
Neural Regen Res. 2016 Feb; 11(2): 248–256.

doi:  10.4103/1673-5374.177732

PMCID: PMC4810988

Automated monitoring of early neurobehavioral changes in mice
following traumatic brain injury

Wenrui Qu, Nai-kui Liu, Xin-min (Simon) Xie, Rui Li, M.D., Ph.D.,  and Xiao-ming Xu, M.D., Ph.D.

Hand & Foot Surgery and Reparative & Reconstructive Surgery Center, Orthopaedic Hospital of the Second Hospital of Jilin University,

Changchun, Jilin Province, China

Spinal Cord and Brain Injury Research Group, Stark Neurosciences Research Institute, Indiana University School of Medicine, Indianapolis,

IN, USA

Department of Neurological Surgery, Indiana University School of Medicine, Indianapolis, IN, USA

Department of Anatomy and Cell Biology, Indiana University School of Medicine, Indianapolis, IN, USA

Goodman Campbell Brain and Spine, Indianapolis, IN, USA

AfaSci Research Laboratories, Redwood City, CA, USA

Correspondence to: Rui Li or Xiao-ming Xu, 13304321102@qq.com or xu26@iupui.edu.

Author contributions: WQ performed the data analysis and wrote the paper. NKL was responsible for data analysis and paper preparation.

XMX developed experimental tools. RL contributed to the conception of the study. XMX designed the work that led to the submission,

acquired data, and interpreted the results. All authors approved the final version of this paper.

Accepted 2015 Dec 9.

Copyright : © Neural Regeneration Research

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 License,

which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the new creations are

licensed under the identical terms.

Abstract

Keywords: nerve regeneration, traumatic brain injury, controlled cortical impact, automated behavior,
motor activity, anxiety, exploratory, activity, sleep, neural regeneration

Abstract

1,2,3,4,5 2,4,5 6 1,* 2,3,4,5,*

1

2

3

4

5

6

*

Automated monitoring of early neurobehavioral changes in mice followin... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4810988/?report=printable

1 of 17 9/7/2016 11:13 AM

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IUPUIScholarWorks

https://core.ac.uk/display/46964442?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Traumatic brain injury often causes a variety of behavioral and emotional impairments that can develop
into chronic disorders. Therefore, there is a need to shift towards identifying early symptoms that can aid in
the prediction of traumatic brain injury outcomes and behavioral endpoints in patients with traumatic brain
injury after early interventions. In this study, we used the SmartCage system, an automated quantitative
approach to assess behavior alterations in mice during an early phase of traumatic brain injury in their
home cages. Female C57BL/6 adult mice were subjected to moderate controlled cortical impact (CCI)
injury. The mice then received a battery of behavioral assessments including neurological score, locomotor
activity, sleep/wake states, and anxiety-like behaviors on days 1, 2, and 7 after CCI. Histological analysis
was performed on day 7 after the last assessment. Spontaneous activities on days 1 and 2 after injury were
significantly decreased in the CCI group. The average percentage of sleep time spent in both dark and light
cycles were significantly higher in the CCI group than in the sham group. For anxiety-like behaviors, the
time spent in a light compartment and the number of transitions between the dark/light compartments were
all significantly reduced in the CCI group than in the sham group. In addition, the mice suffering from CCI
exhibited a preference of staying in the dark compartment of a dark/light cage. The CCI mice showed
reduced neurological score and histological abnormalities, which are well correlated to the automated
behavioral assessments. Our findings demonstrate that the automated SmartCage system provides sensitive
and objective measures for early behavior changes in mice following traumatic brain injury.

Introduction

Traumatic brain injury (TBI) can result in a variety of sensory and motor deficits, emotional impairments,
and sleep disturbances (Sherer et al., 2002; Verma et al., 2007). Consequences of TBI in adults have been
well documented (Dikmen et al., 1995; Millis et al., 2001), but there is an insufficient literature addressing
our ability to predict long-term outcomes. If we are able to identify early behavioural changes that predict
the risk for lasting sequelae after TBI, preventive intervention strategies might be directed toward
diminishing the rate of decline and enhancing functional recovery.

