20 min before training had no effect on short-term nOR
memory, tested 5 min after training (group X test interaction:
F3.46) = 0.708, p = 0.55; two-way ANOVA; Fig. 2A). However,
IGF-1I reversed the significant impairment of long-term nOR
memory of BTBR mice tested 4 h following training (group X test
interaction: Fggq) = 54.52, p < 0.001; two-way ANOVA; Fig.
2B). As expected from this protocol of nOR, memory retention of
both BTBR and B6 mice injected with vehicle significantly de-
cayed 24 h following training; however, IGF-II injection signifi-
cantly enhanced memory retention in both strains. No change in
total exploration time among groups was found when comparing
strains or injections, indicating that IGF-II did not alter motivation,
exploration or motor performance (Fig. 2-1 available at https://doi.
org/10.1523/]NEUROSCI.2010-17.2017.2-1).

Compared with B6, BTBR mice also had impaired long-term
IA memory retention at both 24 h and 7 d after training (main
effect of test: F(, 4, = 120.7, p < 0.001; two-way ANOVA; Fig.
2C). Compared with vehicle, IGF-II reversed the impairment in
BTBR mice and significantly enhanced memory in B6 mice at both
time points. In agreement with previous studies (MacPherson et al.,
2008), we found that vehicle-injected BTBR mice had also impaired
long-term CFC memory retention compared with vehicle-injected
B6 (main effect of group: Fs g4y = 47.41, p < 0.001; main effect of
test: F g4y = 47.21, p < 0.001; two-way ANOVA; Fig. 2D). An
IGF-II injection completely reversed the memory deficit in BTBR
mice and, consistent with our previous findings (Stern et al., 2014),
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Figure 1.  IGF-I reverses social interaction deficits and enhances social novelty memory in BTBR mice. Experimental timeline is shown above graphs. In all experiments mice received a
subcutaneous injection ( 1 ) of either vehicle (Veh) or IGF-II, 20 min before the first test. All data are expressed as the mean percentage (== SEM). n = 7-9 per group. Two-way ANOVA followed by
Tukey or Bonferroni post hoc tests. *p << 0.05, ***p << 0.001. A, Percentage exploration preference for Mouse 1 versus novel object (Test 1), novel Mouse 2 versus Mouse 1 (Test 2), and novel Mouse
3versus Mouse 1 (Test 3) of B6 and BTBR mice injected with Veh or IGF-II. B, Percentage exploration preference for Mouse 1 versus novel object (Test 1), novel Mouse 2 versus Mouse 1 (Test 2), and
novel Mouse 3 versus Mouse 1 (Test 3) of B6 (top) and BTBR (bottom) mice that received a bilateral dorsal hippocampal injections (red 1 ) of IGF-IR blocker (JB1), IGF-IIR functionally blocking
antibody (Anti), IgG or Veh immediately before a systemic Veh or IGF-Il injection. Time spent exploring Mouse 1 versus novel object (Test 1), novel Mouse 2 versus Mouse 1 (Test 2), and novel Mouse
3versus Mouse 1 (Test 3) of B6 and BTBR mice injected with Veh or IGF-II. Exploration times are reported in the Extended Data (Figs. 1-1 available at https://doi.org/10.1523/JINEUR0SCI.2010-17.
2017.f1-1to 1-3 available at https://doi.org/10.1523/JNEUR0SCI.2010-17.2017.f1-3. Detailed statistical analyses are reported in the Extended Data tables (Figs. 1-4 available at https://doi.org/
10.1523/JNEUR0SCI.2010-17.2017.f1-4 to 1-7 available at https://doi.org/10.1523/JNEUR0SCI.2010-17.2017.f1-7).

enhanced memory retention in B6 mice. No significant differences  cantly reverses deficits of both non-aversive and aversive types of
were detected in baseline freezing between the groups before, or  long-term memory in an ASD mouse model.

