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We  investigate  the behavior  of  mice  with  one  copy  of  the L1  gene  inactivated.
Subjects  are socially  impaired,  exhibit  repetitive  behaviors,  and  aversion  to light.
Subjects  express  normal  levels  of  anxiety,  motor  abilities,  and spatial  learning.
Reduced  expression  of L1 might  contribute  to the  development  of  autism.

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 25 February 2015
eceived in revised form 19 May  2015
ccepted 22 May  2015
vailable online 14 June 2015

eywords:
1CAM
ocial behavior
ice

utism
patial learning

a  b  s  t  r  a  c  t

The  L1CAM  (L1)  gene  encodes  a cell adhesion  molecule  that  contributes  to several  important  processes
in  the  developing  and  adult  nervous  system,  including  neuronal  migration,  survival,  and  plasticity.  In
humans  and  mice,  mutations  in  the X chromosome-linked  gene  L1  cause  severe  neurological  defects  in
males. L1  heterozygous  female  mice  with  one  functional  copy  of the  L1  gene  show  complex  morphological
features  that  are  different  from  L1  fully-deficient  and  wild-type  littermate  mice.  However,  almost  no
information  is available  on  the  behavior  of L1  heterozygous  mice  and  humans.  Here,  we  investigated  the
behavior  of  heterozygous  female  mice  in  which  the  L1  gene  is constitutively  inactivated.  These  mice  were
compared  to wild-type  littermate  females.  Animals  were  assessed  in  five  categories  of  behavioral  tests:
five tests  for  anxiety/stress/exploration,  four tests  for motor  abilities,  two  tests  for  spatial  learning,  three
tests  for  social  behavior,  and  three  tests  for repetitive  behavior.  We  found  that  L1 heterozygous  mice
express  an  autism-like  phenotype,  comprised  of  reduced  social  behaviors  and  excessive  self-grooming

(a  repetitive  behavior  also  typical  in  animal  models  of  autism).  L1  heterozygous  mice  also  exhibited  an
increase  in  sensitivity  to  light,  assessed  by a reluctance  to enter  the  lighted  areas  of novel  environments.
However,  levels  of  anxiety,  stress,  motor  abilities,  and  spatial  learning  in L1  heterozygous  mice  were
similar  to  those  of wild-type  mice.  These  observations  raise the possibility  that  using  molecules  known
to  trigger  L1  functions  may  become  valuable  in  the  treatment  of autism  in humans.
. Introduction

The glycoprotein L1 is a cell adhesion molecule that con-
ributes to neuronal cell migration and survival, neuritogenesis,

xon guidance, myelination, and synaptic activity and plastic-
tyduring development and in adults [1–6]. The importance
f L1 is evidenced by the severe neurological defects conse-
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quent to mutations in its gene. Mutations in the L1 gene in
humans can produce the “L1 syndrome”, a severe and rare neu-
rological disorder characterized by mental retardation, dilated
cerebral ventricles, hypoplasia of the corticospinal tract, and
agenesis of the corpus callosum [7], as well as Hirschsprung’s
disease [8]. Similarly, mice carrying null mutations in the
L1 gene are hydrocephalic (to varying degrees depending on
the genetic background) and have abnormal development in
the projection of the corticospinal tract and in axons of the
corpus callosum [9–11]. In addition, mice with developmen-
tally delayed ablation of the L1 gene under the control of a

neuron-specific promoter are impaired in learning and memory
[12].
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The gene coding for L1 is located on the X chromosome. Owing
o the random inactivation of genes on the X chromosome, female
arriers of L1 mutations are heterozygous at the level of the L1-
xpressing cells, in that each cell expresses either the normal or the
utated gene. In humans, heterozygous carriers (L1+/−) of the L1

yndrome usually show a mild phenotype, being thus very different
rom the severe symptoms of L1-deficient (L1-/y) males [13]. And
n mice, contrary to what one would expect, heterozygous females
how a complex set of morphological features that are not inter-
ediate between wild-type (L1+/+) and fully L1-deficient (L1-/y)
ice [14].

Two features in L1 heterozygous female mice observed by
chmid et al. are of special relevance: (1) L1 heterozygous mice
ave a higher density of neurons, but not astrocytes, in the motor-
ensory cortex relative to their wild-type littermates [14]. This
uggests that L1 might modulate motor functions, a possibility that
s supported by the observation that application of L1 to cultures of

otor neurons prevented their death [15]. (2) Compared to wild-
ype mice, heterozygous females express a larger volume of the
orpus callosum, a tendency to larger sizes of cortices and hip-
ocampi, and, at the microscopic level, a higher density of neurons

n the cortex and basal ganglia of both young and adult mice [14].
urthermore, apoptosis was reduced in L1 heterozygous mice at
arly postnatal age, implying that not solely the density, but the
verall number of neurons is increased in L1 heterozygous mice.

nterestingly, increased neuronal density and growth during devel-
pment has been described in autistic persons [16,17]. And in a
ase study, a boy with a mutation in the L1 gene presented autistic
eatures with several stereotyped movements of hands and upper
imbs [18].

To our knowledge, there are only a few studies measuring
ehavioral phenotypes in L1-deficient mice. Regarding L1 het-
rozygous mice, no systematic behavioral investigation has ever
een carried out. Here, we designed a study to begin to fill this
ap. Given the complexity and novelty in their neuroanatomical
raits which are reminiscent of traits of autistic persons, we  believe
hat an exploration of the behavior of constitutively L1-deficient
eterozygous female mice is critical to gain more insights into the
henotypes of human female carriers with L1 null mutations.

