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Traumatic injury to the immature frontal lobe: A new murine
model of long-term motor impairment in the absence of
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Abstract

Traumatic brain injury in children commonly involves the frontal lobes, and is associated with
distinct structural and behavioral changes. Despite the clinical significance of injuries localized to
this region during brain development, the mechanisms underlying secondary damage and long-
term recovery are poorly understood. Here we have characterized the first model of unilateral
focal traumatic injury to the developing frontal lobe. Male C57BI/6J mice at postnatal day (p) 21,
an age approximating a toddler-aged child, received a controlled cortical impact or sham surgery
to the left frontal lobe and were euthanized 1 and 7 d later. A necrotic cavity and local
inflammatory response were largely confined to the unilateral frontal lobe, dorsal corpus callosum
and striatum anterior to Bregma. While cell death and accumulated beta-amyloid precursor protein
were characteristic features of the peri-contusional motor cortex, corpus callosum, cingulum and
dorsal striatum, underlying structures including the hippocampus showed no overt pathology. To
determine the long-term functional consequences of injury at p21, two additional cohorts were
subjected to a battery of behavioral tests in adolescence (p35-45) or adulthood (p70-80). In both
cohorts, brain-injured mice showed normal levels of anxiety, sociability, spatial learning and
memory. The signature phenotypic features were deficits in motor function and motor learning,
coincident with a reduction in ipsilateral cortical brain volumes. Together, these findings
demonstrate classic morphological features of a focal traumatic injury, including early cell death
and axonal injury, and long-term volumetric loss of cortical volumes. The presence of deficits in
sensorimotor function and coordination in the absence of abnormal findings related to anxiety,
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sociability and memory, likely reflect several variables including the unique location of the injury
and the emergence of favorable compensatory mechanisms during subsequent brain development.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of long-term disability in children, especially
in males under four years of age. [1]. Young children also show increased vulnerability to
injury and the poorest outcomes after TBI, likely due to inherent developmental differences
in the immature brain compared to the adult, including reduced anti-oxidant reserves and a
prolonged, exacerbated inflammatory response [2-4]. Importantly, neurocognitive deficits
often emerge over time in parallel with ongoing brain maturation, potentially interfering
with the acquisition of new skills [5]. Lesions to the frontal lobes, frequently seen in young
children[6], contribute to impaired executive function, learning, and psychosocial
disturbances [6-8]. Supporting these findings is evidence that more extensive fronto-
temporal atrophy, as identified by magnetic resonance imaging, is associated with greater
disability in children approximately two years after moderate-to-severe TBI [9].

The use of animal models of frontal brain injury has been considerably scarce to date, and
limited to the adult or aged brain. Traditionally, the most commonly employed TBI models
involve impact to the parietal lobes, either unilaterally or bilaterally, although a limited
number of studies have applied bilateral controlled cortical impact (CCl) to the frontal lobes
of adult and aged rats [10,11]. Others are investigating injury mechanisms following a
unilateral frontal lobe lobotomy by surgical resection or aspiration in adult mice [12,13].
More clinically relevant is a recent modification of the Marmarou impact-acceleration model
where an impact is delivered to the anterior cranium of the adult rat. Such an insult produces
a characteristic diffuse neuropathology and a reduction in spontaneous exploration for at
least one week [14].

To the best of our knowledge, there are currently no rodent models of frontal traumatic
injury (i.e. controlled cortical impact (CCl), impact-acceleration or fluid-percussion) to the
developing brain. Thus, the aim of this study was to establish a new model of traumatic
injury to the frontal lobe of the developing mouse brain. Here we characterize acute and
chronic neuropathology and conduct an extensive battery of behavioral assays that
collectively profile sensorimotor, cognitive and psychosocial behaviors after CCI to the left
frontal lobe at p21. Our findings reveal a characteristic early necrotic and inflammatory
response, and a unique signature of motor dysfunction which persists to adulthood, in the
absence of cognitive or psychosocial deficits.

METHODS

Animals

All experiments were approved by the Institutional Animal Care and Use Committee at the
University of California, San Francisco (UCSF). All histological and behavioral tasks and
analyses were conducted randomized and blinded. Male C57BL/6J mice at post-natal day
(p) 17 were purchased with an accompanying lactating mother from The Jackson Laboratory
(Bar Harbor, ME), and housed in institutional standard cages on a 12-h light/12-h dark cycle
with ad libitum access to water and food. A total of 66 mice were used in this study. One
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animal from the adult (3 month) sham-operated cohort was excluded from the study due to
the presence of abnormal ventriculomegaly upon sectioning.

Controlled cortical impact model [15]

At p21, pups were weaned and anesthetized by intra-peritoneal injection of 1.25% 2, 2, 2-
tribromoethanol (Avertin) diluted in isotonic saline to 0.02 ml/g body weight. Animals from
each litter were randomly allocated for either TBI or sham-operation. Each mouse was
secured in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) and maintained on a
circulating water heating pad during surgery. After a midline skin incision, a 3.5 mm
diameter circular craniotomy was performed with a dental drill, positioned left of the
midline and 0.5 mm anterior to Bregma. TBI mice were then positioned beneath the injury
device (eCCI-6.3, Custom Design and Fabrication, Richmond, VA) and subjected to a CCl
injury using a 3.0 mm convex impactor tip at the following parameters: 2.5 m/s velocity, 1.7
mm depth, for 150 ms. The impactor was angled 5° lateral from vertical. Following impact,
the scalp was sutured and each mouse administered ~1.0 ml of isotonic saline
subcutaneously to prevent post-operative dehydration. Sham-operated mice underwent
identical surgical procedures, including craniotomy, without the cortical impact. Following
surgery, mice were group-housed (4-5 per cage), and weights were monitored weekly.

Tissue collection and preparation

Brains were collected at either 24 h or 7 d after injury for immunohistochemistry and
histology (n=8/TBI, n=5/sham per time point). Brains from two additional cohorts were
collected at 1 and 3 months post-injury (n=10/group), upon completion of behavioral
assessments. Anesthetized mice were perfused transcardially with ice-cold saline followed
by 4% paraformaldehyde in 0.1M phosphate-buffered saline (PBS). Brains were then
removed, post-fixed overnight in 4% paraformaldehyde, and transferred into 30% sucrose
for 72 h before embedding. Serial coronal sections, spanning the entire frontal and parietal
lobes, were collected at either 20 pm (24 h and 7 d) or 40 pm (1 and 3 month cohorts).

