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Abstract

Autism spectrum disorder (ASD) is a group of heritable disorders with complex and unclear
etiology. Classic ASD symptoms include social interaction and communication deficits as well as
restricted, repetitive behaviors. In addition, ASD is often comorbid with intellectual disability.
Fragile X syndrome (FXS) is the leading genetic cause of ASD, and is the most commonly
inherited form of intellectual disability. Several mouse models of ASD and FXS exist, however
the intellectual disability observed in ASD patients is not well modeled in mice. Using the Fmrl
knockout mouse, and the elF4E transgenic mouse, two previously characterized mouse models of
fragile X syndrome and ASD respectively, we generated the elF4E/Fmr1 double mutant mouse.
Our study shows that the elFAE/Fmr1 double mutant mice display classic ASD behaviors, as well
as cognitive dysfunction. Importantly, the learning impairments displayed by the double mutant
mice spanned multiple cognitive tasks. Moreover, the elF4E/Fmr1 double mutant mice display
increased levels of basal protein synthesis. The results of our study suggest that the elF4E/Fmrl
double mutant mouse may be a reliable model to study cognitive dysfunction in the context of
ASD.
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Introduction

Autism spectrum disorder (ASD) is a heterogeneous group of heritable disorders that are
defined by the presence of two behavioral characteristics: persistent deficits in social
communication and social interaction, and restricted, repetitive patterns of behavior,
interests, or activities (Association, 2013). These core symptoms often are accompanied by a
number of other characteristics including intellectual disability (ID), motor impairments,
anxiety disorders, among others (Association, 2013). The rate of 1D in patients with autism
has been reported to be as high as 70% (Fombonne, 2003), although more recent studies
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indicate a more conservative estimate of approximately 55% (Charman et al., 2011). The
variability of symptoms that are observed in ASD is wide and can span from mild to
severely debilitating. ASD affects approximately 1 in 68 children in the United States alone,
with a higher prevalence occurring in boys compared to girls (Centers for Disease Control
and Prevention (CDC), 2014). There are two classifications of ASD: syndromic and
idiopathic (non-syndromic). ldiopathic ASD is used to describe cases where ASD is the
primary diagnosis and syndromic ASD consists of cases where ASD is a secondary
diagnosis, which can be linked to common genetic variants such as Rett syndrome or fragile
X syndrome (Carter and Scherer, 2013). As such, ASD is considered a polygenic disorder,
which can arise from multiple different genetic variants, in addition to unidentified
environmental factors (Carter and Scherer, 2013; Klei et al., 2012).

Fragile X syndrome (FXS) is a developmental disorder and one of the most common
inherited forms of ID, characterized by moderate to severe ID and mild facial deformities. A
recent meta-analysis reports FXS prevalence to be approximately 1 in 7000 males, and 1 in
11,000 females (Hunter et al., 2014). FXS is one of the aforementioned genetic variants that
can lead to syndromic ASD (Carter and Scherer, 2013). In fact, FXS is the leading genetic
cause of ASD (Coffee et al., 2009) and 60-74% of patients with FXS have at least one
behavioral feature that can be classified as an ASD (McCary and Roberts, 2012). Shared
symptoms between FXS and ASD include behavioral and cognitive deficits as well as poor
eye contact, repetitive behaviors, and social deficits (Gabis et al., 2011). Children with FXS
and ASD are diagnosed developmentally as the lowest functioning group in both adaptive
and developmental measures (Kau et al., 2004; Rogers et al., 2001). Moreover, in FXS
patients, autism measures scale with increasing age; similarly, there is a 10-fold increase in
morbidity with time (Hatton et al., 2006; Sabaratnam et al., 2003). Because FXS is the
leading cause of syndromic ASD, studying these two disorders in the context of one another
in a mouse model is a promising way to study how FXS and ASD comorbidities may
develop.

The Fmrl knockout (KO) mouse is a widely used and well-established mouse model of
FXS. These mice exhibit symptoms reminiscent of FXS through the deletion of the Fmrl
gene, which encodes for the fragile x mental retardation protein (FMRP). Behavioral and
physical characteristics of these mice include stereotypic and repetitive behavior,
macroorchidism, and some cognitive impairments (Bhattacharya et al., 2012). These mice
also exhibit increased basal levels of protein synthesis (Bhattacharya et al., 2012). One
limitation in studying the Fmr1 KO mouse is that strain differences can strongly influence
phenotypes exhibited by these mice, leading to disparate outcomes (Dobkin et al., 2000;
Paradee et al., 1999; Spencer et al., 2011). Other studies indicate that in general, background
strain differences can influence behavioral outcomes, particularly measures of ASD-like
behaviors. (Moy et al., 2008; 2007). In accordance with the overlap of symptoms observed
between patients with FXS and ASD, mouse models of ASD share some behavioral traits
with Fmrl KO mice. For example, the elF4E transgenic (Tg) mouse is a recently
characterized mouse model of ASD that also exhibit exaggerated levels of translation via the
overexpression of the eukaryotic initiation factor 4E (elF4E) protein (Santini et al., 2013).
Behaviorally, these mice exhibit repetitive and stereotypic behavior, impaired social
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interactions, and cognitive inflexibility. Similar to the Fmr1 KO mice (Huber et al., 2002),
these mice also exhibit enhanced hippocampal metabotropic glutamate receptor-long term
depression (MGIuUR-LTD) as well as enhanced striatal MGIUR-LTD (Santini et al., 2013).