Well-designed behavioral evaluations in TBI animals are useful measures in identifying underlying
mechanisms of functional recovery, which may be clinically relevant (Basso et al., 1995; Xiong et al.,
2013b). Rodents exhibit behaviors similar to humans, and therefore they are commonly used to mimic
behaviors of human disorders (Kochanek et al., 2002; Manley et al., 2006; Khroyan et al., 2012; Xiong et
al., 2013b). To date, a large number of assessments have been developed to measure behavior function
following TBI in mice (Chauhan et al., 2010; Liu et al., 2014; Bondi et al., 2015). However, it is disputed
regarding which type of behavioral assessment is the most worthwhile or meaningful. Most of the current
assessments use large and specific apparatuses with a limited time period and focus on a single behavioral
domain, thus the subtle effects of the early phase of TBI are rarely detected (Liu et al., 2014; Bondi et al.,
2015). Moreover, conventional behavioral tests measure an animal's responsiveness to a novel environment
in which it is hard to determine whether the environment has an effect on the behavioral response. A
home-like environment with an extended period of assessments is useful to detect behavior changes that
may be more reliable than assessing animals in a novel environment during a short period (Khroyan et al.,
2012). Therefore, there is a need to shift towards conducting rodent behavioral assessments in a home
cage-like environment (Goulding et al., 2008; Kas et al., 2008; Jhuang et al., 2010; Khroyan et al., 2012).
The SmartCage system (AfaSci, Inc., Burlingame, CA, USA) was successfully used for automated analysis
of spontaneous activity, light/dark preference, and anxiety-related behavior in cerebral ischemia in mice in
a home cage-like environment (Xiong et al., 2011, 2013a; Khroyan et al., 2012), but to the best of our
knowledge, it was not used in mouse models of TBI. In the home cage, mice can walk freely providing an
opportunity to objectively and simultaneously assess multiple behavior activities, which could be a
powerful tool to detect early neurobehavioral changes following TBI. In this study, we sought to determine
the sensitivity and reliability of a home-like cage system called SmartCage in detecting early
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neurobehavioral changes following a moderate controlled cortical impact (CCI) injury.

Materials and Methods

Ethics statement and experimental animals

All surgical interventions and postoperative animal care were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (National Research Council) and the Guidelines of the Indiana
University Institutional Animal Care and Use Committee (10951). Precautions were taken to minimize
suffering and the number of animals used in each experiment. Fourteen female SPF C57/BL6 mice aged 8
weeks, weighing 20-25 g, (Jackson Laboratory, Bar Harbor, Maine, USA) were housed in a 12-hour
dark/light cycle with food and water freely available.

CCI modelling

Mice were randomly divided into two groups: the sham (n = 7) and CCI groups (n = 7). The CCI in mice
was performed according to our protocol as described previously (Liu et al., 2014). Briefly, mice were
anesthetized with Avertin (2.5%, 0.2 mL/20 g) and placed in a stereotactic frame adapted for mice. A
midline incision was made to expose the skull, a 4.5 mm (diameter) craniotomy was performed midway
between the bregma and the lambda, and 2.5 mm lateral to midline over the left hemisphere. Mice were
subjected to a CCI injury at a 1.0 mm impact depth using an electromagnetic impactor (39463920,
Impactor OneTM, MyNeuroLab, Richmond, Illinois, USA; tip diameter: 3 mm; speed: 3 m/s; dwell: 50
ms). The skin incision was closed after the injury. For the sham-operated controls, mice received the same
anesthesia and surgical procedure (craniotomy) without the impact. After surgery, the mice were
immediately put into cages on the heating pad until they recovered from anesthesia. The mice were
subjected to a series of behavior tests and sacrificed for histopathological examination 7 days later.

SmartCage system

SmartCage system is a non-invasive home cage rodent behaviour monitoring system. The SmartCage
system provides an inner space of 36 cm × 23 cm × 9 cm for mice acting within the home cage (Khroyan et
al., 2012). The infrared processor, motor control, instrument amplifier and microcontroller units are
assembled in the platform (Khroyan et al., 2012). In this study, a single USB cable was linked to the host
computer. Data were analyzed automatically using the CageScore (AfaSci, Inc. Burlingame, CA, USA).
Home cage activity variables, including locomotion (distance travelled, locomotor velocity), activity time,
rearing up counts, and sleep/wake states were recorded.