Immunohistochemistry

Immunohistochemistry was performed on 20 um coronal sections (n=5-7 per brain, 800 um
apart). Sections were thawed and immersed in hydrogen peroxide (either 3% in methanol or
0.3% in PBS), followed by incubation in blocking solution containing 10% species-
appropriate serum, 0.2% Triton-X100 and 0.1% bovine serum albumin in PBS. Sections
were then incubated overnight at 4 °C in serum-containing blocking solution with the
following antibodies: polyclonal rabbit anti-B-amyloid precursor protein (3-APP at 1:500,
Invitrogen, Grand Island, NY), goat anti-1ba-1 (1:500, Abcam, Cambridge, MA), rabbit
polyclonal anti-glial fibrillary acidic protein (GFAP at 1:1000, DAKO, Carpinteria, CA) or
rabbit polyclonal anti-cleaved caspase-3 (1:1000, Millipore, Billerica, MA). Biotinylated
goat anti-rabbit (1:500; Vector Laboratories Inc., Burlingame, CA) or horse anti-goat 19gG
(1:200) antibodies were subsequently applied, for detection using the Vectastain ABC kit
(Vector Laboratories Inc.) and nickel-enhanced 3, 3’-diaminobenzidine tetrahydrochloride.
Staining was visualized using a Nikon Optiphot light microscope with Spot™ Imaging
Solutions software (Sterling Heights, Ml).

Detection of acute cell death

Fluoro-Jade C (FJC) was used to identify acute cell death. Thawed sections were briefly
pretreated with 1% sodium hydroxide in ethanol, and then incubated in 0.06% potassium
permanganate for 10 min, followed by 0.0001% FJC in 0.1% acetic acid for 10 min.
Staining was visualized using a Nikon fluorescent microscope for qualitative assessments.
Terminal deoxynucleotidy! transferase-mediated dUTP nick 3’-end labeling (TUNEL) was
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performed on adjacent sections to quantify dying/dead cells, using the in situ Cell Death
Detection kit, POD (Roche Applied Science, Indianopolis, IN), according to the
manufacturer’s instructions. All TUNEL-positive cells at 24 h post-injury were counted on 5
sections per brain and summed, within defined anatomical regions including the dorsal
cortex, hippocampus, striatum and corpus callosum, to evaluate the peri-contusional spread
of cell death.

Cortical volume measurements

An estimation of intact cortical volumes was performed on 40 um sections stained with
cresyl violet at 1 and 3 months post-injury (12-14 sections per brain, spanning ~3.0 to 0.0
mm Bregma). The unbiased Cavalieri method was employed using Stereolnvestigator
software (MicroBrightField, Williston, VT, USA), with a grid size of 150 pm and a
sampling interval of 6. Measurements were confined to the dorsal ipsilateral and dorsal
contralateral cortices, with the inferior boundary defined by a horizontal delineating the
most ventromedial point of the corpus callosum. The Gundersen mean coefficient of error
for individual estimates was maintained at <0.05. Group means are expressed as estimated
volume (mm3).

Behavioral tasks

An extensive battery of behavioral assessments was performed in the below order, for two
separate cohorts after sham and TBI: adolescence (p35-45) and adult (p70-80; n=10/group/
time point), time points corresponding to brain development milestones and in line with our
previously-characterized model of parietal lobe injury. Mice were singly housed and
habituated to the testing room 24 h prior to commencement of testing. ‘Stimulus’ animals
were naive male C57BI/6J mice, purchased at the same time and housed under identical
conditions. Each “test’ mouse (TBI or sham) encountered a novel stimulus mouse once only.

Rotarod—The accelerating rotarod was performed to assess general motor function and
motor learning [16]. The latency to fall was recorded in sec, and mice were tested across
three consecutive days, three times per session with an inter-session interval of
approximately 1 h.

Open field test—Exploratory behaviors were assessed over a 10 min session in an
automated open field arena (Kinder Scientific, Poway, CA), as previously described [16].
Interfaced Motor Monitor software calculated parameters including distance traveled,
rearing events, and percentage time spent in the central zone compared to the periphery.

Elevated plus maze and zero mazes—The elevated plus and zero mazes (Kinder
Scientific) assess anxiety based upon the natural tendency of rodents to avoid the open arms
in preference for enclosed areas [16]. For both tasks, mice were placed individually on the
apparatus and allowed free access for 10 min. Total distance moved, and time spent in the
open arms, was assessed as previously described [16].

Partition test—The test and stimulus mice were separated by a perforated platform, and
investigative time spent by the test mouse at the partition was quantified over a 5 min period
as previously described [17,18].

Tube dominance—In this task, test and stimulus mice were released simultaneously into
opposite ends of a clear plexiglass tube. Typically, one mouse will exert dominance and
force the other to back out of the tube, which is thought to reflect a tendency for aggression
[17]. This test was performed as previously described, using a 3.2 cm diameter tube for adult
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mice and a 2.5 cm tube for adolescents [18]. A win or loss and the trial duration were
evaluated, averaged across 3 trials.

Resident-intruder task—To further assess social investigative behaviors, a stimulus
mouse was presented into the established home cage of the test mouse, and investigative
behaviors were quantified from video recordings as previously described [18,19].

Three-chamber task—The three-chamber paradigm allows for the evaluation of social
affiliation and social recognition in mice [18,20]. In brief, 3 x 10 min stages are conducted
sequentially: stage 1 involves habituation in the apparatus; stage 2 is the addition of a
stimulus mouse, as a test for sociability preferences; and stage 3 involves addition of a
second novel stimulus mouse, as a test for social recognition based upon a preference for
social novelty. Data were expressed as time spent in each chamber (% of total time).