Despite the growing number of mouse models of ASD and FXS, there are surprisingly few
mouse models that recapitulate the intellectual disability observed by patients with autism.
Rodent studies that do report impaired cognitive function only show deficits across some
behavioral tasks. For instance, one study showed that the Fmr1 KO mice have an
impairment in a cross-shaped water maze task, whereas both contextual and cued fear
memory were intact (Dobkin et al., 2000). Another study showed that strain differences can
strongly influence the performance of the Fmr1 KO mice in the Morris water maze (Paradee
et al., 1999). Our current understanding of the heritability of ASD suggests that ASD can
arise from the mutation of several different genes, often in combination (Santini and Klann,
2014). Therefore, a mouse model that employs a genetic strategy impinging on multiple
gene mutations may be a viable way to study how ASD and FXS occur co-morbidly. In
addition, this type of approach could lead to a mouse model of ASD that encompasses a
wider range of ASD-associated symptoms, including cognitive dysfunction.

In the current study, we utilized two previously characterized mouse models of FXS and
ASD, Fmrl KO mice and elF4AE Tg mice, respectively, to generate elF4E/Fmr1 double
mutant mice. We found that these mice exhibit stereotypic and repetitive behaviors,
impaired social interactions, as well as impaired learning and memory across multiple
cognitive tasks. Consistent with previous reports, these genetic alterations also lead to an
overall increase in protein synthesis. Our results suggest that the elF4E/Fmr1 double mutant
mouse is a mouse model of ASD that reliably displays cognitive dysfunction in addition to
core ASD-like behaviors.

Materials and Methods

Ethics Statement

All procedures were performed in accordance with protocols approved by the New York
University Animal Welfare Committee and followed the NIH Guidelines for the use of
animals in research. All mice were housed in the New York University animal facility and
were compliant with the NIH Guide for Care and Use of Laboratory Animals.

Housing/Mice

The following four genotypes were used in this study: wildtype (WT), elF4E Tg, Fmrl KO,
and elF4E/Fmr1 double mutant (n = 10-12/genotype). Fmrl KO mice were bred and
maintained on a C57/BL6 (Jackson Labs) background, as were the elFAE Tg mice, both of
which have been described previously (Hou et al., 2006; Santini et al., 2013). Fmr1 KO
mice were backcrossed routinely with C57BL/6 mice every three generations. elF4E Tg/
Fmr1 double mutant mice were initially generated by crossing heterozygous female mice
carrying the Fmr1 deletion with heterozygous male mice carrying the elF4E mutation.
Subsequently, all animals used for experimentation were derived from the crossing of
female XFmrl+XFmrl-/elFAE+/- with males either XFmrl+Y/elF4E+/- or XFmrl-Y/
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elF4E+/-. WT, Fmr1 KO, elF4E Tg and elFAE/Fmr1 double mutant mice were obtained
with the predicted Mendelian ratios. Male mice, approximately three months of age were
used in this study.

Mice were housed with their littermates in groups of 2-3 animals per cage and kept on a 12 h
regular light/dark cycle, with food and water provided ad libitum.

A battery of tests was used to assess ASD-like behaviors and memory function (Silverman
et al., 2010). The behavioral tests were conducted in order of increasing aversiveness: open
field, elevated plus maze, marble-burying, social interaction, novel object recognition,
Morris water maze, and fear conditioning. For all experiments, mice were acclimated to the
testing room 30 min before behavioral training and all behavior apparatuses were cleaned
between each trial with a 30% ethanol solution. The experimenters were blind to genotype
of the mice while performing and scoring all behavioral tasks. Each experimental test was
performed at approximately the same time of day for each animal. All measures are
expressed as a mean + SEM.

Open Field—The open field test was used to measure locomotor activity and anxiety-like
behavior, and was performed as described previously (Santini et al., 2013). Mice were
placed into the center of a clear Plexiglas (40 x 40 x 30 cm) open field arena and allowed to
explore for 15 min. Illumination was provided by overhead lights (~800 lux) inside the
arena. The amount of time each mouse spent in the center and periphery of the OF, and total
distance traveled was measured. Experiments were performed in the presence of a 55 dB
white noise. Data were collected at 2 min intervals controlled by a Digiscan optical animal
activity system (RXYZCM, AccuScan Instruments, OH, USA).