immediately following, the footshock, indicating that IGF-II did not IGF-II has been reported to also enhance rat and mouse mem-
change baseline responses to the context or the footshock. Together,  ory reconsolidation, the process of destabilization and restabili-
these results indicate that systemic administration of IGF-II signifi- ~ zation evoked by memory retrieval (Alberini, 2011; Stern et al,,
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Figure 2.  IGF-II reverses memory deficits of BTBR mice via hippocampal IGF-IIR. Experimental timelines are shown above
graphs. Inall experiments mice received a subcutaneous injection of either vehicle (Veh) or IGF-II ( 1) 20 min before either training
ormemory reactivation as indicated. All data are expressed as the mean (= SEM). n = 7— 8 per group. Two-way ANOVA followed
by Tukey post hoc tests. *p << 0.05, **p << 0.01, ***p < 0.001. See Extended Data table (Fig. 2-2 available at https://doi.org/10.
1523/JNEUR0SCI.2010-17.2017.f2-2) for detailed statistical analyses. A, B, Percentage exploration preference for a novel object
compared with a familiar object during novel object recognition training (Train) and testing conducted 5 min (A), 4h (B, Test 1), or
24 h (B, Test 2) after training of B6 and BTBR mice. C, Latency of B6 and BTBR mice injected with Veh or IGF-II prior IA training
(Train). Mice were tested at 24 h after training (Test 1) and again 6 d later (Test 2). D, Percentage of time spent freezing before
(Pre-US) or after (Post-US) the shock delivery during contextual fear conditioning training and testing at 24 h after training (Test)
of B6 and BTBR mice injected with Veh or IGF-II. E, Percentage exploration preference for a novel object compared with a familiar
object during novel object recognition of B6 and BTBR mice injected with Veh or IGF-1 20 min before reactivation, which consisted
inafull test session given 4 h after training (Train). Test was conducted 24 h after the reactivation. F, A latency of B6 and BTBR mice
during training (Train), Test T conducted 24 h after reactivation and Test 2 conducted 6 d after Test 1. Reactivation consisted in 30's
exposure to the context. @, Percentage of time spent freezing during CFC testing (Test) of B6 and BTBR mice, which received a

2014). Targeting memory retrieval, reac-
tivation and reconsolidation may offer
several advantages for translational appli-
cations (Stern and Alberini, 2013). Here we
tested whether IGF-II affects memory re-
trieval and/or reconsolidation in BTBR
mice using the nOR and IA paradigms.

BTBR mice had no memory for a novel
object 4 h after training, compared with B6
controls (group X test interaction: F(5 g4) =
122.0, p < 0.001; two-way ANOVA; Fig.
2E). However, IGF-1I injected 20 min
before the 4 h testing (which served as a
retrieval event, hence, reactivated the
memory) significantly enhanced nOR
memory at 24 h after training in both B6
and BTBR mice. The same treatment, in
the absence of retrieval, had no effect on
memory retention, proving that the en-
hancement produced by IGF-II required
memory reactivation. Similarly, IGF-II
injected 20 min before IA reactivation
(consisting in 30 s exposure to the lit
chamber), given 24 h after training, signif-
icantly enhanced IA memory retention
tested 24 h later (Test 1) and 7 d later (Test
2) in both BTBR and B6 mice (group X
test interaction: F(j 1,3y = 27.34, p <
0.001; two-way ANOVA; Fig. 2F). Similar
to the effects observed in the non-aversive
nOR task, the IGF-II enhancing effect was
contingent upon reactivation. Further-
more, no effect was detected on retrieval
per se in either paradigm. Thus, IGF-II en-
hances both non-aversive and aversive
types of memory through retrieval-evoked
mechanisms.

Finally, we chose one task, the CFC, to
test whether IGF-I or IGF-II receptors
were implicated in the enhancement and/or
functional rescuing effects of IGF-II on
long-term memory formation in BTBR
and/or B6 mice. IGF-IR or IGF-IIR block-
ers were injected bilaterally into the dorsal
hippocampus 20 min before training fol-
lowed, immediately after, by a subcutane-
ous injection of IGF-II or vehicle. The
IGF-II memory-enhancing effect in B6 mice
and reversing effect in BTBR mice were
completely blunted by the IGF-IIR blocking
antibody but not by the IGF-I receptor

<«

bilateral dorsal hippocampal injection ( 1) of IGF-IR blocker
(JB1), IGF-IIR functionally blocking antibody (Anti), Veh, orlgG
immediately before a subcutaneous injection of either Veh or
IGF-II. Test was conducted 24 h after training. Exploration
times are shown in the Extended Data (Fig. 2-1 available at
https://doi.org/10.1523/JNEUR0SCI.2010-17.2017.f2-1), and
detailed statistical analyses are reported in the Extended Data ta-
bles (Figs. 2-2 available at https://doi.org/10.1523/JNEUROSCI. 20
10-17.2017.f2-2and 2-3 available at https://doi.org/10.
1523/ JNEUR0SC1.2010-17.2017.f2-3).
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Figure 3.  GF-ll reverses high repetitive behaviors of BTBR mice. Experimental timelines are shown above graphs. Inall experiments  BTBR mice (main effect of strain: F; ;5 =

mice received injections ( 1) 20 min before testing. All data are expressed as the mean (==SEM). n = 7-8 per group. Two-way ANOVA
followed by Tukey post hoctests. *p << 0.05,**p << 0.01, ***p << 0.001. A, Time spent burying marbles by B6 and BTBR mice injected with
vehicle (Veh) orIGF-II, 20 min before the test. B, Total number of marbles buried by B6 and BTBR mice injected with Veh or IGF-11 before test.
€, Time spent grooming (Test) 20 min following IGF-Il or Veh injections in B6 and BTBR mice. D, Percentage of correct alternations in a
Y-maze of B6 and BTBR mice injected with vehicle (Veh) or IGF-Il before testing (Test). For detailed statistical analysis see the Extended