Morris water maze—The Morris water maze (MWM) was used to assess spatial learning
and memory as previously described [16]. Mice underwent two daily sessions, consisting of
3 x 60 sec trials, for 5 consecutive days. During days 1 and 2, the platform was raised above
the water surface and clearly labeled with a flag (“visible platform”). Mice that failed to
reach the platform within 60 sec were guided there by the investigator. During days 3, 4 and
5, the platform was submerged below the water surface (‘hidden platform”), such that mice
were required to use spatial cues from the room to locate it. The starting location was rotated
for each trial. Movements were traced with an overhead mounted video camera interfaced
with Noldus EthoVision software, for quantification of distance, latency and velocity. At the
conclusion of days 3, 4 and 5, the platform was removed from the pool and a 60 sec ‘probe
trial” was conducted. A fourth probe trial, for long-term memory retention, was also
performed one week later. The time spent in the target quadrant (where the platform was
previously located) compared to the other quadrants was quantified.

Buried food task—As social behaviors in mice are predominantly mediated by olfactory
cues [21], we lastly performed a buried food task to assess the ability of mice to detect a
hidden volatile odor, as previously described [18,22].

Statistical analysis

RESULTS

Statistical analyses were performed using Prism GraphPad v.5.0 (GraphPad Software, San
Diego, CA), with a significance level of p<0.05. Estimation of cortical volume was analyzed
by 2-way analysis of variance (ANOVA) and Bonferonni’s post-hoc tests as appropriate.
Unpaired t-tests or 2-way ANOVA’s were used to compare sham and TBI mice in
behavioral tasks, with repeated measures (RM) as appropriate, and factors of injury (TBI or
sham) and either session or chamber. Results from post-hoc analyses are stated as p<0.05,
p<0.01 or p<0.001 and annotated graphically. All data are expressed as means + SEM.

Frontal TBI at p21 results in focal hemorrhage and the emergence of a cortical cavity

Apnea was either absent or very short-lived (< 3 sec) following impact to the frontal lobe.
Both injured (n= 36) and sham-operated (n= 30) mice recovered from anesthesia without
any mortality. Herniation of the brain through the craniotomy was evident immediately after
impact. Prominent cortical hemorrhage was apparent at the site of impact at 24 h post-injury,
which corresponded to a distinct cortical cavity by 7 days (Fig. 1a, b). No macroscopic
damage or hemorrhage was observed in the olfactory bulbs, contralateral hemisphere,
brainstem, cerebellum or posterior fossa of either TBI or sham-operated mice. Body weight

Dev Neurosci. Author manuscript; available in PMC 2014 November 16.
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gains were similar between TBI and sham mice to at least 3 months post-surgery (2-way RM
ANOVA effect of injury F; 1g=0.6537, p=0.4293; effect of time, T1g 25p=1247, p<0.0001).

Traumatic injury results in acute cortical and subcortical cell injury

FJC and TUNEL were used to evaluate cortical and subcortical patterns of cell injury (Fig.
2a-c). FJC positive cells were most prominent throughout the ipsilateral cortex and dorsal
striatum at 24 h after injury, as well as the ipsilateral corpus callosum (Fig. 2a). Although
decreased, modest labeling was still evident in the corpus callosum at 7 d (data not shown).
TUNEL, which labels fragmented DNA of dead and dying cells, was also widespread at 24
h post-injury, with a distribution similar to FJC (Fig. 2b). Abundant TUNEL-positive cells
were evident in the ipsilateral cortex adjacent to site of damage (Fig. 2b), within the
underlying corpus callosum, and in the dorsal striatum. Quantification in the ipsilateral
hemisphere at 24 h supported these observations of region-dependent vulnerability (Fig. 2c).
We also examined the presence of activated (cleaved) caspase-3, a hallmark of apoptotic cell
death, at both 24 h and 7 d post-injury, but found very few positive cells in the injured
frontal cortex (< 10/brain; data not shown), suggesting a predominance of necrotic cell death
at these times.

Injury results in glial changes that persist into adulthood

Sham-operated brains contained widespread GFAP-positive astrocytes and low Iba-1
immuno-reactivity (Fig. 3a-h). At 24 h post-injury, GFAP reactivity was more intense in the
peri-contusional area, and prominent cell processes were noted. By 7 d post-injury, staining
was robustly elevated over sham levels, particularly in the peri-contusional parenchyma, and
associated with a glial scar. GFAP-positive astrocytes persisted in the injured cortex until at
least 3 months post-injury. In contrast to the delayed astrocytic response that appeared to
peak at 7 d, activated microglia and macrophages showed a robust increase in Iba-1
reactivity by 24 h post-injury (Fig. 3i-p). Iba-1-positive cells were most prominent in the
dorsal cortex, corpus callosum and striatum by 7 d post-injury, and intensely labeled Iba-1-
positive cells were still evident at 3 months post-injury, although appeared to be fewer in
number.

Traumatic axonal injury is a signature feature of the injured brain

Traumatic axonal injury is a distinct pathological consequence of TBI, which can be
identified by the accumulation of -APP in swollen axons [23]. There was no evidence of -
APP accumulation in sham animals (data not shown). At 24 h post-injury, abundant -APP-
positive cells and swollen axons were found in the peri-contusional dorsal cortex and corpus
callosum (Fig. 4a-c). Filamentous staining with beaded appearance was evident in the
ipsilateral corpus callosum beneath the lesion site, extending across the midline into the
contralateral corpus callosum. At 7 d the intensity of 3-APP staining was considerably
reduced (Fig. 4d, e), and mostly granular or globular in appearance. Minimal, localized
immuno-reactivity remained at 1 month post-injury, and no evidence of 3-APP staining was
found by 3 months (data not shown).

