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Abstract

Background—Mild traumatic brain injury is a serious public health concern, affecting more
than 1.7 million people in the United States annually. Mild TBI is difficult to diagnose and is
clinically associated with impaired motor coordination and cognition.

Methods—Miice were subjected to a mild TBI (mTBI-1 or mTBI-2) induced by a weight drop
model. Brain injury was assessed histologically and biochemically, the latter by serum neuron
specific enolase (NSE) and glial fibrillary acidic protein (GFAP). Systemic and brain
inflammation were measured by cytokine array. Blood brain barrier (BBB) integrity was
determined by cerebral vascular leakage of micromolecular and macromolecular fluorescent
molecules. Mice were evaluated using a rotarod device and novel object recognition to measure
motor coordination and cognition, respectively.

Results—Mice undergoing mTBI-1 or mTBI-2 had significant deficits in motor coordination and
cognition for several days after injury compared to controls. Furthermore, we found both mTBI-1
and mTBI-2 caused micromolecular leakage in the BBB, whereas only mTBI-2 caused
macromolecular leakage. Serum NSE and GFAP were elevated acutely and corresponded to the
degree of injury, but returned to baseline within 24 hours. Serum cytokines interleukin-6 (IL-6)
and keratinocyte-derived chemokine (KC) were significantly increased within 90 minutes of TBI.
IL-6 levels correlated with the degree of injury.

Conclusion—The current study provides a reproducible model of mild TBI in mice that exhibits
pathological features of mild TBI in humans. Furthermore, our data suggest that serum cytokines,
such as IL-6, may be effective biomarkers for severity of head injury.
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Introduction

Methods

Animals

Traumatic brain injury (TBI) is a serious public health concern for both civilian and military
populations. In the civilian setting, there are over 1.7 million cases of TBI each year in the
United States, and severe TBI is the leading cause of death after trauma(Thurman, Alverson
et al. 1999; Fujimoto, Longhi et al. 2004; Faul M 2010). In the military setting, TBI is the
“signature injury” of the current conflicts in the Middle East (Okie 2005; Wojcik, Stein et al.
2010). The annual economic burden for TBIs in the United States is over 70 billion dollars,
due to the long-term or lifelong assistance needed as a result of the physical, cognitive and
psychosocial sequelae of TBI (Thurman, Alverson et al. 1999; Fujimoto, Longhi et al. 2004;
Faul M 2010). The majority of TBIs that occur are categorized as mild (Langlois, Rutland-
Brown et al. 2006; Elder and Cristian 2009). Due to the minimal symptoms after a mild TBI
(mTBI), many of these individuals do not seek medical attention. Therefore, the number of
patients with mTBI is likely severely underestimated.

Due to the long-term problems associated with mTBI, many animal models have been
developed to reproduce the pathologic changes associated with this injury. However, many
of these models are non-physiological or fail to replicate the functional deficits observed in
humans. In the current study, we developed a model of mTBI in mice using a closed-head,
weight-drop technique. This model shows significant disruption to the blood-brain barrier,
local and systemic inflammation, and functional deficits in cognition and motor
coordination.

Male C57/BL6 mice (Jackson, ME) aged 8-10 weeks were used in experiments. Animals
were acclimated for at least 1 week and were housed in controlled conditions with 12-hour
light-dark cycle. The mice had free access to water and standard chow. All experiments
were approved by the Institutional Animal Care and Use Committee of the University of
Cincinnati.

Traumatic Brain Injury Model

Closed head injury was performed by using a weight drop device. Each mouse was
anesthetized for 2 minutes with 2% isoflurane in 100% oxygen at 1 L/min. Animals were
then placed in a prone position on the platform below the weight so the alignment device sat
between the eyes and ears of the mouse (posterior to the coronal sutures). Head injury was
induced by dropping the cylindrical rod from 1.5 centimeters. The weight of the rod was
varied from 400 to 500 grams to obtain a head injury (mTBI-1 or mTBI-2). Sham-injury
mice were anesthetized with isoflurane, but were not subjected to the head injury. Mice were
euthanized by injection of sodium pentobarbital (300ug) followed by cervical dislocation.
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Injury Evaluation

Blood Brain

Histology

Immediately following head injury, righting reflex response (RRR) was evaluated. RRR is
defined as the animal’s ability to right itself from a supine to prone position. Time to achieve
this reflex was recorded for each animal.