Activity and sleep assessments

The SmartCage enables simultaneous assessment of locomotion and wake/sleep assessments as previously
published (Xie et al., 2012; Luo et al., 2014). Each mouse was placed into a freshly prepared cage for 12
hours (6-hour dark and 6-hour light). The animal activities, including distance travelled, locomotor
velocity, and rearing up counts, were determined by photo-beam breaks. Automated data were analyzed
using CageScore software (AfaSci, Inc.). For the wake/sleep assessment, a vibration floor sensor was used
to monitor sleep and wake states, as previously published (Xie et al., 2012). The sleep pattern of rodents
was steady because the floor sensor picked up the breathing pattern of a sleeping rodent. The activity
assessments were performed at 1, 2, and 7 days after injury.

Anxiety-related behavior

The SmartCage system was also used to measure anxiety-related behavior. A dark red box (made in
Plexiglass plastic; 16.5 cm × 11.0 cm × 13.5 cm) with an opening (3.0 cm × 3.0 cm) was inserted in a fresh
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mouse home cage (Figure 1D). The red acrylic walls did not interfere with the SmartCage sensors; and the
position and movement of the tested mice could be monitored by the infrared sensors. Under enhanced
light, the home cage could measure the place preference of a rodent in the light/dark cage (Rodgers and
Shepherd, 1993; Tang et al., 2002; Schumacher et al., 2012; Xie et al., 2012). The mouse was placed in the
cage for 10 minutes. The CageScore software automatically calculated the time spent in each compartment,
as well as the number of entries between different compartments. The anxiety-related behavior was
performed at 1, 2, and 7 days after injury.

Neurological test

A composite neurological test was used as a standard measure to assess injury severity on motor function in
the TBI model as previously described (Longhi et al., 2004; Mbye et al., 2009; Liu et al., 2013). Testing
was done at 1, 2, and 7 days after injury. Briefly, mice were given a score from 0 (severely impaired) to 4
(normal) for each of the following three indices: forelimb function, hindlimb function, and resistance to
lateral pulsion. A composite neurological score (0–12 points) was generated by combining the scores for
each of these three tests.

Measurement of volumetric tissue loss

Seven days after CCI, animals were anesthetised and perfused intracardially with phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. The brains were dissected out, embedded, and sectioned
coronally and serially at 25 μm in six sets. One set of sections was stained with Cresyl-Violet-Eosin
(Cayman Chemical Company, Ann Arbor, MI, USA). For each section, contours of ipsilateral cortical
contusion (tissue lost) and corresponding contralateral sections were measured using a Neurolucida System
(MBF Bioscience, Williston, VT, USA). Borders between healthy (right side) and necrotic cortex (left side)
were generally sharp and easily identified. The percentage of volumetric tissue loss was calculated by the
ratio of the cortical lesion volume in the ipsilateral cortex divided by the entire contralateral cortex volume.

Histology and immunohistochemistry

Fluoro-Jade B (FJB) was used for the histological staining of degenerating neurons as previously described
(Hopkins et al., 2000; Schmued and Hopkins, 2000; Gao et al., 2008). For FJB staining, brain sections were
first incubated in 1% alkaline (NaOH) in 80% ethanol for 5 minutes, followed by graded ethanol (75%,
50%, and 25%; 5 minites each) and distilled water. The slides were then transferred to 0.06% potassium
permanganate for 10 minutes on a rotating stage. After rinsing in distilled water for 2 minutes, the slides
were incubated in 0.0004% FJB solution (Histo-Chem Inc., Jefferson, AR, USA) and 0.0004% DAPI
(Sigma, St. Louis, MO, USA) for 20 minutes. Sections were rinsed in distilled water for 2 minutes and then
rapidly air dried on a slide warmer. The dry slides were dehydrated in xylene (2 minutes) and mounted with
DPX (VWR, Radnor, PA, USA). For immunostaining, brain sections were rinsed in PBS three times and
incubated in blocking solution (0.1% Triton X-100, 1% bovine serum albumin, and 5% normal goat serum
in PBS) for 1 hour at room temperature. Sections were then incubated with primary antibodies overnight,
including anti-ionized calcium binding adaptor molecule 1 (Iba-1) in PBST containing 5% normal goat
serum for microglia (1:200, goat anti-mouse; Abcam, Cambridge, MA, USA) and anti-glial fibrillary acidic
protein (GFAP) in PBST containing 5% normal donkey serum for astrocytes (1:1,000, rabbit anti-mouse;
EMD Millipore, Billerica, MA, USA). The next day, Alexa Fluor® 488 (1:500, donkey anti-goat; Thermo
Fisher, Grand Island, NY, USA) and Alexa Fluor® 594 (1:500, goat anti-rabbit; Thermo Fisher, Grand
Island, NY, USA) were applied. The sections were analyzed using an inverted microscopy system (Zeiss
Axiovert 200 M, Oberkochen, Germany) combined with apotome and interfaced with a digital camera
(Zeiss Axio Cam MRc5) controlled by a computer, then images were captured using apotome microscopy
(AxioVision, v4.8).
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Statistical analysis