Volumetric reduction in the injured frontal lobe peaks at 1 month post injury

Cresyl violet staining of brains collected 1 and 3 months post-injury revealed the formation
of a pronounced cortical cavity, ventricular enlargement and deformation of the ipsilateral
corpus callosum (Fig. 5a-c). At 1 month post-injury, the ipsilateral dorsal cortex was
significantly reduced compared to sham mice. In contrast, the contralateral cortex volume of
sham and TBI mice was comparable (post-hoc, n.s.). Ipsilateral tissue loss was similar at 3
months, with a significant volume reduction in TBI mice compared to sham in the dorsal
cortex. The volume of the remaining ipsilateral dorsal cortex was strikingly comparable in
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brain-injured mice at adolescence and adulthood (7.67 + 0.47 mm?3 at 1 m; 8.18 + 0.49 mm3
at 3 m; t-test t15=0.7482, p=0.4640). No differences were found between cortical volumes in
either hemisphere of sham-operated mice at 1 or 3 months after surgery.

Injury results in impairments in motor function at adulthood

The accelerating rotarod task was employed to evaluate motor function after frontal lobe
injury (Fig. 6a). Overall, the latency to fall increased over three consecutive days with a
significant effect of time at both adolescence (2-way RM ANOVA, F; 3=19.98, p<0.0001)
and adulthood (F2 34=11.18, p=0.0002), indicating motor learning over time. At
adolescence, TBI mice showed poorer performance across the testing period compared to
sham (2-way RM ANOVA, effect of injury F1 36=20.77, p=0.0002). Post-hoc analyses
found that sham and TBI mice performed similarly on day 1, suggesting a comparable initial
ability. However, while sham mice showed an increased mean latency on days 2 and 3, TBI
mice failed to show this improvement (post-hoc, p<0.001 and 0.05, on days 2 and 3,
respectively). A similar pattern was evident in the adult cohort, which also showed a
significant overall effect of injury (2-way RM ANOVA, F; 3,=11.24, p=0.0275). Again,
TBI mice showed the greatest impairment on day 2 (post-hoc, p<0.05) following
comparable performance to sham animals at day 1, suggestive of a deficit in motor learning.

Reduced rearing behavior emerges as brain-injured mice reach adulthood

Rearing behavior was evaluated in the open field arena, as a measurement of forelimb motor
function. At adolescence, sham and TBI mice spent an equivalent amount of time in an
upright posture (t; 15=0.3942, p=0.6980; Fig. 6b), and reared a comparable number of times
(t1,18=0.1678, p=0.8686, data not shown). In contrast, adult TBI mice showed a significant
deficit in rearing behavior, with a reduction in both the time spent rearing (t; 17=3.560,
p=0.0024) as well as the number of occurrences (t1 17=3.093, p=0.0066, data not shown).
These findings indicate long-term motor impairment after frontal injury at a young age.

Assessments of anxiety in adolescent and adult mice after frontal TBI

The open field test, elevated plus and elevated zero mazes were used to assess anxiety
levels. The distance travelled was comparable between sham and TBI mice in all three tasks
(data not shown). In the plus and zero mazes, anxiolytic behavior (measured as the time
spent in the open area) was comparable between sham and TBI mice at both adolescence
and adulthood. In the open field task only, TBI mice showed an increase in anxiety at
adulthood but not adolescence (Suppl. Fig. 1).

Frontal injury to the immature brain does not alter social investigation

Social investigation was first assessed by the partition test (Fig. 7a). There was no
significant difference in the total investigative time spent at the partition between sham and
TBI mice at either adolescence (t-test; t; 13=1.450, p=0.1644) or adulthood (t; 17=0.9280,
p=0.3664). Similarly, in the complementary resident-intruder task (Fig. 7b), sham and TBI
mice showed comparable interest in the stimulus mouse (no effect of injury, p=0.6934 at
adolescence, p=0.1988 at adulthood). In addition, injury did not affect engagement in other
investigative behaviors at adolescence, including grooming (t; 13=0.8884, p=0.3861),
following (t1 18=1.018, p=0.3222), or circling behaviors (t; 15=1.5559, p=0.1364). At
adulthood, TBI and sham mice also spent comparable time grooming (t; 17=0.5099,
p=0.6167), following (t; 17=1.199, p =0.2471), and circling the stimulus mouse
(t1,17=0.3784, p =0.7098). Overall, both sham and TBI test mice spent significantly more
time sniffing the ano-genital region of the stimulus mouse compared to the head and torso
(2-way ANOVA effect of region, F 36=59.60, p<0.0001 at adolescence; Fq 34=35.75,
p<0.0001 at adulthood).
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Injury does not alter social dominance, sociability or social recognition

The tube dominance task was used to determine social dominance between the test mouse
and a novel stimulus mouse, hypothesizing that tendencies towards social dominance or
aggression may be altered after injury. However, the likelihood of the test mouse winning its
encounter was similar in both sham and TBI mice in the adolescent cohort (Fig. 7c,

t1 18=0.3408, p=0.7372). Adult mice also exhibited a comparable chance to winning their
encounters, regardless of injury (t1 17=0.4270, p=0.6747).

We next evaluated preferences for sociability and social novelty using the three-chamber
task, as described previously (Fig. 7d) [18,20,24]. Adolescent mice showed a normal
preference for sociability, as evident by significantly more time spent in the chamber
containing stimulus mouse 1 compared to the empty chamber (2-way ANOVA effect of
chamber, F1 36=50.81, p<0.0001). This was comparable in both sham and TBI mice (no
effect of injury, F1 36=0.0306, p=0.8633). When tested during adulthood, there was also a
strong differential response to the stimulus mouse (F1 34=274.6, p<0.0001), again, consistent
regardless of injury (F1 34=0.3455, p=0.5606). In the subsequent test stage, which evaluates
a preference for social novelty, adolescent mice tended to spent more time in the chamber
containing the new stimulus mouse 2 compared to stimulus 1, however this effect did not
reach significance (effect of chamber, F1 36=3.347, p=0.0756). When tested during
adulthood, however, all mice showed a strong preference for social novelty (effect of
chamber, F1 34=33.96, p<0.0001). There was no effect of injury at either adolescence
(F1,36=0.007, p=0.9339) or adulthood (F1 34=0.008, p=0.9281).