Here, we investigated the behavior of L1-deficient heterozygous
ice by performing a battery of tests in five different categories:

nxiety and stress, motor abilities, spatial learning (and spatial
earning under stress), social behavior, and repetitive behaviors.

e chose/created these tests aiming for functional specificity, so
hey could be diagnostic of quantitative abnormalities and be eas-
ly replicated by other researchers. In particular, we  hypothesized
hat the L1 heterozygote females would exhibit motor impairments
s well as autism-like phenotypes of impaired social behavioral and
ncreased repetitive behaviors.

. Materials and methods

.1. Animals

The constitutively L1-deficient heterozygous mouse line used
n our study was created from animals with an insertion of a
etracycline-controlled transactivator into the second exon of the
1 gene, and then backcrossed for at least 10 generations onto a
29/SvJ background [9,10]. We  tested nine female L1 heterozygous
L1−/+) mice and seven female wild-type (L1 +/+) littermate con-

rols, weighing 23–37 g (weight did not differ significantly between
he groups). At the start of the study, animals were four months old
nd were housed individually in a Plexiglas shoebox style cages in

 controlled room under SPF conditions and a 12:12 h dark/light
esearch 292 (2015) 432–442 433

cycle with food and water ad libitum. During this time, we handled
the mice daily (90 sec/day) for two  weeks.

2.2. Behavioral tests

We assessed the animals’ behavior with tests in five different
categories: 5 tests of anxiety and stress, 4 tests in motor abilities,
2 tests in spatial learning, 3 tests in social behavior, and 3 tests in
repetitive behaviors. This diversity of tests was designed to allow a
broad spectrum screening. We  applied the tests in the same order
as reported below, with an interval of about 2 days between each
test.

2.2.1. Anxiety, stress, and light responsivity
2.2.1.1. Open field. The open field test is a commonly used test
of anxiety, where mice are allowed to explore a novel (typically
stress-inducing) open space (for a review on the topic, see Prut and
Belzung) [19]. Here, we  used a 46 × 46 cm box with 20 cm high walls
of white Plexiglas as the open field. The floor of the box was divided
with tape into a 6 by 6 grid pattern (7.65 cm for each square), result-
ing in 20 squares next to the outer walls of the field (i.e., “walled
squares”), and 16 squares in the interior of the field (i.e., “center
squares”). The box was  located in a brightly lit room (250 lx) in
order to make the center squares even more anxiety-producing, as
mice are averse to open spaces and bright lights. We  placed the
animals in the center of the box and allowed them to explore it
for 5 min, while video recording for later scoring. As the measure
of anxiety/stress reactivity, we used the relative time (in percent-
age) spent in the center squares. Lower numbers indicate more
anxiety/stress reactivity.

2.2.1.2. Elevated plus-maze. The elevated plus-maze is a commonly
used test of anxiety or stress reactivity where, similarly to the open
field test, mice are allowed to explore stress-inducing open spaces
(for a review, see Hogg) [20]. Here, we used a maze made of grey
Plexiglas in the form of a “plus” shaped platform, 30 cm above
the ground, and with four arms (each 4.4 cm wide, 28 cm long).
Two opposing arms of the maze were enclosed by 8 cm high, grey
Plexiglas walls, and the other two arms were open. The maze was
located in a brightly-lit room (250 lx) in order to increase the dif-
ference in aversiveness between open and closed arms, as mice
are averse to open spaces and bright lights. We  placed the mice in
the center of the maze facing an open arm and allowed them to
explore for 4 min, while video recording for later scoring. As the
measure of anxiety/stress reactivity, we  used the relative time (in
percentage) spent on the open arms. Lower numbers indicate more
anxiety/stress reactivity.

2.2.1.3. Light/dark box. The light/dark box test is commonly used
to measure anxiety, where mice are allowed to choose between
staying in a dark compartment or in a brightly lit, aversive com-
partment (for a review, see Bourin and Hascoët) [21]. Here, we used
a 56 × 15 × 10 (length × width × height) Plexiglas chamber divided
into two  equal sized compartments (28 cm in length). One com-
partment was the “dark side”, black and lit at 10 lx, and the other
compartment was  the “light side”, white and lit at 300 lx. The whole
chamber had a covering lid and a center wall with a 3 cm opening
connecting the dark and light sides. We  started animals in the black
side and observed their behavior for four minutes. As the measure
of anxiety/stress reactivity, we  used the time spent on the light side.
Lower numbers indicate more anxiety/stress reactivity.
2.2.1.4. Light gradient. In order to assess if the results from the
light/dark Box test were a reflection of differences in light sensi-
tivity (as opposed to differences in anxiety and stress), we tested
the mice in the light gradient test. The apparatus was a thin gray
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lexiglas plank, 204 cm in length without walls, and divided into six
ections (36 cm in length) with differing light intensities. Three sec-
ions were considered the dark sections and the other three were
onsidered the light sections. The dark sections were lit at 4 lx (sec-
ion 1), 6 lx (section 2), and 10 lx (section 3). The light sections were
it at 34 lx (section 4), 300 lx (section 5), and 3860 lx (section 6).
n both cases, there was a gradual transition of the light intensi-
ies between the sections. A small, black square box was placed
n the center of the apparatus (at the intersection of sections 3
nd 4). We  first placed mice inside this box, and then removed
t, and allowed animals to explore the entire light/dark plank for

 min. We  measured the total amount of time the animals spent
n the dark sections (sections 1–3) and the light sections (sections
–6), and used the time spent on the light section as the measure of
nxiety/stress reactivity (and/or light sensitivity). Lower numbers
ndicate more anxiety/stress reactivity or light aversion.