Elevated Plus Maze—The plus maze consisted of two contralateral open arms (30 cm x 5
cm) and two contralateral enclosed arms (30 x 5 x 15 cm) elevated off the ground (40 cm),
and was performed as described previously (Banko et al., 2007). Each mouse was placed in
the center of the maze facing an open arm and allowed to explore the maze for a total of 5
min. The frequency of open and closed arm entries, as well as duration in all arms was
recorded using Ethovision XT video tracking software (Noldus).

Marble Burying—The marble-burying task was used to assess repetitive behaviors and
was performed as described previously (Santini et al., 2013). Twenty small black marbles
were arranged in a 5 x 4 matrix in a clean plexiglass cage (27.5 x 18.5 x 22 cm) containing
white house bedding approximately 3 inches deep. Mice were introduced into this test arena
and allowed 30 min to explore under dim lighting. At the end of this time, the mouse was
removed and the number of buried marbles was counted. A threshold of at least 75%
coverage was used to arbitrate a marble as buried.

Social Interaction—Social behavior was measured using a 3-chambered social arena as
described previously (Moy et al., 2007; Santini et al., 2013). Mice received a 5 min
habituation session to the arena in the presence of two wire cages, one in each side of the
chamber. A 5 min social preference test followed in which the mice were allowed to explore
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the three-chambered arena containing a caged mouse (stranger mouse) on one side, and a
wire cage containing an inanimate object. The placement of social and non-social targets
was counterbalanced between animals. The measured parameters of social interaction were:
time spent in each chamber and interaction time with each target, calculated by Ethovision
XT video tracking software (Noldus).

Novel Object Recognition—The novel object recognition task was performed as
described previously (Hoeffer et al., 2008). Different shaped and colored lego blocks
(approximately 1 x 1 x 2 in) were used for the familiar and novel objects. On days one and
two, mice were habituated to the arena and two familiar objects for 10 min. The following
day, the mice were exposed to the arena with the same two identical objects and the
interaction time with either object was recorded during a 10 min period. On day four, a
novel object replaced one of the familiar objects on the non-preferred side which was
measured from day 3 and the mice were given 5 min to explore the familiar and novel
objects. Interaction parameters were defined as contact with the object (distance < 2 cm).
The preference index was calculated using the following equation:

(time interacting with novel object)

index=-—— - - - - . - . . —
(time interacting with novel object + time interacting with familiar

Fear Conditioning—Contextual and cued fear conditioning was used to measure
associative fear memory and was performed as described previously (Huynh et al., 2014).
Mice received 3 d of habituation to the training context, consisting of a white house light
and metal conducting grid floor. On the training day, mice were acclimated to the training
context for 4 min, and then given two conditioned stimulus (30 s, 80 dB tone) —
unconditioned stimulus (0.5 mA footshock) pair presentations, which were separated by a 2
min inter-trial interval (Huynh et al., 2014). To measure contextual fear memory, the mice
were placed back into the original training context, and the amount of time spent freezing
was measured over a 3 min period. Freezing behavior is represented as a percentage of time
spent freezing while in the training context.

Cued fear conditioning was measured by placing the mouse into a novel context, which
consisted of a red house light, a white plexiglass floor and vanilla scented bedding.
Following a 4 min exploration time in the novel context, the mice received 3 tone
presentations separated by a 2 min inter-trial interval. Freezing behavior was calculated as
an average percentage of time the mouse spent freezing during the tone presentations.

Morris Water Maze—The hidden platform version of the Morris water maze was used to
study spatial memory and was performed as described previously (Santini et al., 2013). The
maze consisted of a circular pool (52 in diameter) filled with water, and colored with white
paint to increase the water’s opacity.

The pool was separated into four virtual quadrants. There were both proximal as well as
distant visual cues in place. Namely, there were visual cues placed both on the pool and
around the room to mark the position of the different quadrants and a hidden platform was
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placed in one quadrant. The diameter of the platform was 10.5 cm, which was 1 cm beneath
the surface of the water. The training phase consisted of three trials (60 s/trial) each day for
six consecutive days, wherein each mouse received a maximum duration of 60 s to find the
platform. On the first day only, the mice were gently taken to the platform position if they
were unable to find the platform at the end of the 60 s trial. On each day, the swim start
positions were in three of the quadrants such that on the next day, the quadrants that were
used included the unused quadrant from the previous day. The latency to find the platform
was recorded during the training phase.

A 60 s probe trial was administered at the beginning of training day four and on day seven.
In the probe trial, the platform was removed from the pool, and the mice were given 60 s to
explore. During the probe trial, the number of platform crossings was measured.

A visible platform test was conducted and swim speed was recorded to ensure that none of
the mice were impaired in their visual acuity or swimming ability. A small flag was placed
on the platform to indicate the platform position, and the latency to find the visible platform
was measured. Swim speed was recorded using Ethovision XT video tracking software
(Noldus).