All data were presented as the mean ± SEM values and analyzed using GraphPad-Prism 6 (La Jolla, CA,
USA). Two-way repeated measures analysis of variance and Tukey's post-hoc tests were used for analysis
of rearing up counts, distance travelled and locomotor velocity, average percentage of sleep time spent in
the dark and light cycles, and anxiety-related behavior. Student's t-test was used for histological analyses. A
P value of < 0.05 was considered statistically significant.

Results

Spontaneous motor activity

We first used the SmartCage system to monitor motor activities of mice in their home cage for a 12-hour
period with the data collected at each hour. At 1, 2, and 7 days post-injury, CCI mice exhibited a dramatic
decrease in travelled distance during the dark phase (1–6 hours) but showed no difference during the light
phase as compared with sham controls (Figure 2A, D, G, J, and M). Similarly, rearing up counts were
significantly reduced in mice receiving CCI which occurred mainly during the dark phase at 1 and 2 days
compared to the sham control (Figure 2B, E, K). The rearing up counts at 7 days were slightly, but not
significantly, lower in the CCI group than in the sham group (Figure 2H, K). No significant changes in
locomotor velocity were found between the CCI and sham groups (Figure 2C, F, I, and L). A strong
correlation was found not only between motor activities and neurological scores (Figure 3A, B), but also
between motor activities and tissue damage (Figure 3D, E). Individual representative travel patterns
demonstrated that CCI decreased spontaneous activities (Figure 2M).

Sleep and wake states

Excessive sleepiness is a common sleep disturbance that was previously reported among TBI patients
(Castriotta et al., 2007; Verma et al., 2007; Baumann, 2012). We then investigated the daytime and
nighttime sleepiness of the mice and determined the average percentage of sleep time spent in the dark and
light boxes. At 1 day after injury, a significant increase in the average percentage of sleep time was found
in CCI-injured mice during both the dark and light cycles, compared with the sham group (Figure 4A, D–F
). At 2 days post-CCI, the average percentage of sleep time was greater in the CCI group than in the sham
group mainly in the dark cycle (Figure 4B, D–F). At 7 days post-injury, no statistically significant
difference in the average percentage of sleep time was found between the CCI and sham groups (Figure 4C
–F). Repeated measures analysis of variance revealed a statistically significant difference in the scores of
the CCI mice between 2 and 7 days in the dark cycle (Figure 4D), between 1 and 7 days in the light cycle (
Figure 4E), and 1, 2, and 7 days post-injury in the dark and light cycles (Figure 4F). A significant
correlation was obtained between the average percentage of sleep time and tissue damage (Figure 3F).

Anxiety-related behavior

We next assessed anxiety-related behavior by counting the number of entries between the two different
compartments in the two groups (Figure 1). SmartCage analysis showed that the number of transitions
between the two compartments in CCI mice was significantly less than in the sham mice at 1 day (
Figure 1A). To further validate the assessment of injury-induced anxiety-like behavior, we compared the
results with time spent in the dark compartment between the two groups. A significant increase in time
spent in the dark compartment was observed in the CCI group at 1 and 7 days post-injury although it did
not reach a statistically significant level at 2 days post-injury (Figure 1B). Three-dimensional plots for the
anxiety-like behavior showed that the CCI mice spent less time in the dark compartment (Figure 1E, F).
These results revealed that CCI mice were anxious. A strongly significant correlation was obtained
between time in the dark box and tissue damage (Figure 3C).
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Composite neurological score and histology