Data table (Fig. 3-1available at https://doi.org/10.1523/JNEUR0SCI.2010-17.2017.13-1).

blocker JB1 (group X strain interaction: Fis g,y = 2.698, p = 0.02;
two-way ANOVA; Fig. 2G). In sum, the effect of IGF-II on contex-
tual fear memory in both BTBR and B6 mice required the action of
hippocampal IGF-IIR and not IGF-IR.

Together these results indicate that the deficits in aversive and
non-aversive types of memory of the BTBR mice are reversed by
an IGF-II injection given either before training or memory reac-
tivation. The effect on CFC memory requires IGF-IIR but not
IGF-IR in the hippocampus.

IGF-II reverses stereotyped repetitive behaviors of
BTBR mice
The rapid effects on IGF-II on a variety of behavioral responses
(Stern et al., 2014) led us to next investigate whether IGF-II af-
fects stereotyped repetitive behaviors using three distinct tasks:
marble burying, self-grooming, and spontaneous alternation.
Compared with vehicle-injected B6, vehicle-injected BTBR
mice showed a significant deficit in marble burying, as they spent
more time burying marbles (main effect of strain: F(, ,5) = 4.01,
p = 0.055; main effect of treatment: F, 54y = 6.16, p = 0.019;
two-way ANOVA) and buried a higher number of marbles
(strain X treatment interaction: F, 5q) = 2.78, p = 0.037; two-
way ANOVA; Fig. 3A,B). A subcutaneous IGF-II injection did

9.64, p = 0.006; main effect of treatment:
F 18 23.05, p = 0.001; two-way
ANOVA; Fig. 3D).

In sum, a systemic IGF-II injection re-
versed abnormally high levels of several re-
petitive behaviors in BTBR mice, without
changing the behaviors of control B6 mice.

IGF-II does not affect anxiety-related behaviors in BTBR

mice, and decreases corticosterone levels only in B6 mice

It has been suggested that altered anxiety may contribute to the
BTBR behavioral phenotypes (Pobbe et al., 2011), hence to the
expression of ASD-like phenotypes (Silverman et al., 2010b).
Here we tested the effects of a systemic injection of IGF-II on two
paradigms commonly used to determine anxiety-like behavior:
open-field and elevated plus maze (Bailey and Crawley, 2009).
Compared with vehicle-injected B6 mice, vehicle-injected BTBR
mice showed significantly less center entries (main effect of strain:
F(28) = 105.7, p < 0.001; main effect of treatment: F; ,4) = 6.631,
p = 0.01; two-way ANOVA; Fig. 4A), decreased time spent in the
center of the open-field (main effect of strain: F, ,g) = 29.52,p <
0.001; main effect of treatment: F, ,5) = 11.76, p = 0.002; two-
way ANOVA; Fig. 4B), and a significantly higher number of total
entries (main effect of strain: F(, 5¢) = 9.42, p = 0.005; Fig. 4C).
Together, these data suggest that BTBR mice have altered
anxiety-like behavior compared with B6 mice. Compared with
vehicle, IGF-II did not change the number of entries into the
center, the time spent in the center, or the total amount of entries
(Fig. 4A—C) of B6 or BTBR mice in the open-field arena, indicat-