Biochemistry

A protein synthesis assay was performed as described previously using SUnSET (Santini et
al., 2013). Hippocampal slices were prepared from each genotype and incubated at 37° in
artificial cerebral spinal fluid (aCSF) for 2 hr. At the end of the 2 hr incubation, puromycin
(10 pg/mL in vehicle, a subthreshold concentration for total synthesis blockade) was added
to the aCSF and the slices were further incubated for 45 min. During this incubation time,
newly synthesized proteins were end-labeled with puromycin. Puromycin was removed from
the incubation media with three successive washes of oxygenated aCSF and slices were
flash-frozen on dry ice. Puromycin-treated samples were identified on blots using the mouse
monoclonal antibody 12D10 (1:5,000 from a 5 mg ml~1 stock). Because only a small
fraction of the brain proteins were labeled, signal from blots was identified using ECL-
Advance (GEHealthcare).

Statistical Analysis

Results

Group data are presented as mean + SEM. A one-way ANOVA followed by Dunnett’s post
hoc tests was used to analyze the behavioral and biochemical data and a repeated measures
ANOVA followed by Dunnett’s post hoc tests was used to analyze the marble burying, and
Morris water maze data. A repeated measures ANOVA followed by Bonferroni post hoc
tests was used to analyze novel object recognition data. We also conducted a 2-way
ANOVA using the gene mutations as separate factors to analyze the MWM data. A
Student’s t-test was used to compare time spent with the stranger mouse compared to the
inanimate object for the social interaction test.

To study locomotor activity and anxiety-like behavior, we performed the open field (OF)
and elevated plus maze (EPM) tasks on the elF4E/Fmr1 double mutant mice and their wild-
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type (WT), elF4E Tg and Fmr1 KO littermates. In the OF task, we found that the elFAE Tg,
Fmrl KO and elF4E/Fmr1 double mutant mice displayed hyperactivity compared to WT
mice (Fig. 1A). Compared to the WT mice, all mutant mice traveled a higher cumulative
distance over the 15 min OF task (one-way ANOVA, F (3,44) = 4.131, p = 0.0115, followed
by Dunnett’s post hoc tests). There was no significant difference in the ratio of distance
traveled in the center arena to total distance traveled in the OF (Fig. 1B). In the EPM task,
the elF4E/Fmr1 double mutant mice displayed anxiety-like behavior, which was not
observed in any of the other three genotypes (Fig. 1C, D). The elF4E/Fmr1 KO double
mutant mice made fewer open arm entries than WT, elF4E Tg, and Fmr1 KO mice, (one-
way ANOVA, F (3,42) = 2.850, p = 0.049, followed by Dunnett’s post hoc test) and had a
lower ratio of open arm entries to total arm entries (one-way ANOVA, F (3, 42) =3.162, p=
0.0343, followed by Dunnett’s post hoc tests). The anxiety-like behavior was not a result of
an overall decrease in locomotor activity by the elF4E/Fmr1 double mutant mice, as they
displayed hyperactivity in the OF, as mentioned above (Fig. 1A). These results indicate that
the elF4E/Frmr1 double mutant mice display hyperactivity, as well as anxiety-like behavior.

To study classic ASD-like behaviors in the elFAE/Fmr1 double mutant mice, we used the
marble burying task and 3-chambered social interaction task to measure repetitive/
stereotypic behavior and social behavior, respectively. We observed that the elF4E Tg,
Fmrl KO and elF4E/Fmr1 double mutant mice all displayed stereotypic behavior in the
marble burying task (Fig. 2A). Over the 30-min marble burying task, the elF4E Tg, Fmrl
KO and elF4E/Fmr1 double mutant mice buried more marbles than WT mice (one-way
ANOVA, F (3, 36) = 17.95, p < 0.0001) and at a faster rate (repeated measure ANOVA, F
(2, 36) =59.92, p < 0.0001). For the social interaction task, both the elFAE Tg and elF4E/
Fmr1 double mutant mice displayed deficits in social interaction (Fig. 2B, C). The WT and
Fmr1 KO mice both preferred the stranger mouse to the inanimate object, (Student’s t-test, t
(13) =2.433, p=0.0316 and t (11) = 2.816, p = 0.0183, respectively.) whereas the elF4E Tg
and elF4E/Fmrl KO mice did not (Fig. 2B). These results also were reflected in the
preference index, which was calculated using the time spent with the stranger mouse divided
by the total time spent with either the mouse or the object. Using the preference index,
neither the elFAE Tg nor elFAE/Fmr1 double mutant mice preferred the stranger mouse to
the object (Fig. 2C) (one-way ANOVA, F(3, 40) = 3.998, p = 0.0140, followed by Dunnett’s
post hoc tests). These results indicate that the elFAE/Fmr1 double mutant mice display
classic ASD-like behaviors: repetitive and stereotypic behaviors as well as deficits in social
interactions.