.2.1.5. Post-shock reactivity. We  used the post shock reactivity test
o measure the stress reaction of animals after a shock presenta-
ion. The apparatus was a 16.5 × 26.5 × 20 cm box with a 5 mm steel
rid. After 6 min  in this chamber, we measured the amount the ani-
als moved (in cm)  during the 5 s after the initiation of a 0.6 mA,

00 ms  scrambled foot shock. Higher numbers indicate more shock
eactivity.

.2.2. Motor abilities

.2.2.1. Balance beam. The balance beam test measures
otor coordination. We  placed mice on a 40 × 7 × 2 cm

length × width × height) balance beam suspended 30 cm above
he ground. The beam was explicitly designed so that animals do
ot typically fall from it. As movement is presumed to interact
ith balance, we measured the distance traveled across the beam

or 5 min.

.2.2.2. Balance pole. The balance pole test, like the balance beam
est, measures motor coordination. We  placed the animals on a
latform atop a 30 cm high, 4 mm diameter, vertical rod coated with
lack rubber. We  measured the latency to fall off the pole (an index
f balance). We  placed the mouse back to its home cage after falling
r after 2 min; whichever came first.

.2.2.3. Screen hang. The screen hang test measures paw strength.
e placed animals on the underside of a wire mesh screen (7 mm

rids) slanted at 40◦ from vertical and suspended 24 cm from the
round. We  measured the distance moved in grids before falling
rom the screen. We  placed the mouse back to its home cage after
alling or after 3 min; whichever came first.

.2.2.4. Rod hang. The rod hang test, like the screen hang test, mea-
ures paw strength. We  hung the animals by their front paws from a

 mm black rubber coated rod suspended 30 cm above the ground.
e measured the latency until the mice dropped from the rod.

.2.3. Spatial learning

.2.3.1. Spatial water maze. The spatial water maze (or morris
ater maze) test requires mice to locate a submerged platform in

 pool of opaque water from which they are motivated to escape.
ithout distinct intramaze cues, animals’ performance in this maze

s highly dependent on spatial cues located outside the pool [22].
nimals tend to improve their ability to find the platform (decreas-

ng their path length), despite entering the pool from different
ocations at each trial.
The apparatus consisted of a round pool (140 cm in diameter and
6 cm deep) filled with water opaqued by nontoxic black paint. A
idden black platform (14 cm diameter) was located 1.5 cm under
he water. The pool was inside a dark room, and surrounded by
esearch 292 (2015) 432–442

three bright, but differently shaped lights, as well as by drawings
on the walls, all of which served as visual cues.

Prior to training, mice were acclimated to the maze by being
confined to the pool’s platform (that was surrounded with a clear
Plexiglas cylinder) for 4 min. During initial training, we  started the
animals from one of three positions for each trial such that no two
subsequent trials started from the same position. The platform was
always in the same position. A mouse was said to have successfully
located the platform when it remained on the platform for 5 s. After
locating the platform or swimming for 90 s, we kept animals on the
platform for 5 s, after which we  removed them for a 10 min  inter-
trial interval inside a holding box. Each animal completed three
days of training with 6 trials per day, and was  recorded for later
scoring. We  used the path length covered by each animal from trials
2 to 6 as the measure of spatial learning.

2.2.3.2. Radial arm maze under chronic stress. Similar to the spatial
water maze test, the radial arm maze test requires that a mouse to
use spatial cues (distributed around the maze) to guide its search.
In order to efficiently find food, animals have to maintain a memory
of arms that have been visited within a trial.

The maze was made of grey Plexiglas with a central area (15 cm
in diameter) where eight arms evenly radiated out (40 cm long and
4.5 cm wide), with no walls. The end of each arm had a depression
containing a piece of food (14 mg  of Dustless Precision pellets, Bio-
Serv). The maze was  located in a room with a variety of visual cues,
including architectural details (like walls, shelves, and ceiling), light
strings, and geometric shapes affixed to the walls.

We started the test by placing an animal in the central area
with all arms baited. The mouse was allowed to move freely until
it retrieved the last of the eight pieces of food or until 15 min have
passed; whichever came first. We  measured the streak of correct
choices an animal made. A choice was counted as hind paws pass-
ing 1/4 of an arm’s length (same criterion we  used in past research
[23,24]). We administered one trial per day, for a total of four days.
We used the number of consecutive correct choices for each animal
from trials 2 to 4 as the measure of spatial learning.

According to Merino, Cordero, & Sandi (2000), intense stress
might play a role in the observed regulation of L1 expression dur-
ing spatial learning. Because of this potential interaction between
L1, stress, and spatial learning, we chronically stressed all animals
prior to and during the radial arm maze test. We  placed animals
for 1 h in a 50 mL  Eppendorf tube daily during one week before the
Radial Arm Maze test started, and then during each day of test. This
allowed us to test for differences in spatial learning under (rela-
tively) normal conditions (spatial water maze) and under chronic
stress (radial arm maze).

2.2.4. Social behavior
Impairments in social behavior are a hallmark of the autism-

spectrum [26]. Here, we used 3 tests to assess mice’s social behavior
in hope that they could shed a light on potential effects of L1 on
autism.