Olfactory function is normal after injury to the frontal lobe

Since olfactory cues are essential for social behaviors in mice [21], and frontal lobe injury in
rodents may cause damage to the adjacent olfactory bulbs, we assessed olfactory function
using a buried food task. We found no significant difference in the latency to find a buried
food source in TBI mice compared to sham at either adolescence (sham 55.8 + 18.5 s, TBI
98.0 + 30.8 s; t1 15=1.174, p=0.2555) or adulthood (sham 175.1 + 36.6 s, TBI 195.9 + 50.5 s;
t117=0.3269, p=0.7477), indicating comparable olfactory function regardless of injury.

Brain-injured mice retain normal spatial learning and memory in the MWM

The MWM was used to assess cognitive function after frontal TBI. Firstly, the average
velocity was quantified during sessions 1-4 as a measure of swimming speed and ability
(Fig. 8a). At adolescence, while there was an overall increase in velocity (2-way RM
ANOVA effect of time, F3 15=4.064, p=0.0112), TBI mice showed a lower velocity across
the testing period (effect of injury, F1 1g=4.554, p=0.0469). This was also evident in the
adult cohort (effect of injury, F1 17=6.939, p=0.0174; effect of time, F3 17=12.020,
p<0.0001), indicating that brain-injured mice show a swimming deficit in this task. As such
differences may confound the latency to reach the platform, a commonly-used outcome
measure, we instead examined the distance travelled by mice to reach the platform [25].

At adolescence, all mice showed a steep learning curve in sessions 1-4 (Fig. 8b), with a
considerable reduction over time in the distance travelled to find the visible platform (2-way
RM ANOVA effect of time, F3 15=19.92, p<0.0001). However, there was no overall
difference in performance between sham and TBI mice (effect of injury, F1 1g=0.019,
p=0.8933). In the adult cohort, we expected to see a similar pattern of improvement in
performance across visible sessions; this is indeed the case (2-way RM ANOVA effect of
time, F3 17=12.50, p<0.0001), however, mice in session 1 showed an unusually short
distance travelled, suggesting an artifact in the paradigm setup. Distinct from the adolescent
cohort, at adulthood we saw an injury effect in this learning task (effect of injury,
F1,17=10.62, p=0.0046), with TBI mice actually travelling a shorter distance to find the
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platform compared to sham mice in sessions 2 and 3 (post-hoc, p<0.01 and p<0.05,
respectively).

The hidden platform sessions (6-10) challenge mice to locate a submerged platform using
external spatial cues. All mice showed an improvement in this task over time in the
adolescent (2-way RM ANOVA effect of time F5 15=9.873, p<0.0001) and adult cohorts
(Fs517=4.729, p<0.0001). However, performance was similar between TBI and sham groups
at both ages (effect of injury, Fs 15=3.899, p=0.1935 at adolescence; Fs 17=0.019, p=0.1468
at adulthood).

Probe trials provide a measure of memory retention by quantifying the time spent in the
target quadrant (with the platform now removed) compared to the other quadrants. In the
adolescent cohort, both sham and TBI mice spent equivalent time in all four quadrants
during the first probe trial, with a preference for the target quadrant emerging by probe trial
2 (Suppl. Fig. 2). By probe trial 3 (Fig. 8c), both sham and TBI adolescent mice show a
strong preference for the target quadrant compared to other quadrants (F3 3=6.776,
p=0.0001 and F3 35=16.66, p<0.0001, respectively; post-hoc as annotated on graph).
Interestingly, this preference was lost by probe trial 4 (one week later; Fig. 8d), suggesting
that adolescent mice fail to retain this spatial memory long-term. In the adult cohort, all mice
demonstrated improvements in this task between probe trials 1 and 2 (Suppl. Fig. 2). By
probe trial 3 (Fig. 8c), both sham and TBI adult mice showed a strong preference for the
target quadrant (F3 3p=9.813, p<0.0001 for sham; F3 36=16.99, p<0.0001 for TBI). In
contrast to the adolescence cohort, sham animals showed a similar preference for the target
quadrant one week later in probe trial 4 (Fig. 8d, F3 3,=8.056, p=0.0004), which was also
comparable in TBI mice (F33=12.86, p<0.0001).

Age-dependent behavioral phenotypes in locomotor activity and social investigation

The aforementioned analyses were all performed comparing sham and TBI mice at each age
separately, as per the study design to gauge the impact of brain injury within each cohort.
During data analysis, however, it became apparent that age-dependent phenotypes existed,
independent of injury. Thus we asked, by 2-way ANOVA’s with factors of age and injury,
whether adolescent and adult mice exhibit different behavioral phenotypes. In the open field
paradigm, we found a significant effect of age on the distance moved (F1 35 =29.67,
p<0.0001), reflecting an increase in general locomotion by adult mice compared to
adolescents (Suppl. Fig. 1a). In the elevated plus and zero mazes (Suppl. Fig. 1b), we also
saw a greater distance traveled by adult mice compared to adolescent (Fq 35 =179.9,
p<0.0001 and F4 35 =29.03, p<0.0001, respectively). There was no effect of injury on
distance moved in any of these tasks (p=0.1917, 0.239 and 0.3878, for open field, plus and
zero mazes, respectively). We also saw that adult mice reared more often than adolescent
mice in the open field (F1 36=72.16, p<0.0001), and spent more time upright (F1 36=146.6,
p<0.0001; Fig. 5b). Thus, adult mice showed an overall higher level of activity and
locomotion compared to adolescent mice.

In contrast, an age-dependent reduction in social behaviors was consistently detected with
increasing age. Independent of injury or sham, the adult cohort showed reduced
investigative time in the partition test (Fig. 6a; F1 35 =16.43, p=0.0003), as well as in the
resident-intruder test (Fig. 6b; F1 36=19.74; p<0.0001) compared to adolescent mice. The
tube-dominance task also revealed an unexpected effect of age, where adult mice had a
lower chance of winning their encounter (Figure 6c; F1 35 =7.408, p=0.0101), compared to
at adolescence. Together, these observations are consistent with previous observations that
juvenile animals show high sociability.
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Lastly, we unveiled an interesting age-dependent finding in the final probe trial of the
MWM (Figure 7d). Independent of injury, adult mice showed a strong preference for the
target quadrant compared to the opposite and adjacent quadrant, indicating long-term
memory retention. In contrast, adolescent mice did not favor the target quadrant over any
other at this time, suggesting that they were unable to retain spatial memory long-term.