To examine learning and memory in the elF4E/Fmr1 double mutant mice, we used the novel
object recognition (NOR), fear conditioning, and Morris water maze (MWM) tasks. In the
NOR task, a preference index was calculated using the amount of time the mouse spent
interacting with the novel object divided by the total time spent with either the novel object
or familiar object (Fig. 3A, B). A repeated measures ANOVA revealed an interaction
between preference for the novel object and genotype (Fig. 3A) (F (3, 43) =3.842,p<
0.05). Specifically, there was a preference for the novel object over the familiar object for
the WT, elF4E Tg, and Frmrl KO mice (one-way ANOVA, F (1, 43) = 11.51, p<0.01).
However, bonferroni post hoc tests indicated that compared to WT mice, the elF4E/Fmrl
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double mutant mice did not exhibit this preference (Fig. 3B) (Bonferroni post hoc, p < 0.05).
The elF4E/Fmr1 double mutant mice also displayed impaired contextual fear memory, but
not cued fear memory (Fig. 3C, D). Compared to WT, elF4E Tg, and Fmr1 KO mice, the
elF4E/Fmrl double mutant mice spent less time freezing in a context in which they received
2 tone-shock pairs (Fig. 3C) (one-way ANOVA, F (3, 37) = 3.276, p = 0.0316, followed by
Dunnett’s post hoc tests.) In contrast, in the cued fear memory test, all mice displayed
similar levels of freezing during the tone presentation (Fig. 3D) (one-way ANOVA, n.s.).
The results obtained from the NOR and fear conditioning tasks demonstrate that the elF4E/
Fmr1 double mutant mice display impaired associative memory in both a neutral and fearful
context.

The performance of the elFAE/Fmr1 double mutant mice in the MWM task revealed mixed
results depending on which day the mice were probed for their spatial memory. Overall, in
the training phase of the MWM, there was a main effect of time (repeated measure ANOVA,
F (5, 44) = 53.06, p < 0.0001) and genotype (one-way ANOVA, F (3, 44) =3.710,p =
0.0183) but no interaction between time and genotype (Fig. 4A). On day 4 of the probe trial,
the Fmr1 KO and elF4E/Fmr1 double mutant mice both made fewer platform crossings than
the WT and elF4E Tg mice (Fig. 4B)(one-way ANOVA, F (3, 40) = 3.158, p = 0.0350,
followed by Dunnett’s post hoc tests). On the day 7 probe trial, all of the mice made similar
numbers of platform crossings (Fig. 4C)(one-way ANOVA, n.s.), indicating that the Fmr1
KO and elF4E/Fmr1 double mutant mice were no longer impaired in their memory for the
platform position. We also performed a 2-way ANOVA to determine whether there was a
differential contribution of either elF4E overexpression or Fmrl deletion on MWM
performance across genotypes. We found that there was a main effect of the Fmr1 deletion
during the training phase of the MWM (F (1,44) = 6.929, p = 0.012) as well as a main effect
of the Fnmr1 deletion on the day 4 probe trial (F (1, 43) = 8.490, p = 0.006). This analysis
indicates that the deletion of Fmr1 in both the Fmrl KO mice and elF4E/Fmr1 double
mutant mice may be responsible for the poor performance in the MWM compared to WT
and elF4E Tg mice. These results are consistent with previous reports that elFA4E
overexpression does not affect performance in the MWM (Santini et al., 2013). The results
obtained in the MWM were not due to either differences in swim speed or visual
impairments as all mice performed similarly in the visual platform test (Fig. 4D) (one-way
ANOVA, n.s.) and exhibited similar swim speeds (Fig. 4E)(one-way ANOVA, n.s.). These
results indicate that the elF4E/Fmr1 double mutant mice display mildly impaired
hippocampal spatial learning and memory in the MWM.

Finally, we performed the SunSET assay on hippocampal slices to measure basal protein
synthesis in the four genotypes. Previous studies indicate that the elF4E transgenic mice and
Fmrl KO mice both display exaggerated levels of protein synthesis (Bhattacharya et al.,
2012; Santini et al., 2013). Our results indicate that the elF4E Tg, Fmrl KO and elF4E/
Fmr1 double mutant mice all display higher levels of protein synthesis compared to WT
mice (Fig. 5A, B) (one-way ANOVA, F (3, 8) = 8.988, p =0.0061). Moreover, Dunnett’s
post hoc tests revealed that the elFAE/Fmr1 double mutant mice exhibit a more statistically
significant difference in protein synthesis than WT mice (p < 0.01) than either the elFAE TG
or Fmr1 KO mouse do in comparison to WT mice (p < 0.05). Although there was a trend
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towards increased protein synthesis in the elF4E/Fmr1 double mutant compared to the
single mutant mice, these results did not reach statistical significance. Overall, these results
show that the elF4E/Fmr1 double mutant mice display increased levels of protein synthesis.