2.2.4.1. Sociability. The social test chamber is a common way  to
analyze the sociability of mice, and has been used many times for
the detection of autistic-like traits [26–28]. Here, we  used a clear
Plexiglas box that measured 61 cm (length) by 40 cm (width) by
21 cm (height) as the social chamber. This box was  open at the top
and the bottom surface was  black. The box was  divided into three
chambers, where the center chamber was  connected to the right
and left chambers by remotely operated vertical doors.
First, we  acclimated the animals to the apparatus, to help them
adjust to the environment of this test. On the acclimation day, the
animals spent 10 min  in the box with no other animals present, and
the animals were allowed free access to all chambers.
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On the first day of testing, a new, C57BL/6 male mouse was
laced on either the left or right side of the box, and was enclosed

n a small, silver-colored cylindrical cage (constructed of stainless
teel bars) that measured 9.5 cm (diameter) and 15.5 cm (height).
o make sure that the animals did not harm the C57BL/6 male, a
tainless mesh (0.6 cm grid) covered the cylindrical cage. An exper-
mental animal was subsequently placed in the middle section of
he box for 2 min  with the doors to the left and right sides closed.
fter this, the doors were removed and the animal was allowed to

ravel freely in the box for 10 min. One side was designated as the
C57BL/6 male” side (it contained the target animal in the cylin-
rical cage) and the other side was designated as the “empty” side
with no animal present). We  alternated the location of each side
etween experimental animals to minimize the smell of the target
nimal (or other cues) coming from only one particular direction,
s well as to minimize, across groups, any spatial preferences. For
he first animal tested, the C57BL/6 male was on the left side, then,
or the second animal, the C57BL/6 male was on the right side, then,
or the third animal, the C57BL/6 male was on the left side, and so
n. For the measure of sociability, we used the time an animal spent
n each side of the box.

.2.4.2. Resident–intruder. As a second measure of social behavior,
e used the resident–intruder test (for examples, see Jamain et al.;
inslow and Miczek) [29,30]. We  tested animals twice: first with

ntruders being males of the C57BL/6 strain, and then with intrud-
rs being wild-type females from the L1 mutant strain of the same
ge as the test animals. For each test, we placed an intruder inside
he cylindrical cage described above, and placed the cylinder in the
ubject’s home cage. Four 5 min  trials (of each type), were admin-
stered during the middle portion of a single light cycle, and the
rials were separated by 120 min. The two tests (female or male)
ere separated by 7 days. For the measure of social behavior, we

sed the duration of contact by the resident, defined as its snout
etting within 1 cm of the cylindrical cage.

.2.4.3. Nest building. Nest construction is an important indicator
f social and reproductive behavior [31,32]. For this reason, it is

 frequently used test in research on autism-like traits in mice
26,28].

In this test, mice were housed individually in new home cages.
n the first day of the test, we placed a 2 cm by 2 cm cotton (nest
aterial) square on the outside of each animal’s cage underneath

he water bottle. The water bottle and food were in their regu-
ar positions outside the cage. This arrangement was  maintained
vernight (for 12 h). The following day, we weighed the cotton not
sed by the animals, and used it as a measure of the propensity for
est building.

.2.5. Repetitive behaviors
Repetitive, stereotyped behaviors are characteristic of the

utism-spectrum [26]. Consequently, we assessed three distinct
epetitive behaviors.

.2.5.1. Induced self-grooming. Self-grooming is a behavior that
ice engage in to maintain their appearance and comfort, and

ts excessive occurrence has been observed in animal models of
bsessive-compulsive disorders [33] and autism [34]. Here, we
mplified the natural tendency to groom by spraying water at
he subjects—a technique used before by others [26]. We  defined
elf-grooming behavior as all the elliptical, unilateral, and bilat-
ral strokes each animal made. Elliptical strokes are defined as

symmetric movements of a mouse’s forepaws over the nose and
uzzle; unilateral strokes are defined as alternating strokes of the

orepaw across the mouse vibrissae and eye; and bilateral strokes
re defined as forepaw strokes that begin behind the ears and pass
esearch 292 (2015) 432–442 435

over the entire face. We  performed this test in each animal’s home
cage for five minutes after delivering one gentle mist of water to the
animal’s back side from a distance of approximately 10 cm. For the
measure of repetitive behavior, we used the total time (in second)
animals spent self-grooming.

2.2.5.2. Marble burying. Mice will obsessively bury marbles (and
other similar objects) that are introduced into their home envi-
ronment, and this tendency can be used to assess repetitive and
compulsive behaviors [35].

For this test, we  used standard, shoebox-style rat cage rather
than the typical mouse cage, and filled it approximately 5 cm deep
with new bedding. Each cage had 24 marbles, symmetrically placed
in rows of 4 and columns of 6. We placed the animals individually
in the cage and left them for 30 min. After this time, we counted
the number of marbles buried underneath the rat cage’s bedding.
A marble was considered buried if more than 2/3 of it was buried
beneath the bedding surface.

2.2.5.3. Digging. Digging is a natural behavior that, similar to the
artificial behavior of marble burying, can be used to assess repeti-
tive and compulsive behaviors [35].

In this test, we  placed the animals in a typical, clear mouse shoe-
box cage filled approximately 5 cm deep with bedding. We  recorded
the total duration of a digging behavior for 5 min.

2.3. Statistical analyses

All behavioral scoring and assessments were made by an exper-
imenter who  was  blind to the animal’s group assignment. In order
to evaluate the results, we performed two-tailed t-tests, between
subjects ANOVAs, and repeated measures ANOVAs using SPSS 21.
The data in figures and text are expressed as means ± SEM. We  con-
sidered a p value at or below 0.05 to indicate a significant difference.

3. Results

In all cases, we describe the comparison between L1 heterozy-
gous (L1+/−) and wild-type (L1+/+) female animals. Tests were
categorized as: anxiety and stress, motor abilities, spatial learning,
social behavior, and repetitive behaviors.