Barrier

Animals were anesthetized with 2% isoflurane in 100% oxygen at 1 L/min for 2 minutes and
then restrained in a supine position and maintained with 2% isoflurane in 100% oxygen at 1
L/min. Each mouse was then injected with 0.3 ml of a fluorescent solution intravenously.
The solutions consisted of either Lucifer yellow or FITC labeled albumin. 25 ug of Lucifer
yellow, CH lithium salt (Sigma) was mixed with 1 mL of 0.1 M sodium phosphate buffer.
FITC labeled albumin (Sigma) was made per protocol. These solutions were then further
diluted to 10 mL. Immediately following injection, injury was induced to each mouse. Each
mouse was then sacrificed at 90 minutes or six hours then perfused with 10cc of 4%
formalin via inferior vena cava cannulation. Each animal was decapitated and brains were
extracted and placed into 4% formalin, then transferred to ethanol after 24 hours. Each brain
was fixed and prepared by protocol. 5 um slices were cut and placed on glasses slides and
remained unstained. All sections of brains were visualized in the FITC wavelength under a
fluorescent microscope to evaluate for vascular leakage.

Animals were given either a mTBI-1 or mTBI-2. Each mouse was sacrificed 6 hours after
injury then perfused with 10cc of 4% formalin. Each animal was decapitated and brains
were extracted and placed into 4% formalin. Each brain was fixed and prepared by protocol.
Standard preparation for hematoxylin and eosin staining was done and evaluated by light
microscopy.

Magnetic Resonance Imaging

After injury, mice were sacrificed and brains were removed 24 hours after injury. Formalin
fixation was done for 24 hours, and the ex vivo brains were evaluated with Diffusion Tensor
Imaging. In vivo MRI evaluation was also completed 48 hours after injury.

Serum/Tissue analysis

Animals were sacrificed 90 minutes, 6 hours, and 24 hours after injury. Blood samples were
obtained by cardiac puncture. Brain samples were obtained after decapitation. Cortical
samples were homogenized in 1 mL of phosphate buffered solution containing a complete
protease inhibitor (Roche, IN). Supernatant was centrifuged 3 times at 12,000 for 15 minutes
each. Blood samples underwent a centrifugation of 8000 rpm for 10 minutes in serum
separator tubes. All samples were stored at —80*C until analysis. Blood and brain samples
were evaluated at each time point for 13 different chemokines and cytokines by a multiplex
ELISA (Quansys, UT). Chemokines included in the multiplex are: GMCSF, IFN-v, IL-1a,
IL-1B, IL-6, IL-10, KC, MCP-1, MDC, MIP-1a, MIP-2, Rantes, and TNF-a.

J Surg Res. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yang etal.

Page 4

Motor Evaluation

A rotarod device (IITC Life Science Woodland Hills, CA) was utilized to test motor deficits.
All mice were trained for 5 consecutive days on the rotarod each morning. Head injury was
done on day 6 and training resumed on day 7 for an additional 5 days. Mice were evaluated
at two different settings. The rotarod was set to start at an initial speed of 5 revolutions per
minute (rpm) and accelerate to 24 rpm over 90 seconds or accelerate to 36 rpm over 180
seconds. Each mouse performed the task 3 times at each setting daily. Each trial on the rod
was terminated when the animal fell off the rod, held on to the rod and completed two
complete revolutions, or remained on the rod for 600 seconds. Data was averaged and then
represented as a ratio of daily performance to initial performance (ratio to baseline).