In summary, our results show that the elF4E/Fmr1 double mutant mice display stereotypic/
repetitive behavior, deficits in social interactions, cognitive impairments, and enhanced
protein synthesis.

Discussion

Our study indicates that elF4E/Fmr1 double mutant mice exhibit cognitive dysfunction in
addition to ASD-like behaviors. Similar to the elF4E Tg and Fmrl KO mice, the elF4E/
Fmr1 double mutant mice displayed stereotypic behaviors, as well as deficits in social
interactions. In contrast to the single mutant and WT mice, the elF4E/Fmr1 double mutant
mice also displayed cognitive deficits in a number of behavioral tasks. In the training phase
of the Morris water maze (MWM), the double mutant mice took consistently longer than the
WT mice to find the position of the hidden platform. Moreover, on probe tests on day 4, the
double mutant mice displayed fewer platform crossings than WT mice. Interestingly, this
effect was no longer apparent on the probe test on day 7, indicating that the double mutant
mice are able to locate the position of the platform at similar rates as their WT littermates
after several days of training. For the novel object recognition, the double mutant mice did
not show a preference for the novel object whereas the WT, elFAE Tg, and Fmrl KO mice
all preferred the novel object over the familiar object. Finally, the elFAE/Fmr1 double
mutant mice also showed impaired contextual fear memory compared to their WT and single
mutant littermates; cued fear memory was unimpaired. The comparison of behavioral
differences we observe in the elF4E Tg, Fnmrl KO and elF4E/Fmr1 double mutant mice is
illustrated in Table 1.We also conducted SUunSET assays to measure basal levels of protein
synthesis in hippocampal slices and found that the double mutant mice have higher levels of
protein synthesis compared to WT mice. Overall, our data show that the double mutant mice
display ASD-like behaviors, impairments in several cognitive tasks, and exhibit increased
levels of protein synthesis.

The elF4E/Fmr1 double mutant mouse is a reliable model of ASD because it displays the
phenotypes of the elF4E Tg and Fmr1 KO single mutant mice, along with cognitive
dysfunction, which is not always observed in other mouse models of ASD (Peca et al., 2011,
Santini et al., 2013). In this study, both the elF4E Tg and Fmrl KO mice exhibited
stereotypic and repetitive behaviors as previously reported, but only the Fmrl KO mice have
been shown to display learning impairments, albeit there are conflicting reports
(Bhattacharya et al., 2012; Dobkin et al., 2000; Santini et al., 2013). One study reported a
learning deficit in a water maze task in Fmrl KO mice when the mice were generated under
a FVB/129 background, but not when the mice were generated under a pure C57BL/6
background (Dobkin et al., 2000). The Frmr1 KO mice in our study were generated on a pure
C57BL/6 background, and although they did not exhibit an impairment in the NOR as
previously reported from our lab (Bhattacharya et al., 2012), they did show an impairment
on the day 4 probe test in the MWM. Notably, the Fmrl KO mice that were studied
previously were generated on a mixed C57BL/6 and Svel/129 background, which may
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underlie the reason for the behavioral differences observed in comparison to the current
study. Several other independent studies are in support of the finding that strain differences
in the Fmr1 KO mice can lead to disparate behavioral outcomes (Paradee et al., 1999;
Spencer et al., 2011). Moreover, differences in genetic background have also been shown to
affect behavior across a multitude of tasks including the elevated plus maze, MWM, and T-
maze tasks (Moy et al., 2007).

Our results indicate that although the elF4E/Fmr1 double mutant mice were impaired in the
early phases of the MWM test (Fig. 4A), the position of the hidden platform could be
learned by day seven of training (Fig. 4C). This is an important observation because it
suggests that the memory impairment in the elF4E/Fmr1 double mutant mice can be
overcome with multiple days of training. In clinical populations, there is evidence that ASD
patients rely heavily on declarative memory in order to compensate for other memory and
social deficits (Ullman and Pullman, 2015). Moreover, reports in patients with ASD suggest
that declarative memory is largely intact in high and mid-level functioning ASD patients
(Boucher et al., 2012). On the other hand, high functioning ASD patients, although having
only moderate 1D, often have comorbidities with at least two anxiety disorders (Salazar et
al., 2015; Ung et al., 2013). These findings are consistent with the fact that autism presents
as a spectrum and that there is a broad range of clinical symptoms observed in human
patients.