DISCUSSION

This is the first comprehensive anatomical and behavioral assessment of traumatic injury to
the developing frontal cortex. We describe patterns of cortical and subcortical cell loss and
axonal degeneration, determine the extent to which injury at an early age influences long-
term volumetric changes in the cortex, and profile specific changes in the behavioral
repertoire that are unique to this model. Lastly, we identify age-dependent behavioral
phenotypes that are independent of injury.

Injury to the frontal lobe: From early necrosis to long-term volumetric loss

This model produces acute intracranial bleeding and swelling of the impacted cortex, as well
as robust cell death in the peri-contusional cortex and underlying subcortical structures, as
indicated by abundant FJC and TUNEL staining at 24 h and 7 d post-injury. The
accumulation of B-APP within peri-contusional and contralateral white matter tracts is
consistent with traumatic axonal degeneration, another hallmark of brain injury [23]. A
prominent glial response was also evident across the first week post-injury, with an earlier
increase in Iba-1 immuno-reactivity compared to GFAP-positive astrocytes. By 1 and 3
months after frontal TBI, a pronounced cavity was observed in the ipsilateral dorsal cortex
which merged with an enlarged lateral ventricle anteriorly. Interestingly, the extent of tissue
loss by volumetric analysis was strikingly similar at both 1 and 3 months post-injury,
suggesting that the lesion was stabilized by 1 month. This is in contrast to our previously
characterized model of parietal lobe CCI in p21 mice, in which the cortical lesion expands in
parallel with brain maturation from day 7 to 14 [26], and from adolescence to adulthood
[16], suggestive of ongoing neurodegeneration over a longer time period.

Frontal contusions, encephalomalacia and thinning of the frontal cortices are particularly
common after TBI in children [6,27,28]. Upon autopsy, axonal injury as evident by 3-APP
accumulation is characteristic of brain-injured infants and young children [23], consistent
with evidence of wide-spread damage to white matter tracts detected by diffusion tensor
imaging [27,29]. The clinical importance of such damage is emphasized by findings that
extensive fronto-temporal atrophy 2-3 years after moderate-severe TBI in children is
associated with poorer functional recovery [9]. Our new model, which features acute
traumatic axonal damage and pronounced volumetric loss of the frontal lobe, thus replicates
many of the pathological findings associated with TBI to the frontal lobes in children.

Persistent motor impairment after unilateral frontal TBI

Functional outcomes were assessed at adolescence and early adulthood, based upon previous
studies in both rodents and monkeys demonstrating that significant impairments may not
emerge until later in life [16,30,31]. Here we find cortical damage and overt tissue loss in
the M1, M2 and supplementary motor cortex, regions which are essential for the planning,
coordination and execution of movements [32]. Not surprisingly, the presence of distinct
deficits in motor function/learning, evident as poor rotarod performance as well as a slower
swimming speed and reduced rearing, was a salient functional outcome of this injury model.
Importantly, these deficits persist into adulthood, suggesting that any compensatory
mechanisms are inadequate in the developing brain to overcome region-specific cortical
damage. Impairments in gait, reaching, and grasping movements, balance, fine motor skills
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and coordination are reported after brain injury in school-aged children [33-35] and adults
[36-38]. However, there is still a scarcity of data regarding motor function in younger,
toddler-aged children after TBI, and whether such functional impairments persist or improve
over time. Our new model has great potential for the exploration of the underlying
mechanisms and potential interventions for injury-dependent motor dysfunction. Future
studies utilizing forelimb-specific tasks or detailed gait analyses may be useful to delineate
laterality and fine motor components of these impairments, particularly in the context of
testing novel therapeutics or interventions which may have a functional benefit in the injured
developing brain.

Regional specificity of functional outcomes

In contrast to significant motor impairment, there was no evidence that injury to the frontal
cortex altered anxiety levels, social behavior or spatial memory performance. Moreover,
there was preservation of normal spatial learning and memory in the hippocampal-mediated
MWM task at both adolescence and adulthood, consistent with a lack of pathology in the
hippocampus. Such findings are in contrast to our previously characterized model of
unilateral injury to the parietal cortex, in which social behaviors, spatial learning and
memory and impaired but motor function is unaffected [15,16]. Comparison of these two
models provides insight into the mechanisms and consequences of early-life TBI to different
neuroanatomical regions (Table 1).

It is important to place our behavior findings in the broader context of other studies that
have addressed controlled cortical impact to the developing rodent brain. Rats with injury to
the unilateral parietal lobe at p7, p17 and p28 show spatial learning and memory deficits in
the MWM [39-41], which persist up to 3 months [42] and coincide with transient
sensorimotor symptoms. Injury to the unilateral somatosensory cortex in p17 rats results in
deficits on the rotarod task which persisted to 2 months post-injury, as well as changes in
anxiety which emerged at adulthood [43]. In contrast, the phenotype described herein, of
pronounced and persistent motor deficits coexisting with normal cognitive function, is
distinct from all existing rodent models of TBI at a young age. This model provides a unique
opportunity to understand mechanisms underlying these deficits, as well as investigate
functional recovery and potential compensation at both the brain and spinal cord level.

Does early frontal TBI affect anxiety at adulthood?

Exploratory and anxiety-related behaviors were assessed in mice after frontal TBI. Here we
report a test-specific response, were adult TBI mice spent reduced time in the center of the
open field compared to sham controls (suggestive of increased anxiety - Suppl. Fig. 1a), in
contrast to no differences in the elevated plus and zero mazes. While such a battery of tests
may provide a more comprehensive understanding the extent to which these tasks relate
remains contentious [44,45]. Use of the open field paradigm as the sole measure of anxiety
has been questioned, as performance in this task may be influenced by numerous factors
including motor output, motivation, fear-related freezing, sickness and stress [44]. Given our
findings, we conclude that frontal TBI at this injury magnitude does not overtly alter
anxiety. Future studies may incorporate measures of autonomic nervous system function,
such as changes in heart rate, to correlate with findings from behavioral measures of anxiety
[48].