1022 - J. Neurosci., January 24,2018 - 38(4):1015-1029

Steinmetz et al. @ Systemic IGF-II Reverses Phenotypes Typical of ASD

Open Field Open Field Open Field
Test Test Test
——e] — —————————
1 20min 1 20min T 20min
* * *%
@ 20 — - 40 — 300 -
g 1° E £ 200
2 10 5 20 -
c = ©
o c 5 100
o 5 g 10 °
2
0 0 0
Test Test Test
Elevated Plus Maze Elevated Plus Maze Elevated Plus Maze
Test Test Test
— —
T 20min 1 20min T  20min
n ) *%
S— .Q r——
2 150 . E % . %
< w 2
< 100 E 20 £ 40
[
-3 < w
o < ®
c 50 g 10 5 20
[} o =
E o EN 0
= Test Test Test
Corticosterone Levels Corticosterone Levels Corticosterone Levels
Euth Euth Train Euth
— ———
1T 20min T 3h 1 20 min 20 min
[ [ o
c *%
S S0 S o 200y e S 5200 Kk -
Q - O — 1y *
® 2150 Kkk »L 150 @ 2 150 —
o .q:) — o .q:) 8 g T
) o 0
£ >100 £ > 100 £ 2100
S © s © oL
om om S E\
g % 50 g s 50 g 2 50
aE o 8 o 8T o
= B .
[1B6Veh [JBTBRVeh [l B6 Trained Veh [l BTBR Trained Veh
I B6 IGF-II |l BTBR IGF-II B6 Trained IGF-II BTBR Trained IGF-II

Figure4.

IGF-II does not change anxiety responses in BTBR mice. Experimental timelines are shown above graphs. In all experiments mice received a subcutaneous injection ( 1 ) at the indicated

time before behavioral assessment or euthanasia (Euth), as specified in each experiment. All data are expressed as the mean (== SEM). n = 7— 8 per group. Two-way ANOVA followed by Tukey post
hoc tests. *p << 0.05, **p << 0.01, ***p << 0.001. A, Percentage of center entries, (B) time spent in the center, and (C) total entries into the center of an open-field by B6 and BTBR mice following
asubcutaneous vehicle (Veh) or IGF-Il injection given 20 min before Test. D, Time spent in the open arms, (E) percentage of entries into the open arms, and (F) total entries into the open arms of an
elevated plus maze by B6 and BTBR mice 20 min following Veh or IGF-Il injection. G, H, Relative concentration of plasma corticosterone (normalized to the levels of B6 untrained mice) of untrained
B6 and BTBR mice 20 min (G) or 3 h (H) following a subcutaneous injection of Veh or IGF-I1. /, Relative concentration of plasma corticosterone (normalized to levels of B6 untrained mice) of untrained
or CFC-trained B6 and BTBR mice, which received a subcutaneous injection of Veh or IGF-Il and were killed (Euth) 20 min after training or at the matched time point for untrained mice. For detailed
statistical analyses see the Extended Data table (Fig. 4-1 available at https://doi.org/10.1523/JINEUR0SCI.2010-17.2017.4-1).

ing that IGF-II has no effect on exploratory locomotion or gen-
eral anxiety aspects.

In the elevated plus maze, compared with vehicle-injected B6
mice, both vehicle- and IGF-1I-injected BTBR mice spent more
time in the open arms (strain X treatment interaction: F(, ) =
34.74, p < 0.001; two-way ANOVA; Fig. 4D), but did not show a
significant difference in the total number of entries into the open
arm (Fig. 4E) indicating that BTBR mice have altered anxiety
behavior compared with B6 mice. However, BTBR mice showed
a significantly higher number of total entries in the elevated plus

maze (main effect of strain: F(; 54y = 6.3, p = 0.019; Fig. 4F). No
effect of IGF-II compared with vehicle injection was found in
either B6 or BTBR mice. Hence, we concluded that IGF-II does
not alter the regulation of anxiety behavior in BTBR mice mea-
sured by elevated plus maze (Fig. 4D—F).

We next tested whether the circulating level of the stress hor-
mone corticosterone, which is generally used as an indicator of
anxiety and stress responses (Kalinichev et al., 2002), is altered in
BTBR mice. We also measured whether IGF-II treatment affects
circulating cort by assessing the levels of cort at 20 min or 3 h
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following a systemic injection. We found that vehicle-injected
BTBR mice, compared with B6 mice, had significantly higher
circulating cort levels at both time points. IGF-II injection signif-
icantly reduced cort level 20 min (strain X treatment interaction:
F(130) = 19.21, p = 0.001; two-way ANOVA) but not 3 h after
injection in B6 mice (strain X treatment interaction: F, ;5 =
0.8987, p = 0.3582; two-way ANOVA), but had no effects on cort
level of BTBR mice at either time points (Fig. 4G,H).

We then tested whether IGF-II alters the levels of circulating
cort produced following an aversive experience. Toward this end,
we measured circulating cort 20 min following CFC training.
Training led to a significant increase in plasma cort level in both
B6 and BTBR mice injected with vehicle (group X strain interac-
tion: F, 45, = 0.002, p = 0.9973; two-way ANOVA; Fig. 4I);
however, IGF-II had no effect in changing cort levels in either
strain.