3.1. Anxiety and stress

Results for the Open field test can be seen in Fig. 1A. We  used the
relative time spent in the center of the open field as measure of anx-
iety and/or stress reactivity, and found that heterozygous animals
did not differ significantly from wild-type animals, t(14) = 0.797,
p = 0.439. We  found a similar pattern for the elevated plus-maze
test (Fig. 1B), with heterozygous animals not differing significantly
from wild-type animals in the relative time spent in the open arms,
t(14) = 0.106, p = 0.917.

For the light/dark box test (Fig. 2A), we used time spent in the
light side as a measure of anxiety and/or stress reactivity to the
light. Heterozygous animals spent significantly less time in the
light side than wild-type animals, t(14) = 2.655, p = 0.019. A some-
what different pattern occurred in the light gradient test. For the
time spent in the light side in that test (Fig. 2B), we found that
heterozygous animals did not differ significantly from wild-type
animals, t(12) = 0.175, p = 0.864. However, for the latency to enter
each gradient (dark or light), there was a significant interaction
between group (wild-type or L1 heterozygous mice) and gradient,

F(1,12) = 4.62, p = 0.05 (from a mixed design ANOVA, Fig. 2C), where
it was observed that L1 heterozygous mice were quick to enter
the dark gradient but slow to enter the light, whereas wild-type
animals exhibited the opposite pattern of behavior.
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Fig. 1. (A) Average relative time spent in the center (%) of the open field for wild-
type  and L1 heterozygous mice. There were no significant differences between the
two groups. (B) Average relative time spent on the open arms (%) of elevated plus-
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Fig. 2. (A) Average time spent in the light side of the light/dark box for wild-type
and L1 heterozygous mice. L1 heterozygous animals spent significantly less time in
the  light side than wild-type animals. (B). Average time spent in the light side of the
light gradient for wild-type and L1 heterozygous mice. There were no significant dif-
ferences between the two groups. (C). Average latency to enter each gradient (dark
or  light) for wild-type and L1 heterozygous mice. There was a significant interaction
between group and gradient. Brackets indicate standard error of the mean.
aze for wild-type and L1 heterozygous mice. There were no significant differences
etween the two  groups. Brackets indicate standard error of the mean.

For analysis of post-shock reactivity, we used the amount of
ovement during the 5 s after the shock as a measure of stress

eactivity (Fig. 3). Heterozygous animals did not differ significantly
rom wild-type animals, t(12) = 1.519, p = 0.155, although there was

 tendency for the heterozygous mice to move less.

.2. Motor abilities

Results for the two tests measuring motor coordination, the bal-
nce beam and balance pole tests, are shown in Fig. 4A and B.
n the balance beam test, the number of beam crossings did not
iffer significantly between heterozygous and wild-type animals,
(14) = 0.664, p = 0.518. No animals from either group fell from the
eam. Similarly, in the balance pole test, the latency for animals to
all did not differ significantly between heterozygous and wild-type
nimals, t(14) = 1.536, p = 0.147.

Results for the two tests measuring paw strength, the screen
ang and rod hang tests, are shown in Fig. 5A and B. In the screen

ang test, the number of grid crossings did not differ signifi-
antly between heterozygous and wild-type animals, t(14) = 1.919,

 = 0.076. Similarly for the rod hang test, the latency for animals to
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Fig. 3. Average movement (in cm)  during 5 s after shock in the post-shock reactivity
test for wild-type and L1 heterozygous mice. There were no significant differences
between the two  groups. Brackets indicate standard error of the mean.

Fig. 4. (A). Average number of beam crossings (one side of the beam to the other) in
the balance beam for wild-type and L1 heterozygous mice. There were no significant
differences between the two groups. (B). Average latency to fall (in second) from
the balance pole for wild-type and L1 heterozygous mice. There were no significant
differences between the two groups. Brackets indicate standard error of the mean.

Fig. 5. (A). Average number of grid crossings in the screen hang for wild-type and L1
heterozygous mice. There were no significant differences between the two groups.

(B). Average latency to fall (in second) from the rod hang for wild-type and L1 het-
erozygous mice. There were no significant differences between the two groups.
Brackets indicate standard error of the mean.

fall did not differ significantly between heterozygous and wild-type
animals, t(14) = 1.043, p = 0.315.

3.3. Spatial learning

Results for the spatial water maze test are shown in Fig. 6A. We
used the distanced traveled (path length) by each animal from trials
2 to 6 as a measure of spatial learning. A repeated measures ANOVA
showed that heterozygous animals did not differ significantly from
wild-type animals across the trials, F(1,14) = 0.042, p = 0.841. The
mice showed a similar pattern for spatial learning under chronic
stress in the radial arm maze test (Fig. 6B). A repeated measures
ANOVA showed the number of consecutive correct choices from
trials 2 to 4 did not differ significantly between heterozygous and
wild-type animals, F(1,14) = 0.018, p = 0.896.