Normal psychosocial function after unilateral frontal TBI to the immature brain

Based upon the clinical literature indicating an adverse association between frontal lobe
injury and psychosocial outcomes in brain-injured children [6], as well as our recent work
identifying social deficits in adult mice after parietal lobe TBI at p21 [18], we hypothesized
that unilateral frontal TBI at p21 would also result in notable social dysfunction. Contrary to
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expectations, however, brain-injured mice in this study were indistinguishable from sham
controls in a battery of social behavior tests. One possible explanation for this finding is that
the functional consequences of frontal injury are impacted by the age-at-insult.
Developmental age is a strong predictor of outcome after early-life brain injury, as
determined by both lesion experiments in rodents [47] and studies of young brain-injured
patients [48,49]. It is widely accepted that the developing brain is less functionally-specific
compared to the mature brain, such that the establishment of regional localization of
function is not yet complete. As a result, injury to the immature brain may trigger a more
generalized dysfunction; or, inversely, may allow for the adaption of new neuronal networks
to compensate for damage [50]. Developmentally-regulated processes such as myelination
and synaptic pruning are likely to contribute to and potentially modify injury mechanisms
and functional consequences after TBI [51].

Evidence from other rodent studies supports this hypothesis of age-dependent vulnerability
to frontal injury. Aspiration of the entire frontal lobe in rodents prior to p6 has been
associated with poorer behavioral outcome compared to a similar injury during the second or
third week of life, when significant recovery was observed despite pronounced tissue loss
[47,52]. It is possible that, at p21, the frontal lobe shows robustness to focal injury compared
to TBI at earlier or later ages, such that there is functional recovery or compensation in
terms of psychosocial behaviors. Investigation of unilateral frontal TBI at a range of
different developmental ages will thus help to further elucidate regional and age-dependent
specificity of social behaviors.

Secondly, the lack of psychosocial dysfunction in this model may be a consequence of
lesion laterality. Here, we establish a unilateral injury to allow for direct comparison to our
well-characterized unilateral parietal lobe injury model, also performed at p21 [15,16]
(Table 1). Specific lesions to the anterior cingulate cortex reduces social interactions and
social memory in rodents [53], and frontal lesions that alter social behavior in patients tends
to extend from the orbitofrontal cortex medially into the anterior cingulate cortex [54]. In
our current unilateral injury model, medial neuroanatomical structures are somewhat spared
primary injury which may explain preservation of social function in these mice. It is worth
noting that the detailed assessment of social behaviors is not common after experimental
TBI, such that the social consequences of bilateral frontal TBI to either the immature or
adult brain are unknown.

Lastly, it is possible that functional consequences persist in this model of frontal TBI to the
developing brain which have not yet been exposed. Problems with attention and orientation
have been reported after bilateral frontal injury in adult rats [10], while a recent study
demonstrated decision-making deficits using a new scent discrimination task which was
specific to frontal injury [55]. Future studies are required to challenge young brain-injured
mice with tasks that directly require frontal lobe input, to examine additional behaviors
which are often impaired in young patients such as executive function, impulsivity, attention
and inhibitory control [48,56,57].

Age-dependent behaviors

In line with several previous studies reporting the emergence of injury-induced impairments
over the course of brain development [16,30,31], we saw an age-dependent emergence of
rearing deficits, which were absent at adolescence but pronounced in adult brain-injured
mice. We also uncovered a distinct effect of age on normal behavioral phenotypes,
independent of injury. Adolescent mice demonstrated heightened social investigation
compared to adult mice, consistent with adolescence being a time characterized by increased
sociability [58,59]. This age-dependent behavior continues to decline with increasing age, as
30 month old rats reportedly spend approximately 75% less time interacting socially
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compared to young adults [60]. On the contrary, the distance traveled in the open field, plus
and zero mazes showed an increase with age from adolescence to adulthood, suggestive of
increasing exploratory behavior with maturation. Further, adolescent mice were unable to
remember the location of the MWM platform during the final probe trial, suggesting that
spatial memory retention is not fully developed at this age compared to in adult animals,
consistent with a developmentally-regulated improvement in spatial memory as reported in
rats [61] and children [62]. Together, these data highlight the importance of using age-
matched control animals in experiments across developmental time. Further characterization
of the emergence of age-dependent behaviors may improve our understanding of the
functional consequences of injury at different ages.

CONCLUSIONS

Brain injury during early life disrupts brain development and results in regionally specific
consequences that persist to adulthood. Injury to the frontal lobes is particularly common in
young brain-injured patients and associated with adverse outcomes. We have here developed
a new model of unilateral frontal TBI to the immature mouse brain. Based on consistent
findings of region-specific cellular vulnerability, coupled with evidence of a clinically
relevant motor impairment, this model provides a unique opportunity to explore a phenotype
of injury-induced motor dysfunction which persists to adulthood in the absence of detectable
psychosocial or cognitive deficits. This model has applications both in the investigation of
underlying mechanisms of functional deficits, as well as the elucidation of age and region-
specific consequences of TBI. The development of interventions which target these motor
deficits either acutely or chronically after injury have clinical applicability to young brain-
injured patients in whom sensorimotor dysfunction persists.
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Figure 1.

Frontal TBI induces a distinct unilateral lesion. Panel (a) depicts representative photographs
of whole perfused brains collected at 24 h and 7 d post-injury (scale bar =3 mm). Panel (b)
illustrates representative coronal sections stained with cresyl violet to delineate tissue
damage at 24 h and 7 d. Images were captured at ~Bregma +1.70, +0.50, -0.10 and -0.15
mm respectively, from top to bottom.
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Figure2.