We concluded that, although BTBR mice have significantly
elevated circulating cort levels compared with control mice,
IGF-II does not change them in either untrained conditions or
following CFC training. Furthermore, compared with B6, BTBR
mice have altered anxiety behavior as tested by locomotor activity
in open-field and in the elevated plus maze. In either case IGF-II
had no effect, suggesting that the regulation of major pathways of
stress and anxiety is not targeted by IGF-II.

IGF-II reversed the deficits in the mTOR pathway and de

novo translation in the hippocampus of BTBR mice

To identify which mechanisms are dysregulated in BTBR mice
and are targeted by IGF-II, we first examined the endogenous
expression levels of IGF-II and IGF-II receptor. We then focused
on one brain region known to be significantly involved in cognitive-
like functions, the dorsal hippocampus, to investigate the regula-
tion of a molecular pathway significantly altered in ASD, which is
the mTOR pathway.

The mTOR pathway, through the action of its complex 1
(mTORC1) is important for cap-dependent protein translation,
autophagy, lipid synthesis in cell growth, proliferation, survival,
and differentiation (Hay and Sonenberg, 2004), thus represent-
ing a crucial crossroad of cellular activation. The mTOR pathway
has been found to be dysregulated in many neurological and
psychiatric disorders, including Alzheimer’s disease, schizophrenia,
depression, epilepsy, and autism. Synaptic dysfunction caused by
aberrant activation of the mTOR pathway, with an increased active
translation, has been documented in several models of ASD (Kelle-
her and Bear, 2008; Richter and Klann, 2009; Crino, 2011; Ebert and
Greenberg, 2013; Santini et al., 2013). Furthermore, inhibitors of the
mTOR pathway, like rapamycin, have shown promising therapeutic
results in several genetic models of ASD (Ehninger et al., 2008; Zhou
et al., 2009). For example, decreasing the overactivation of the
mTOR pathway rescued synaptic plasticity and learning and mem-
ory deficits in TSC2~/~ mice and reduced anxiety, improved social
behavior and controlled seizures in Pten mice (Ehninger and Silva,
2011; Sawicka and Zukin, 2012). Rapamycin has also been reported
to rescue the impaired social behavior in BTBR mice (Burket et al.,
2014), although no underlying mechanisms of this behavioral effect
had been shown.

Here, we first quantified the relative IGF-II and/or IGF-IIR
expression levels in BTBR mouse brain regions and compared
them to those of B6 mice. Toward this end, we used total and SN
protein extracts from dorsal hippocampi, mPFC, striatum, and
cerebellum. SN preparations were validated (Fig. 5-1 available at
https://doi.org/10.1523/JNEUROSCI.2010-17.2017.f5-1) by con-
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firming their enrichment in PSD-95 and decrease in MAP-2 levels
relative to total protein extracts.

As shown in Figure 5, levels of a mature (14 kDa) form of
IGF-II did not differ between B6 and BTBR mice in either total or
SN extracts of all brain regions investigated. However, BTBR
brains showed a significant increase in the 21 kDa form of pro-
IGF-II in the total extracts of mPFC (t,,) = 6.450, p < 0.001;
unpaired ¢ test) and striatum (¢, = 2.451, p = 0.0497; unpaired
t test) as well as in SN extracts of all brain regions investigated
(hippocampus: £(,4) = 4.119, p = 0.0010; mPFC: t¢) = 2.554,p =
0.0432; striatum: t = 2.473, p = 0.0482; cerebellum: ¢, =
2.491, p = 0.0471; unpaired ¢t tests). On the other hand, IGF-IIR
levels were significantly decreased in the total extracts of hip-
pocampus (%) = 2.146, p = 0.0499; unpaired ¢ test) and stria-
tum (5, = 3.099, p = 0.0269; unpaired t test) as well as in the SN
fraction of all BTBR brain areas investigated compared with B6
controls (hippocampus: t,,, = 2.451, p = 0.0291; mPFC: ¢4, =
3.327,p = 0.0159; striatum: ¢, = 2.612, p = 0.0400; cerebellum:
tao) = 2.616, p = 0.0398; unpaired  tests). IGF-IIR, also known
as cation-independent-mannose-6-phosphate receptor regulates
intracellular trafficking and lysosomal targeting (Ghosh et al., 2003).
Collectively these data suggest that IGF-II-related mechanisms, such
as endosomal trafficking and/or lysosome-targeted degradation, are
affected in BTBR mice.