We examined neurological score and histology after CCI. The neurological score was significantly
decreased at 1, 2, and 7 days after CCI (P < 0.01, vs. sham group; Figure 5A). Repeated measures analysis
of variance also revealed a statistically significant difference of the scores between 1 and 7 days after CCI,
suggesting that mice recovered to a certain extent on day 7 as compared with day 1. Consistent with the
behavior results, remarkable cortical damage was found after CCI (Figure 5B, D, E). There was an inverse
correlation between the neurological score and cortical lesion volume after the CCI (r = –0.97, P < 0.001;
Figure 5C). We compared the appearance of neurons, astrocytes, and microglia between the two groups at
7 days after CCI. FJB-positive neurons were not detected in the cortex of the sham mice (Figure 5D’) but
were shown in the CCI mice (Figure 5E’). In the sham mice, microglia with typical spiny processes were
found (Figure 5D’’). Following the CCI, an increase in the number of activated microglia was observed (
Figure 5E’’). These reactive microglia showed enlarged cell bodies and intense immunoreactivity, and
were predominately located near the cortical injury site. In the sham group, only a small number of
scattered astrocytes exhibiting detectable levels of GFAP were found (Figure 5D’’’). However, following
CCI, robust reactive astrogliosis with markedly increased expression of GFAP was found particularly at the
cortical lesion border (Figure 5E’’’).

Discussion

Early neurological deficits have clinically shown to be the major predictors of TBI outcomes (King et al.,
2005). In the present study, the quantitative characterizations of behavior elements in a freely behaving
mouse provide powerful means for addressing the impact of TBI on neurological deficits during the early
phase of TBI. An important feature of the SmartCage system is its integration of activity level detection
with non-invasive sleep monitoring. Furthermore, an anxiety-related behavior can also be examined using
the SmartCage system throughout the entire testing period. To the best of our knowledge, this is the first
time that behavior deficits following a moderate CCI were tested using the SmartCage system. We also
showed for the first time the sleep/wake states after CCI using the SmartCage in mice. We found that the
moderate CCI induced motor deficits including decreases in travelled distance and rearing up. We also
found sleep and anxiety disorders in mice following the moderate CCI. Importantly, these behavior deficits
were strongly correlated with tissue damage. These results collectively indicate that the SmartCageis a
sensitive, objective, and reliable approach that can be used to detect early behavior changes following a
moderate TBI.

Rodent CCI models are widely used in experimental TBI research. CCI is produced by driving a rigid
impactor onto the exposed, intact dura and mimics cortical tissue loss, acute subdural hematoma, axonal
injury, concussion, blood-brain barrier (BBB) dysfunction, and even coma (Dixon et al., 1991; Smith et al.,
1995; Morales et al., 2005; Xiong et al., 2013b). The CCI model generates a reproducible injury with
pathological features similar to human TBI (Kochanek et al., 2002; Manley et al., 2006). A localized tissue
loss is a common phenomenon of such an injury. Using this injury model, we sought to determine whether
a moderate CCI induced early neurological deficits can be reproduced using the SmartCage system.

There are several reasons for using a moderate CCI model in this study. First, moderate TBI is clinically
one of the frequent TBI severities. Published studies have estimated that 80–85% of the TBI patients were
diagnosed as mild, 10% as moderate, and 5–10% as severe TBIs (Miller, 1993; van der Naalt, 2001).
Furthermore, diagnosis of moderate TBI is more reliable than diagnosis of mild TBI, and behavioral and
emotional impairment measures were more reliable in moderate TBI than in mild TBI (Vakil, 2005).
Importantly, the present study indicates that SmartCage can be reliably used to examine behavioral
impairments associated with moderate TBI. Whether it can be used to differentially detect behavior
impairments among different injury severities of TBI remains to be determined.
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To date, most of the studies in the TBI model have been short-term, in the range of hours to days, and have
rarely extended beyond 1 month after injury (Marklund and Hillered, 2011; Xiong et al., 2013b). However,
the behavioral data obtained at the early time points post-injury may not provide valid assessments of the
long-term outcomes or clinical therapies for long-lasting efficacy. To verify whether early changes after
TBI can predict the long-term outcomes, further studies evaluating injury responses and functional deficits
over longer time periods should be conducted (Xiong et al., 2013b). In this study, we demonstrated that
SmartCage was very sensitive in these behavior measures in short-term assessments. We will test long-term
outcomes with SmartCage in future studies.