Local cell death in the dorsal cortex and subcortical structures after frontal TBI.
Degenerating neurons were labeled with Fluoro-Jade C at 24 h post-injury (a), revealing
abundant neuronal damage in the peri-contusional cortex and dorsal striatum (scale bar =
200 pm). Cell death was confirmed by TUNEL staining (b), which was widespread in the
peri-contusional cortex as well as in the underlying corpus callosum and striatum (scale bar
= 250 pm). TUNEL-positive cells were summed across 5 sections per brain at 24 h post-
injury (c), highlighting the regional localization of acute cell death after frontal TBI (one-
way ANOVA, F323=11.07, p<0.0001; n=8).
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Figure 3.
Immuno-reactivity for astrocytes (GFAP) and reactive microglia/macrophages (Iba-1) is

evident in the ipsilateral dorsal cortex (c, e, g, k, m, 0) and corpus callosum (d, f, h, j, I, n, p)
after frontal TBI. Sham operation did not induce gliosis at 24 h (15t row). At 24 h post-injury
(2" row), only few reactive astrocytes are noted, although Iba-1 reactivity was increased
above sham levels. By 7 d (3" row), both GFAP+ astrocytes and Iba-1+ reactive microglia
were visibly accumulating in the peri-contusional parenchyma. By 3 months post-injury,
GFAP+ astrocytes formed a glial scar at the cortical lesion edge. The lesion core (0) also
stains strongly for Iba-1 at these times. Scale bar =100 pm. Arrows indicate a glial scar;
asterisks highlight the enlarged lateral ventricle.
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Figure4.
Axonal degeneration was detected by immuno-staining for 3-APP accumulation after frontal

TBI. Immuno-positive cells were abundant in the cortex at 24 h post-injury (a, b),
particularly in the peri-contusional cortex (arrows). Filamentous staining was evident in the
corpus callosum ipsilateral to the impact site at 24 h post-injury (&, c), indicating swollen or
damaged axons in which -APP was accumulating. This was most apparent directly ventral
to the lesion site, however, immuno-reactive axons were also evident crossing the midline
into the contralateral corpus callosum (a). At 7 d (d, e), much of the 3-APP staining was
granular or globular in appearance in the injured cortex and corpus callosum. Asterisks
indicate ipsilateral ventricle. Scale bar =100 pm.
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Figure5.

Frontal TBI results in cavity formation and a volumetric reduction in the injured cortex. At 1
and 3 months post-injury, a pronounced unilateral cortical cavity was evident in whole
perfused brains (arrows in panel a, scale bar = 3 mm) and representative dorsal cortex
sections stained with cresyl violet (b, scale bar = 500 um). Images were captured at
~Bregma +1.70, +0.50, -0.10 and -0.15 mm respectively, from top to bottom for each time
point shown. Note the enlarged lateral ventricle ipsilateral to the injury site at 1 and 3
months (asterisks). Remaining dorsal cortex was quantified at both 1 and 3 months post-
injury (c), demonstrating significant volumetric loss in the ipsilateral dorsal cortex at both
time points (2-way ANOVA post-hoc, p<0.0001; n=10/group).
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Figure®6.

Motor learning and rearing deficits were evident after frontal TBI. Mice were tested on the
rotarod across three consecutive days (a). At adolescence, TBI mice showed a significant
reduction in the mean latency to fall at days 2 and 3 (2-way RM ANOVA, post-hoc *p<0.05,
***n<0.001) compared to sham-operated mice. Although less pronounced, this injury-
dependent impairment was also evident at adulthood (post-hoc, *p<0.05). Rearing behavior
measured in the open field task was also used to detect forelimb motor function (b). While
adolescent sham and TBI mice did not differ, adult TBI mice showed a significant deficit in
rearing behavior compared to their respective shams, with a reduction in the time spent
rearing (t1 17=3.560, p=0.0024; n=10/group).
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Figure?7.

Mice showed normal social function after frontal TBI. The total investigative time in the
partition task (a) was similar in sham and TBI mice in both cohorts. Several investigative
behaviors in the resident-intruder test were quantified separately (b), including the time
spent sniffing the head/torso or ano/genital regions of the stimulus mouse, and time engaged
in grooming, following or circling behaviors. Sham and TBI mice showed equivalent
investigative behaviors in all measures. Performance in the tube-dominance task, quantified
as the chance of a ‘win’ by the test (sham or TBI) mouse (c), was also unaffected by injury.
The three-chamber task (d) was used to delineate a preference for sociability (stage 2: choice
between stimulus 1 and empty chambers) and social novelty (stage 3: choice between
stimulus 1 and 2). At both adolescence and adulthood, sham and TBI mice showed a similar

preference for sociability and social novelty in these tasks (n=10/group).
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Figure8.

Spatial learning and memory were assessed in the Morris water maze after frontal TBI. The
swimming speed of TBI mice at both adolescence and adulthood was reduced compared to
sham animals (a; 2-way RM ANOVA, effect of injury). Despite this, brain-injured mice at
adolescence were able to locate both the visible and hidden platforms similarly to sham-
operated mice (b), with all mice showing learning over time. At adulthood, TBI mice
showed a reduction in distance to reach the visible platform during sessions 2 and 3
compared to sham mice (2-way RM ANOVA, post-hoc *p<0.05). However, sham and TBI
mice showed equivalent performance during the hidden platform sessions. Probe trials, in
which the target platform is removed, were quantified as time spent in the target (black bar),
opposite (white bar) or adjacent quadrants (striped bar) were compared within each group
(1-way ANOVA). Probe trials 1 and 2 are shown in Suppl. Fig. 2. In probe trial 3 (c), all
groups independent of injury or age showed memory retention by a preference for the target
quadrant. Probe trial 4 was performed one week following probe trial 3 (d). Regardless of
injury, adolescent mice do not show a preference for the target quadrant, indicating a lack of
long-term spatial memory. In the adult cohort, both sham and TBI mice show long-term
memory retention, with a strong preference for the target quadrant (post-hoc; *p<0.05,
**p<0.01, ***p<0.0001; n=10/group).
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Pathological and functional consequences of unilateral injury to the parietal versus frontal lobe in the p21

mouse.
Pathology/behavior Parietal injury  Frontal injury
Cell death and neuronal loss + +
- frontal cortex - +
- parietal cortex + -
- hippocampus + -
- dorsal striatum - +
- dorsal thalamus + -
- anterior corpus callosum - +
- posterior corpus callosum + -
Reactive gliosis + +
Axonal injury + +
Hyperactivity + -
Memory deficits + -
Social deficits + -
Anxiety +/- -
Motor deficits - +
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