3.4. Social behavior

Regarding the sociability test (Fig. 7A), L1 heterozygous animals

explored the side with the C57BL/6 male significantly less than
the empty side, t(16) = 3.29, p = 0.005. In comparison with wild-
type, L1 heterozygous animals spent significantly less time on the
C57BL/6 male side, t(14) = 2.93, p = 0.011. For the time spent on
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Fig. 6. (A). Average distance traveled (path length, in cm)  in the Water Maze for wild-
type  and L1 heterozygous mice across 10 trials. There were no significant differences
between the two groups. (B). Average streak of correct choices in the radial arm maze
(under chronic stress) for wild-type and L1 heterozygous mice across 4 trials. There
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Fig. 7. (A). Average time spent (in second) in the sociability test on the empty side
and on the side with a C57BL/6 male mouse. L1 heterozygous animals explored
the  target side significantly less than the empty side. In the comparison with wild-
type, heterozygous animals spent significantly less time on the side with a mouse.

mice to their wild-type female littermates, and hypothesized that
ere no significant differences between the two  groups. Brackets indicate standard
rror of the mean.

he empty side, there were no significant differences, t(14) = 2.00,
 = 0.065, although heterozygous mice’s lower values approached
ignificance. An ANOVA showed a significant interaction between
he side (target or empty) and the group (heterozygous or wild-
ype), F(1,28) = 11.92, p = 0.002. Furthermore, this interaction was
rossed, as seen in Fig. 7B, with L1 heterozygous animals having
he highest values of exploration for empty and lowest for C57BL/6

ale, while wild-type animals had the lowest values for empty and
ighest values for C57BL/6 male.

In the resident–intruder test, when the intruder was  a male,
 paired-samples t tests showed reduced exploration from the
rst to the last (fourth) trials for both heterozygous animals,

(8) = 2.26, p = 0.053 (borderline significance), and wild-type ani-
als, t(6) = 3.79, p = 0.009, meaning that both strains adapted to

he presence of the intruder (Fig. 8A). A repeated measures ANOVA
urther supported this, with a significant effect of trial on the
uration of exploration in both strains, F(3,42) = 5.19, p = 0.004. Sur-
risingly, however, there were no significant differences between
eterozygous and wild-type animals across the trials, F(1,14) = 1.33,

 = 0.270. When the intruder was a female, a paired-samples t tests
howed no change in exploration from the first to the last (fourth)
rials for either heterozygous animals, t(8) = 1.50, p = 0.173, or wild-
ype animals, t(6) = 1.01, p = 0.350, meaning that neither strain
abituated to the intruder (Fig. 8B). A repeated measures ANOVA

urther showed that there was no significant effect of trial on the
uration of exploration in both strains, F(3,42) = 1.23, p = 0.311. And
nce again, there were no significant differences between het-
rozygous and wild-type animals across the trials, F(1,14) = 1.18,
 = 0.295. Between the two tests, wild-type animals interacted sig-
ificantly more with female intruders than male intruders across
he 4 trials, F(1,12) = 15.29, p = 0.002. For L1 heterozygous ani-
Brackets indicate standard error of the mean. (B). Significant crossed interaction
between the side of the box (empty or male mouse) and group (wild-type or L1
heterozygous).

mals, however, there were no significant differences, F(1,16) = 2.18,
p = 0.159, suggesting that L1 deficient animals were less sensitive
to the sex of the intruder.

In the nest building test, we used the percentage of cotton used
by the mice when building the nest as a measure of social behavior
(Fig. 9). Heterozygous animals did not differ significantly from wild-
type animals, t(14) = 0.176, p = 0.863.

3.5. Repetitive behaviors

For the induced self-grooming test, we used the duration of
self-grooming after a spray of water as a measure of repetitive
behavior (Fig. 10A). L1 heterozygous animals groomed for signifi-
cantly longer periods of time than wild-type animals, t(14) = 2.656,
p = 0.019. However, the same pattern did not occur for the other
two tests of repetitive behaviors (below).

In the marble burying test (Fig. 10B), the number of mar-
bles buried did not differ significantly between heterozygous and
wild-type animals, t(14) = 1.392, p = 0.186. Likewise, in the digging
test, there were no differences across the two groups (Fig. 10C),
t(14) = 0.267, p = 0.793.

4. Discussion

We  contrasted the behavior of L1-deficient heterozygous female
the L1 heterozygous mice would exhibit motor impairments as well
as an autism-like phenotype. Several observations were consistent
with this latter possibility. L1 heterozygous mice interacted signif-
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Fig. 8. (A). Average duration of contact (in second) in the resident–intruder test with
males as intruders for wild-type and L1 heterozygous mice across 4 trials. There
were  no significant differences between the two groups. (B). Average duration of
contact in the resident–intruder test with females as intruders for wild-type and
L1  heterozygous mice across 4 trials. There were no significant differences between
the two  groups. Brackets indicate standard error of the mean.
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Fig. 10. (A). Average time spent self-grooming (in second) after a spray of water
for  wild-type and L1 heterozygous mice. L1 heterozygous animals groomed for sig-
nificantly longer periods of time than wild-type animals. (B). Average number of
marbles buried in the Marble Burying test for wild-type and L1 heterozygous mice.
There were no significant differences between the two  groups. (C). Average time
ig. 9. Average relative amount of cotton used (%) during the nest building test for
ild-type and L1 heterozygous mice. There were no significant differences between

he two groups. Brackets indicate standard error of the mean.

cantly less with another mouse in the sociability test, a standard
est of autism-like behaviors in mice. Likewise, L1 heterozygous

ice appeared averse to brightly lit novel environments, although
n general (absent distinct light disparities), their exploratory ten-
encies did not differ from wild-type animals. The L1 heterozygous
ice also self-groomed relatively more, a repetitive behavior typ-

cal in autism. These findings complement at the behavioral level
he neuroanatomical results from Schmid et al. where L1 heterozy-

ous females had a higher density of neurons in the cortex, as well

 higher number of neurons (due to reduced apoptosis) at early
ostnatal age. Increased number and density of neurons seems to
e a common trait in cases of autism in humans [16,17], and, with
spent digging (in second) for wild-type and L1 heterozygous mice. There were no
significant differences between the two groups. Brackets indicate standard error of
the mean.

our results here, something similar appears true for L1 heterozy-
gous female mice. Regarding motor skills, however, there were no
impairments due to the gene deletion. We  were surprised to find

that L1 heterozygous mice did not differ from wild-type mice, since
previous neuroanatomical data from Schmid et al. [14] suggested
that motor impairments might arise as a consequence of gene dele-
tion.