FXS is the leading genetic cause of ASD, with 5% of ASD cases being attributed to FXS.
Although it is not currently known how FXS can lead to autism, there are several working
hypotheses. One current hypothesis is that the reduced FMRP can lead to atypical brain
development in regions that are associated with autism (McCary and Roberts, 2012).
Another hypothesis posits that there is an additive effect of FMRP relating to autism in
conjunction with a secondary medical condition that may increase the risk for autism
(Garcia-Nonell et al., 2008). Our findings indicate that the elF4E/Fmr1 double mutant mice
retain phenotypic characteristics of the elF4E Tg and Fmrl KO mice, with an added
component of cognitive dysfunction. Another observation from the current study is that the
elF4E/Fmrl double mutant mice exhibited similar levels of stereotypic/repetitive behaviors
as the elF4E Tg and Fmr1 KO mice, although this may be because the single mutant mice
demonstrate ceiling effects in the behavioral tasks that were used. ASD is a complex
disorder that is often comorbid with other disorders, including intellectual disability. The
comorbidity of ASD in FXS patients is estimated at between 30-50%, with an even higher
percentage of FXS patients (60-74%) exhibiting at least one behavior that classifies as an
ASD (McCary and Roberts, 2012). In addition, the behavioral profile of patients with FXS
and ASD can be different than in individuals with either disorder alone. One study indicated
that children with both ASD and FXS exhibit less of a social behavior deficit than children
with FXS alone (Kau et al., 2004). However, other behaviors in patients with FXS and ASD
are exacerbated. For instance, the same study showed that children with both FXS and ASD
showed more impairments in overall cognition and adaptive behaviors compared to children
with FXS only (Kau et al., 2004). These observations are in support of the need to study
comorbidities in ASD and FXS.
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To study ASD in mice, several genetic mouse models have been used which impact proteins
that impinge on translational control, whereas other mouse models exist in which genes
encoding for synaptic proteins are mutated (Santini and Klann, 2014). For example, mice
with a Shank3 deletion, which is a component of postsynaptic densities, exhibit extreme
grooming behavior, anxiety-like behavior and are also impaired in social interactions (Peca
et al., 2011). Shanka3 is a protein that is strongly expressed in the striatum, indicating both a
critical role of this synaptic protein in modulating stereotypic behavior and of a role of the
striatum in repetitive behavior. It is interesting to note that repetitive and stereotypic
behaviors are among the most reproducible of the ASD-like phenotypes across various
mouse models (Peca et al., 2011; Santini et al., 2013; Santini and Klann, 2014). These
behaviors are largely dependent on the striatum, whereas many cognitive behaviors,
particularly the ones used in this study, rely on the hippocampus. Indeed, although the
Shank3 mice show exaggerated grooming behavior and deficits in social behavior, these
mice do not exhibit any impairments in the MWM (Peca et al., 2011). It will be of interest to
study the contribution of the hippocampus and striatum in generating ASD-like behaviors,
and specifically, how exaggerated translation may differentially impact these brain regions.

Our current study employs a genetic mouse model that alters levels of elF4E and FMRP,
which are proteins that are critically involved with the regulation of protein synthesis. elF4E
is a translation factor that is activated when its repressor protein, 4E-BP is phosphorylated
by the mammalian target of rapamycin complex 1 (mTORC1), allowing elF4E to associate
with elF4G, thereby triggering cap-dependent translation initiation (Gingras et al., 2001).
FMRP on the other hand, is thought to be involved with translation elongation via ribosomal
stalling (Darnell and Klann, 2013); however, there also is evidence of a role for FMRP in
translation initiation by interacting with elF4E via CYFIP1 (Napoli et al., 2008). Consistent
with previous findings, our results indicate that either genetically increasing levels of elF4E
or loss of the Fmr1 gene leads to enhanced protein synthesis (Bhattacharya et al., 2012;
Santini et al., 2013). Although the elF4E/Fmr1 double mutant mice did not exhibit
statistically higher rates of protein synthesis compared to either single mutant, Dunnett’s
post hoc tests revealed that the rate of protein synthesis in double mutants (p < 0.01)
compared to WT mice is different than either single mutant (p < 0.05) compared to WT (Fig.
5B). This suggests that although the effect of altering both levels of elF4E and FMRP on
translation is not additive, protein synthesis rates are nonetheless altered compared to either
the elF4E Tg or Fmr1l KO mice. Indeed, independent research indicates that elF4E and
FMRP regulate the translation of specific subsets of messenger RNAs (MRNAS); however it
is unknown how these mMRNAs may be regulated in the instance where levels of both elF4E
and FMRP are altered (Darnell et al., 2011; Thoreen et al., 2012). Because elF4E and FMRP
have been found to work in concert in the context of translation regulation (Napoli et al.,
2008), it is likely that there is overlap between the MRNAs that are regulated by elF4E and
FMRP, which may explain why our results do not indicate a statistically higher rate of
protein synthesis in the double mutant mice.