Given the alterations in IGF-II/IGF-IIR, which may target the
autophagy/lysosomal systems, we investigated the expression lev-
els of major components of the mTOR pathway in either un-
trained conditions or following CFC training. We then assessed
the effect of systemic IGF-II injections on mechanisms of mTOR
pathway. As the mTOR pathway regulates both de novo transla-
tion and macroautophagy (autophagy hereafter), a process that
forms autophagosomes to capture and transport cytoplasmic com-
ponents to lysosomes, we also investigated markers of both pro-
cesses. As markers of translation we measured the levels of one of
mTOR downstream effectors, the ribosomal protein p70S6 kinasel
(S6K), which has been previously found elevated in mouse mod-
els of autism as well as humans with monogenic syndromes with
high incidence of ASD (Hoeffer and Klann, 2010; Bhattacharya et
al., 2012). We also measured the phosphorylation of S6K at
Thr389 (pS6K), a target of mTOR activation that reflects in-
creased translation. As markers of autophagy, we measured the
levels of the serine/threonine-protein kinase unc-51-like au-
tophagy activating kinase 1 (ULK1), an enzyme required to ini-
tiate autophagy (Hara et al., 2008) and its phosphorylation in
Ser757 (pULK1). We also determined the expression levels of
AMP activated protein kinase (AMPK), a key kinase that directly
binds ULKI and activates autophagy (Lee et al., 2010). High
mTOR activity prevents ULKI activation by phosphorylating
ULKI1 in Ser757, hence disrupting the interaction between ULK1
and AMPK and preventing autophagy activation (Kim et al.,
2011).

Relative quantifications of Western blot analyses of SN frac-
tions revealed that vehicle-injected BTBR mice, compared with
vehicle-injected B6 mice, had significantly higher levels of mTOR,
pmTOR, S6K, pS6K, AMPK, pAMPK, ULK1, and pULK1 (Fig. 6A).
Compared with vehicle, a subcutaneous IGF-II injection 80 min
before tissue collection, significantly reduced the excess of synap-
tic mTOR (strain X treatment interaction: F, o) = 15.89, p =
0.0007; two-way ANOVA), pmTOR (strain X treatment interaction:
F 50y = 7.109, p = 0.0148; two-way ANOVA), pS6K (strain X
treatment interaction: F(,,, = 40.19, p < 0.0001; two-way
ANOVA), pAMPK (strain X treatment interaction: F(; ;) =
18.42, p = 0.0004; two-way ANOVA), ULK1 (main effect of
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Figure5. Increased prolGF-Il and decreased IGF-IIR in BTBR compared with B6 mice. Western blot analyses of dorsal hippocampus, mPFC, striatum, and cerebellum, total and SN protein extracts.
Each relative value was normalized against 3-actin detected on the same blot. Representative blots are shown above their respective grouped data. Left: 20 kDa pro-IGF-Il and 14 kDa IGF-II; Right:
IGF-IIRin BTBR and B6 mice. All data are expressed as the mean (== SEM) and normalized to the level of B6 naive mice.n = 4 — 8 per group. Independent ¢ test. *p << 0.05, **p << 0.01, ***p << 0.001.
For SN comparisons to total extracts for MAP2 and PSD-95 see the Extended Data (Fig. 5-1 available at https://doi.org/10.1523/JINEUR0SCI.2010-17.2017.£5-1), and for detailed statistical analyses
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strain: F; 5o, = 4.422, p = 0.0483; main effect of treatment: F, ,,, =
16.7, p = 0.0006; two-way ANOVA), and pULKI (strain X treat-
ment interaction: F; ,oy = 8.312, p = 0.0092; two-way ANOVA)
in the hippocampus of BTBR mice, without changing their levels
in the hippocampus of B6 mice (Fig. 6A). These data suggest that
BTBR mice have a dysregulation of the mTOR pathway, and that
this dysregulation is significantly reversed by systemic IGF-II
treatment.

We then conducted similar analyses in mice that received a
vehicle or IGF-II injection 20 min before CFC training and were
killed 1 h post-training.

Like the untrained groups, trained vehicle-injected BTBR mice
had significantly higher levels of mTOR, pmTOR, S6K, pS6K,
AMPK, pAMPK, ULKI, and pULKI1, compared with trained
vehicle-injected B6 (Fig. 6B). IGF-II systemic injection significantly
reduced the levels of mTOR (group X strain interaction: F, 54 =
9.285, p = 0.0007; two-way ANOVA), S6K (group X strain in-

teraction: F(, 55, = 23.96, p < 0.0001; two-way ANOVA), pS6K
(group X strain interaction: F, 3oy = 21.6, p < 0.0001; two-way
ANOVA), AMPK (group X strain interaction: F, 55y = 9.915,
p = 0.0003; two-way ANOVA), and pULKI (main effect of
group: F(, 50y = 3.492, p = 0.0433; two-way ANOVA) in BTBR
mice. In B6 mice, IGF-II injection significantly increased pmTOR
in trained mice, but did not affect any of the other markers.