4 rain R

t
a
l

4
l

p
t
T
h
o
i
e
m
t
o
b
i
e
t
m
t
t
c
c
o
i
t
r
f

s
t
w
c
r
f

f
s
S
m
t
s
a
l
i
d
s
h

e
o
s
c
t
i
e
f
e
c
a
t

40 B. Sauce et al. / Behavioural B

For a more comprehensive analysis, we discuss in detail below
he results in all five different behavioral categories assessed here:
nxiety and stress, motor abilities, spatial learning (and spatial
earning under stress), social behavior, and repetitive behaviors.

.1. No deficits in anxiety, stress, motor abilities, and spatial
earning

Regarding anxiety and stress, there were no differences in the
erformance between L1 heterozygous and wild-type animals in
he open field, elevated plus-maze, and post-shock reactivity tests.
here was, however, a difference in the light/dark box test, where L1
eterozygous animals spent significantly less time in the light side
f the box. However, because the same general measure (time spent

n the light side) was not significant in the light gradient test, this
ffect may  be spurious. It is more plausible, though, that the perfor-
ance of L1 heterozygous animals reflects an increased sensitivity

o light. When measuring the latency to first enter a gradient (dark
r light) In the light gradient test, there was a significant interaction
etween groups and gradient, with L1 heterozygous animals enter-

ng the dark side of the gradient more quickly, but taking longer to
nter the light side. The opposite pattern was observed for wild-
ype animals. In a molecular characterization of L1 heterozygous

ice, Schmid et al. [14] found that those animals have, compared
o wild-type, significantly more cerebral protein synthesis (in frac-
ional leucine uptake) in the sensory cortex as well as increased
erebral blood flow in the visual cortex (and only in the visual
ortex, from an analysis of 15 major regions of the brain). Those
bservations imply that L1 heterozygous animals probably have

ncreased neuronal density/activity in their visual cortex. Hence,
he increased light sensitivity in L1 heterozygous mice that our cur-
ent study suggests is a novel and interesting result that deserves
uture investigation.

Fransen (1998) found that male mice with no L1 expression
how increased anxiety (as indexed by fewer entries into the cen-
er of an open field) compared to wild-type mice. However, as a
hole, our results on anxiety and stress indicate that animals with

onstitutive L1 heterozygosity show a pattern of anxiety and stress
esponsivity closer to wild-type animals than to animals with L1
ully deficient (be it during or after development).

Tests of motor abilities revealed no abnormalities in the per-
ormance of the L1 heterozygous animals. This was  unexpected,
ince L1 is known to be a survival factor of motor neurons [15].
urprisingly, in the study by Schmid et al. [14] L1 heterozygous
ice showed a higher neuronal density in the motor-sensory cor-

ex relative to wild-type mice. Regardless, the results reported here
uggest that this neuroanatomical difference in L1 heterozygous
nimals does not have any functional effect on motor behavior (at
east in regard to the set of tests employed here). In this regard, it
s worth noting that in the present study, swimming speed did not
iffer between L1 heterozygous and wild-type animals (data not
hown), again suggestive of normal motor performance in the L1
eterozygous animals.

Regarding spatial learning, L1 heterozygous animals did not
xhibit any deficits in the Spatial Water Maze test. Furthermore,
ur results in the radial arm maze test under conditions of chronic
tress showed that the L1 heterozygous animals learned at a rate
omparable to the wild-type animals. This seems, at first glance,
o contradict the findings of Merino et al. [25], where higher stress
ntensity during tests of spatial memory lead to an increase in the
xpression levels of L1 in rats’ hippocampi (a brain region critical
or spatial memory). However, these authors also found that lev-

ls of L1 were reduced during intermediate values of stress, which
ould be the case in our stress procedure. Regardless, there is also

 possibility of a ceiling effect, with both spatial water maze and
he radial arm maze not taxing the mice sufficiently to reveal dif-
esearch 292 (2015) 432–442

ferences between the groups. Nevertheless, in two standard tests
of spatial navigation, under nominally unstressed and chronically-
stressed conditions, we  found no evidence of a learning deficit in
L1 heterozygous animals.

Humans with L1 syndrome as well as mice with the full L1
ablation have distinct, and sometimes severe, cognitive deficits
[7,12]. Therefore, our results in spatial learning suggest, once again,
a behavioral pattern in L1 heterozygous mice after development
very distinct from L1 homozygous mice during/after development.
This corroborates the findings of Gallistel et al., who reported no
differences in learning tasks between female L1-deficient heterozy-
gous mice and wild-type mice. In that study, heterozygous mice
showed normal, wild-type rates of instrumental and classical con-
ditioning, and normal capacity to match investment with reward.
However, this does not mean that L1 has no effect on cognitive
performance in mice. In the same study, Gallistel et al. [36] found
that L1 heterozygous females show an increase in the precision
to time interval durations. Also, in a previous study with mice defi-
cient in CHL1, another cell adhesion molecule homologous to L1, we
found a widespread effect on working memory duration, although
CHL1-deficient mice did exhibit normal learning in a test of spa-
tial navigation [37]. Hence, the possibility that L1 in heterozygosity
after the completion of development leads to mild cognitive effects
cannot yet be entirely disregarded.