Herein, we have shown that elF4E/Fmr1 double mutant mice display cognitive dysfunction
in addition to classic ASD-like behaviors. By genetically increasing levels of elF4E and
deleting FMRP, two proteins that are critically involved with translation regulation, we have
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produced a mouse model of ASD that displays learning and memory impairments. This
novel mouse model should aid in ongoing attempts to study the role of dysregulated protein
synthesis in generating ASD-like behaviors in mice. Moreover, it may provide valuable
insight on why some, but not all, ASD patients display cognitive impairments.
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Highlights
e  TheelF4E Tg/Fmrl KO double mutant mouse is a novel mouse model of ASD
e elF4E/Fmrl double mutant mice exhibit ASD-like behaviors

e elF4E/Fmrl double mutant mice exhibit impaired memory in multiple
behavioral tasks

» elF4E/Fmrl double mutant mice exhibit enhanced protein synthesis

e The elF4E/Fmrl double mutant mouse models multiple clinical features of ASD
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Figure 1. elF4E/Fmr1 double mutant mice display hyperactivity and anxiety-like behavior
(A) Locomotor activity measured in the Open Field (OF) test (*p < 0.05). (B) ratio of center

distance to total distance traveled in the OF test. (C) Number of entries in the open arm (*p
< 1.5) and (D) ratio of open arm/total arm entries in the Elevated Plus Maze (EPM) task (*p
< 0.05). Data are represented as the mean = SEM (n = 10-14). WT, 4E Tg, Fmr1 and dMut
denote wild-type, elF4E transgenic, Fmrl knock-out and elF4E/Fmr1 double mutant mice,

respectively.
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Figure 2. eIF4AE/Fmr1 double mutant mice show repetitive behaviors and impairment in social
interaction

(A) Cumulative data of the number of marbles buried in 10-min intervals (**p < 0.01). (B)
Time spent interacting with either the stranger mouse or inanimate object in the three-
chambered arena test (*p < 0.05) and (C) preference index calculated as time of interaction
with the stranger mouse over the total interaction time with either the mouse or the object
(*p < 0.05). Data are represented as the mean £ SEM (n = 8-12). WT, 4E Tg, Fnmrl and
dMut denote wild-type, elF4E transgenic, Fmr1 knock-out and elF4E/Fmr1 double mutant
mice, respectively (B, C).
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Figure 3. elF4E/Fmr1 double mutant mice display impaired associative memory
(A) Preference index for the Novel Object Recognition task (NOR) calculated as time of

interaction with either the familiar or the novel object over the total time spent with the
novel and familiar objects (*p < 0.05). (B) Preference index for the NOR depicting the
preference index for the novel object only. (*p < 0.05). (C) Percentage of time spent in
freezing behavior in the context associated with the shocks (contextual fear memory, (*p <
0.05) and (D) in a novel context during the presentation of the tone associated with the
shocks (cued fear memory). Data are represented as mean + SEM (n = 10-14). WT, 4E Tg,
Fmr1 and dMut denote wild-type, elF4E transgenic, Fmr1 knock-out and elF4E/Fmrl
double mutant mice, respectively.
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Figure 4. elF4E/Fmr1 double mutant mice show impaired spatial memory after short but not

prolonged training protocols

(A) Latency to find the hidden platform during the training phase (3 trials/day for 6 days) of
the Morris Water Maze (MWM). Arrows denote the days on which the probe test was
performed (*p < 0.05) (A). (B) Number of platform crossings during the probe test (platform
removed) performed on day 4 (*p < 0.05) and day 7 (C). (D) Latency to find the platform
during the visible phase of the test (platform flagged). (E) Swim speed recorded on day 7,
during the probe test. Data are represented as the mean + SEM (n = 10-14). WT, 4E Tg,
Fmr1 and dMut denote wild-type, elF4E transgenic, Fmr1 knock-out and elFAE/Fmrl

double mutant mice, respectively.
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Figure 5. elF4E/Fmr1 double mutant mice display enhanced hippocampal protein synthesis
Labeling of newly synthesized proteins performed with the SUnSET (see Materials and

Methods) in hippocampal slices. (A) Representative blot (B) and summary of puromycin
incorporation expressed as percentage of WT control and represented as means + SEM (*p <
0.05; **p < 0.01, n=4). WT, 4E Tg, Fmr1 and dMut denote hippocampal samples treated
with puromycin obtained from wild-type, elF4E transgenic, Frmr1 knock-out and elF4E/
Fmr1 double mutant mice, respectively. — denotes wild-type hippocampal slices untreated

controls.
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Table 1
Summary of behavioral and biochemical phenotypes for elFAE Tg, Frmrl KO and elFAE/Fmr1 double mutant
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mice in comparison to wild-type littermates.

protein synthesis

elFAE/Fmrl
Phenotype Tests elF4E Tg Mice | Fmrl1 KO Mice | Double Mutant
Mice
anxiety-like elevated plus _ _ +
behavior maze
repetitive
behavior
(marble-burying, + + +
ASD-like locomotor
behavior activity)
social behavior
(social + - +
preference)
novel object _ _ +
recognition
learning and contextual fear _ _ +
memory conditioning
Morris water : -
maze +(partial) +(partial)
exaggerated SUNSET + + +
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