The increase in ULK1 levels suggested a decrease in autophagy.
As previous studies (Tang et al., 2014) reported that ASD patient
brains have significant decreased levels of microtubule-associated
protein 1A/1B-light chain 3 II (LC3-II), a marker of autophagosome
formation, and significant increased levels of p62, an autophagy pro-
tein substrate, we measured the relative levels of LC3-B and p62 in
BTBR and B6 hippocampi. We found no differences (Fig. 6-1 avail-
able at https://doi.org/10.1523/J]NEUROSCI.2010-17.2017.f6-1).

Given the altered levels of mTOR regulation markers in BTBR
mice, suggesting an increased translation, we explored the rate of
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in vivo hippocampal active translation using the SUnSET tech-
nique (Schmidt et al., 2009). This method is based on measuring
puromycin incorporation into newly synthesized proteins. Rela-
tive quantifications of Western blot analyses of total dorsal hip-
pocampal and SN extracts obtained from mice injected bilaterally
into the dorsal hippocampus with puromycin revealed that BTBR
mice have a significantly increased puromycin labeling compared
with B6 mice (Fig. 7A) in both total and SN extracts (SN: ¢,y =
4.067, p = 0.0023; Total: t,,,) = 4.305, p = 0.0012; unpaired ¢
tests). A systemic injection of IGF-II immediately after the hip-
pocampal puromycin injection significantly reduced the active
translation in both total and SN fraction in BTBR mice, but did
not change those of B6 controls (SN: main effect of strain: F; 5o =
12.36, p = 0.0022; Total: strain X drug interaction: F, 55, =
8.297, p = 0.0092; two-way ANOVA; Fig. 7B). Focusing then on
synaptic mechanisms, we found that a bilateral hippocampal in-
jection of anti-IGF-IIR antibody, immediately before puromycin
injection, blocked the IGF-II effect on synaptic translation in the
BTBR mice (F;,,, = 3.436, p = 0.0329; ANOVA; Fig. 7C). We
concluded that BTBR mice exhibit exaggerated active translation,
which is reduced with IGF-II via IGF-IIR.

Together these results indicate that the hippocampi of BTBR
mice, compared with B6 controls, have altered endogenous levels
of IGF-IIR and IGF-II processing or release. They also have a
dramatic upregulation of the AMPK and mTOR-S6K pathways,
as well as abnormally high levels of active translation in the hip-
pocampus. BTBR mice also show a synaptic inhibition of the

mTOR-ULK1 pathway, thus suggesting decreased autophagy.
Systemic IGF-II administration reverses all these abnormal reg-
ulations and restores them to levels comparable to those of con-
trol B6 mice in both naive conditions as well as after learning.

Discussion

Identifying novel compounds that effectively reverse ASD
deficits is a critical and urgent need

Here we showed that an acute systemic injection of IGF-II re-
verses many major ASD-like behaviors, and specifically defects in
cognitive, social, and repetitive behaviors in the BTBR mice. We
also identified the mTOR pathway and resulting increased active
translation as critical target mechanisms dysregulated in the
brain of BTBR mice and the reversing effects of IGF-1I treatment.
As the mTOR pathway is altered in a number of ASD animal
models, our data suggest that the beneficial effects of IGF-II may
extend to several autism spectrum disorders.

Because the effect of IGF-II was tested in young adult mice, the
results imply that the treatment is effective after the deficits have
been established.