4.2. Deficits in social and repetitive behaviors, and their relevance
to autism

In the Sociability test, the L1 heterozygous mice explored the
empty side of the apparatus (cylindrical cage only) more than
the side of the apparatus containing a mouse (inside a cylindri-
cal cage)—a pattern indicative of avoidance of the conspecific. The
opposite pattern of behavior was observed in wild-type animals.
Typical social mammals, like mice and humans, tend to interact
more with animals of the same species rather than with inanimate
objects; the opposite pattern is an indication of behaviors typical
of autism, like commonly seen in human children [38,39]. Indeed,
the test of sociability is the standard test for autistic-like traits, and
has been used to confirm many successful mouse models for autism
[26–28]. Importantly, our results on anxiety and stress indicate that
the results of the sociability test do not reflect a general impairment,
but instead, a specific impairment in social contexts.

In the resident–intruder test, both L1 heterozygous and wild-
type animals familiarized (over successive exposures) with their
male intruders. While we  expected L1 heterozygous mice to inter-
act with the intruder less often, this was not the case. This result
seems contradictory with what we  obtained in the sociability test.
However, those two  tests are quite distinct. While the sociability
test is a pure test of social behavior (measuring a mouse’s pref-
erence for socializing or interacting with an inanimate object),
the resident–intruder test is influenced by social memory, sexual
behavior, and aggressive/defensive behavior, a collection of traits
that are not stereotypical of autism in humans. This distinction can
be suggested from our data by the fact that when females were
the intruders, both L1 heterozygous and wild-type residents did
not exhibit a reduction in exploration over the four trials. Also,
both wild-type residents interacted far more with females than
males, and there was  a trend (though not significant) toward the
same pattern by L1 heterozygous residents. It is conceivable that
all our subjects, being females, had sexual or defensive impulses to
avoid male, but not female, intruders. Using other mouse models of

autism, El-Kordi et al. found that only mutant males showed a dif-
ference in behavior from the wild-type control. Furthermore, most
studies using the Resident-Intruder test with females as subjects
have only other females as intruders.
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We  did not find differences between L1 heterozygous and
ild-type animals in their propensity for nest building. Though

nexpected, the fact that our subjects were females (by necessity)
ight explain these results. Adult mice are much more likely to

uild nests when in company of other littermates, and females, in
articular, show a high degree of nest building only during mater-
al phase (during pregnancy and a few days after delivery) [40]. In a
tudy with mouse models for autism, El-Kordi et al. found that only
ale mutants had a higher proportion of untouched nesting mate-

ial and built significantly less functional nests. Female mutants
howed no differences from wild-type animals, a result consistent
ith what we observed here.

In addition to deficits in social behavior, increased repetitive
ehaviors are also a hallmark of the autism-spectrum disorders.

n our tests, L1 heterozygous and wild-type animals did not dif-
er in their levels of marble burying and digging. However, the
eterozygous animals exhibited higher levels of self-grooming

n the induced self-grooming test. Excessive grooming has been
bserved in animal models of obsessive-compulsive disorders [33]
nd autism [34]. Regarding sex differences, Schmeisser et al. found
n another mouse model of autism that self-grooming is higher in
emale knockout mice compared to wild-type mice, while males
id not differ across groups. The question, then, remains: do L1
eterozygous mice have increased repetitive behaviors in general?

n contrast with our tests of digging and marble burying, in our
est of induced self-grooming animals had their natural tendency
mplified (by water spray). If we assume that L1 heterozygous ani-
als have a milder degree of autistic traits, it could be that their

epetitive behavior was only above the threshold of detection in
he self-grooming test. In this regard, we observed no obvious dif-
erences in self-grooming behavior under baseline condition (i.e.,
bsent the spray of water; data not shown).

For autistic traits as a whole, there are also important consid-
rations regarding the fact that our animals were females (males
annot be heterozygous for L1, since the gene is located on the

 chromosome). In humans, males and females greatly differ in
he severity and distribution of autistic symptoms [42,43]. Dif-
erent genetic expression levels between sexes probably play an
mportant role in modulating the expression of autism. Of note, sex
ifferences have been reported in several other mouse models of
utism; with mutations in certain genes affecting males more than
emales [41,44]. This suggests the possibility that the autistic-like
ehaviors observed here for L1 heterozygous females are overall
ilder and and of a different pattern than would be the case in
ales.

. Conclusions

Taken in combination, L1 heterozygous animals display mild
ocial impairments and higher levels of grooming, and thus may
isplay an autistic-like phenotype. The behavioral screening for
ther traits (anxiety, stress, spatial learning, and motor abilities)
llowed us to gain further insight on the role of L1 in the brain when
n heterozygosity (and potential effects of different L1 expression
evels), as well as its role during development, which represents a
ritical period since autism is a developmental disorder, with gene
efects probably having an effect early during development [45].
uture studies in humans should investigate if L1 carriers have, like
ice, mild autistic-like traits. Future studies in mice should test if an

ncrease in levels of expression of L1 in heterozygous animals after
evelopment can lead to a reduction in the autistic-like traits that

ere observed here. If confirmed, this line of research could become

aluable for a potential treatment of autism in humans. For exam-
le, agents that lead to more L1 related functions (by triggering
eneficial signals in the one dose level of L1 in heterozygosity) such

[
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as L1 antibodies, peptides, and small organic compounds, could be
administered to L1 heterozygous mice with the hope that these
agents will improve autistic-related behavioral abnormalities.
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