Locomotor activity is a key component in many behavior tests (Tang et al., 2002). In mice following TBI,
neurological score is one of the most commonly used behavior assessments (Xiong et al., 2013a). In this
study, neurological score was strongly correlated with tissue damage, consistent with a previous report
(Xiong et al., 2013a). One advantage of using the SmartCage system is its ability to provide detailed
quantitative assessments of spontaneous locomotor activity. We observed a greater reduction of
spontaneous locomotor activity in mice receiving CCI at 1 and 2 days after CCI, which was strongly
correlated with neurological score and tissue damage. The detection of locomotor activity may provide a
powerful tool for early prediction of long-term outcomes. Taken together, these results support the
interpretation that automated equipment of the SmartCage system is a useful tool to assess locomotor
activity during the early phase of CCI. To evaluate whether the velocity influenced both spatial and
temporal error detection in the current study, we studied the velocity using the SmartCage. The velocity of
mice did not show any difference between both groups, demonstrating that CCI may lead to reduced
alertness or neuropsychological impairment, which is in agreement with the previous study (Xiong et al.,
2013a).

Sleep disturbances associated with TBI have been reported (Verma et al., 2007), affecting 30–70% of TBI
survivors (Parcell et al., 2006). This disturbance significantly affects quality of life (Orff et al., 2009; Viola-
Saltzman and Watson, 2012). Evidence suggests that the most common sleep-wake disturbances following
TBI include fatigue, sleepiness, and posttraumatic hypersomnia (defined as increased sleep need per 24
hours) (Baumann, 2012). However, far less is known about the early association between TBI and sleep
disturbance (Rowe et al., 2014b). In the current study, we used the non-invasive SmartCage to successfully
monitor CCI-induced alterations in sleep during the early phase of the injury. It is noteworthy that sleep
itself may be restorative and aid in the recovery of function following the injury (Rowe et al., 2014b). The
average percentage of sleep time in the CCI group was significantly higher than in the sham group,
indicating that more sleep is needed following CCI. Acute posttraumatic sleep significantly increased when
compared with the sleep of the uninjured sham group in both dark and light cycles. It is possible that
TBI-induced injury contributes to circadian rhythm sleep disorders (Boone et al., 2012; Rowe et al.,
2014b). Furthermore, locomotor activity and sleep/wake states detected in the present study were assessed
simultaneously to provide a framework for studying behavior integration and organization. So far, there has
been no conclusion that posttraumatic sleep can enhance functional recovery (Rowe et al., 2014a). This is a
good parameter for sleep monitoring during the early phase following TBI. Altogether, our data, for the
first time, support the hypothesis that moderate CCI might improve acute posttraumatic sleep in the mice
using the SmartCage system.

The increase in anxiety, a characteristic feature following TBI, is consistent with the previous results using
various measures of anxiety (Silver et al., 2009; Mallya et al., 2014). In this study, we compared the
number of entries and light-dark preference in mice, two assessments which are sensitive to detect the
anxiety behavior induced by TBI (Washington et al., 2012). We found that CCI mice exhibited a significant
decrease in terms of the number of entries at 1 day after injury, but showed similar velocity in the
locomotion assessment. Other groups also reported similar anxiety-like behavior changes at early times
(Malkesman et al., 2013). In the current study, CCI mice spent more time in the dark compartment than the
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sham mice during the entire observation period. These results further support the notion that CCI mice
display lower exploration and higher anxiety-like behavior, which are consistent with previously reported
anxiety-like behavior (Jones et al., 2008; Baratz et al., 2009; Schwarzbold et al., 2010; Khroyan et al.,
2012). Lastly, the anxiety behavior observed in the present study was highly correlated with tissue damage.

In summary, we demonstrated early behavior changes after a moderate CCI using a novel
SmartCagesystem. This system was shown to objectively and reliably detect motor, sleep, and anxiety
changes in mice with SCI. The automated home cage can minimize an animal's stress and increase the
consistency of results, which can be used to test global and subtle behavior changes. With the SmartCage
system, more specialized behavior (sleep/wake states and anxiety-like behavior) can be assessed
simultaneously with motor behavior (distance, rearing up, and velocity). This system could be used as a
sensitive measure to examine different injury models and therapeutic efficacy following TBI.
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Figure 1

Controlled cortical impact (CCI) increased anxiety-like behavior in the SmartCage.