As reported by Stern et al. (2014), a systemic treatment with
IGF-II in control B6 mice has no aversive effects detected by a
battery of physical, behavioral, sensorimotor, and motor tests. In
agreement, here we found that IGF-II had no effects on BTBR
locomotor activity, open-field, and elevated plus maze, indicat-
ing that IGF-II does not change the baseline levels of motor,
exploratory, or some anxiety behaviors.
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Other cognitive enhancers previously tested in rodent models
of ASD and found to affect some of the ASD phenotypes are as
follows: (1) the class of AMPA receptor modulators Ampakines
(Lynch, 2006), which partially rescued social deficits of BTBRs
(Silverman et al., 2013); (2) modulators of mGluRS5, like CDPPB,
which alleviated cognitive impairments in a mouse model of tu-
berous sclerosis (Auerbach et al., 2011) and rescued social deficits
in Shank2™’~ mice (Won et al., 2012); (3) the GluR5 modulators
MPEP and GRN-529, which ameliorated repetitive behavior and
social deficits (Silverman et al., 2010a, 2012); and (4) IGF-I,
which was found to partially rescue lethality, hypoactivity, and
respiratory problems and to normalize impaired spine density,
synaptic transmission, and cortical plasticity in a Rett syndrome
mouse model (Tropea et al., 2009). Also IGF-I ameliorated defi-
cits of hippocampal LTP and motor performance in mice with
targeted disruption of Shank3 (Bozdagi et al., 2013). IGF-I to-
gether with Shank3 has also been found to restore synaptic defi-
cits in neurons generated from pluripotent stem cells obtained
from 22q13 deletion syndrome patients (Shcheglovitov et al.,
2013). These data may imply that IGF-I and IGF-II systems cross-
react or overlap in targeting mechanistic deficits of ASD. How-
ever, as for the previously established effect of IGF-II as a memory
enhancer (Chen et al., 2011), here we showed that the behavioral
effects of IGF-II in BTBR mice, including an effect on social and
contextual memories, occur selectively via IGF-IIR and not IGF-
IR. Thus, we suggest that IGF-II via IGF-IIR has a unique effect
on plasticity and neural functions, which is distinct from that of
the IGF-I system.

Other drugs that have been reported to ameliorate some of the
behavioral deficits in models of ASD include rapamycin in the
Pten conditional mouse model of autism (Zhou et al., 2009),
D-cycloserine in the neuroligin-1 knock-out mice (Blundell et al.,
2010), and risperidone and 5HT receptor antagonists in BTBR
mice (Amodeo et al., 2014). Finally, nasal administrations of the
hypothalamic hormone oxytocin have been shown to improve
social interactions and communications as well as repetitive be-
havior in ASD patients (Andari et al., 2010).

Although the treatments thus far experimented in both ani-
mal models and humans seem to ameliorate only some of the
ASD symptoms and impairments, our data suggest that IGF-II
may have a global effect on at least three major phenotypic deficits
and its effect is generalized to etiologically distinct ASD models.

The effect of IGF-II in both models manifests very rapidly,
showing recovery of functions like from impairments in social
interaction and repetitive behaviors as early as 20 min after ad-
ministration. The effects are persistent, as shown by the recovery
of memory, social, and repetitive impairments in BTBR mice
found to continue at 24 h post-treatment. These results suggest
that the mechanisms targeted by IGF-II are rapid but influence
long-term molecular and cellular regulations.

We found that BTBR, similar to other ASD mouse models
(Tangetal., 2014, Huber et al., 2015), have impaired regulation of
the mTOR-S6K pathway, and consequently, abnormally high ac-
tive protein translation. IGF-II reversed this over activation, sug-
gesting that the treatment may restore synaptic homeostasis by
decreasing protein translation and/or increasing protein degra-
dation. As the IGF-IIR but not IGF-IR is responsible for the
IGF-II effects, we speculate that the balance between autophagy,
lysosomal degradation, and translation may be an important tar-
get mechanism of IGF-II treatment.

How can the multiple effects of IGF-II on memory, social
interaction, and repetitive behaviors be explained? As suggested
by the effect of IGF-II on the mTOR pathway and protein transla-
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tion, which in fact targets several cellular functions, we speculate that
the action of IGF-II encompasses many cellular processes. These
include synaptic plasticity, neuromodulation, and/or receptor
trafficking or composition. It has been recently reported that
exogenous IGF-II restores synapse density and promotes spine
maturation in IKK/NF-kB signaling-deficient neurons within
24 h of treatment and that this process requires an IGF-IIR-
mediated MEK/ERK activation (Schmeisser et al., 2012). In
agreement with this possibility many of the genes mutated in
ASD affect critical mechanisms of activity-dependent pathways
that regulate synaptic development and plasticity (Ebert and
Greenberg, 2013). Furthermore, modulation of glycine trans-
port, GABA, or acetylcholine, all of which are under consider-
ation as cognitive enhancers (Sarter et al., 2009; Lynch et al,,
2011), have been previously found to be regulated upon IGF-II or
IGF-IIR treatments in vitro (Hawkes et al., 2006; Amritraj et al.,
2010). The imbalance of either of these neuromodulators is con-
sidered to be a potential mechanism for ASD (Deutsch et al.,
2010; Won et al., 2013).

As our treatment consisted of a single dose, it remains to be
established whether repeated treatments or chronic administra-
tion of IGF-II are effective and perhaps even extend in time the
positive effects of an acute IGF-II dose.

We conclude that IGF-II and IGF-IIR may represent novel
potential targets for treating ASD.
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