CCI mice actively avoided the light chamber as evidenced by a significant decrease in the number of entries between two
compartments (A) and an increase in the time staying in the dark box (B). No significant difference in locomotor velocity
was found between the sham and CCI mice (C). The dark box with an opening helped measure light/dark preference and
monitor anxiety-related behavior (D). Anxiety-like behavior of mice in the sham (E) and CCI (F) groups in the dark
compartment (gray area, left side) and light compartment (white area, right side). X-Y axis stands for the location in the
SmartCage, and Z-axis is defined as time distribution. Data were expressed as the mean ± SEM and analyzed using
two-way repeated measures analysis of varaince. *P < 0.05, **P < 0.01, vs. sham group (post hoc tests; n = 7 mice/group).
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Figure 2

Controlled cortical impact (CCI) caused significantly reduced spontaneous activity in the SmartCage.

Spontaneous activity of mice in their home cages was measured over a 12-hour period during both the dark (gray area, left
side) and light (white area, right side) phases in mice receiving either CCI or sham operation. Measurements include the
distance travelled (left column), rearing up counts (middle column), and locomotor velocity (righ column) assessed at 1
(A–C), 2 (D–F), and 7 days (d) (G–I) post-injury. The total distance travelled (J), total rearing up counts (K), and average
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locomotor velocity (L) between the two groups at 1, 2, and 7 d were shown. Individual representative travel patterns
demonstrated decreased spontaneous activity after CCI as compared with the sham group (M). Data were expressed as the
mean ± SEM and analyzed by repeated measures two-way analysis of variance. *P < 0.05, **P < 0.01, vs. sham group
(post-hoc tests; n = 7 mice/group).
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Figure 3

Correlation between neurological scores, tissue lesion volume, and automated activities.

High correlations were found between neurological scores and distance travelled (A), between neurological scores and
rearing up counts (B), between lesion volume and time in dark box (C), between lesion volume and distance travelled (D),
between lesion volume and rearing up counts (E), and between lesion volume and average perecentage of sleep time (F).
The Pearson product moment correlation coefficient (r) and P-value are shown in A–F.
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Figure 4

Controlled cortical impact (CCI) increased the average percentage of sleep time in the SmartCage.

Comparison of average percentage of sleep time at 1 (A), 2 (B), and 7 days (d) (C) in a 12 hour period using the
SmartCage system. At 1 and 2 days post-CCI, changes in the average percentage of sleep time in the dark cycle (D), light
cycle (E), and combined “dark and light” cycle (F) were found. CCI increased the average percentage of sleep time at 1
and 2 days post-injury, but showed no difference at 7 days post-injury. Data were expressed as the mean ± SEM and
analyzed by repeated measures two-way analysis of variance. *P < 0.05, **P < 0.01, vs. sham group (post hoc tests; n = 7
mice/group) in A–C. *P < 0.05, **P < 0.01 in D–F. Grey area: dark cycle; white area: light cycle.
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Figure 5

Controlled cortical impact (CCI) decreased neurological score and caused tissue damage.

After CCI, neurological score was significantly decreased at 1, 2, and 7 days (A) post-injury as compared with the sham
group (black dash line) (data were expressed as the mean ± SEM and analyzed by repeated measures two-way analysis of
variance. *P < 0.05. **P < 0.01, vs. sham group (0 day), post hoc tests; n = 7 mice/group). CCI induced significant
percentage volumetric tissue loss in the ipsilateral cortex (B) (data were expressed as the mean ± SEM and analyzed by
Student's t-test, **P < 0.01, vs. sham group, n = 7 mice/group). Significant correlation between neurological score and
volumetric tissue lesion was found (C). Cresyl violet-stained coronal sections showed a sham (D) and a CCI mice (E) with
brain tissue loss at the impact site at 7 days post-injury (scale bar: 1mm). Representative images of Fluoro Jade B (FJB)
(green) and 4′,6-diamidino-2-phenylindole (DAPI) (blue) staining in the sham (D’) and perilesional area of the CCI mice
at 7 days post-injury (E’). FJB stained degenerating neurons were clearly seen (arrows). Ionized calcium-binding adapter
molecule 1 (Iba-1) staining in the sham mice (D’’, arrowheads) and in the perilesional area of the CCI mice at 7 days
post-injury (E’’, arrowheads). Glial fibrillary acidic protein (GFAP) staining in normal astrocytes (D’’’, double arrows) as
well as in reactive astrocytes at the lesion border (E’’’, double arrows). After CCI, GFAP immunoreactivity was markedly
increased particularly at the lesion border (E’’’, yellow dashed line). Scale bar: 50 μm.
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