Cognitive Evaluation

Statistics

Results

Novel object recognition has been used to assess visuospatial memory in a familiar
environment. Novel object recognition testing was performed for 5 days. All animals (n=7
per group) were placed in an open field (24 cm x 45 cm x 21 cm) with no objects for 5
minutes for an acclimation period on day 0. After acclimation, animals were then given a
head injury. 24 hours after injury, mice were placed in the field for 10 minutes with two
identical objects (O1 and O2). This session was recorded with a videoing device, and the
number of encounters for each object was quantified. An encounter was defined as sniffing,
touching, and stretching the head toward the object within 2 centimeters. The second day of
training occurred 24 hours after the initial session in which one of the old objects (02) was
replaced with a novel object. This testing was repeated 3 and 6 days after initial training
with a new novel object being introduced each session. Data was then represented as a
percentage of encounters with the novel object versus known object.

Statistical analysis was performed using one-way ANOVA with subsequent Tukey’s test or
a two-tailed t-test. Data is reported as mean £ SEM. Differences were considered significant
when P < 0.05.

Histologic evidence of brain injury is present without evident MRI changes

Mice were subjected to either mTBI-1 or mTBI-2 closed head injury. Less than a 10%
mortality rate was observed over the first week after injury and fatalities were due to skull
fracture, respiratory or cardiovascular failure. We first evaluated whether our models caused
histologic brain injury. Gross visualization of brains from mice after mTBI-2 demonstrated
areas of injury on the olfactory bulbs and inferior surface of the frontal lobes, whereas brains
from mice with mTBI-1 showed virtually no gross evidence of injury (data not shown).
Histological examination showed hemorrhage into the frontal lobes of the mTBI-2 group
(Figure 1). However the mTBI-1 group had little to no histological evidence of injury
(Figure 1). MRI studies with both TBI groups were conducted in vivo and ex vivo. No
significant differences were observed using standard MRI or diffusion tensor anisotropy-
MRI in either mTBI-1 or mTBI-2 (data not shown).
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Blood brain barrier disruption has been stated to play an important role in many post-injury
changes(Marmarou 2007). To determine whether mTBI-1 or mTBI-2 disrupts the blood
brain barrier (BBB), systemic injections of Lucifer yellow and FITC-albumin were utilized
to demonstrate differential vascular leakage. Lucifer yellow, a micromolecular marker (0.45
kDa), showed leakage in both TBI groups (Figure 2). Interestingly, this micromolecular
leakage was only present at 90 minutes post injury in the mTBI-1 group, yet persistent
leakage was present out to 24 hours post-injury in the mTBI-2 group. FITC-albumin, a
macromolecular marker (76 kDa), only demonstrated leakage in the mTBI-2 group at all
time points (Figure 3). Disruption of the BBB was seen in the areas of injury observed in
histological analyses. These data suggest differential leakage of molecules that parallels the
severity of injury.

Biochemical evidence of Injury

Since differential histopathologic evidence was present in both TBI groups, further
evaluation with two well-known markers of brain injury, neuron specific enolase (NSE) and
glial fibrillary acidic protein (GFAP), were performed. Levels of both NSE and GFAP were
significantly increased within 90 minutes after injury in both mTBI-1 and mTBI-2 groups
(Figure 4). Levels of NSE and GFAP remained significantly elevated in both mTBI groups 6
hours after injury (Figure 4). Twenty-four hours after injury, NSE and GFAP levels returned
to near normal, with NSE levels in the mTBI-2 group still significantly increased (Figure 4).

Functional Analysis

It is well documented that motor and cognitive function are decreased after TBI. In order to
evaluate the effects of mTBI on these parameters, motor and cognitive tests were performed
using rotarod and novel object recognition, respectively. Cognitive testing began 24 hours
after injury (day 1) with two identical objects. All mice spent approximately 50% of the time
with each object, since both objects were identical (Figure 5A). Twenty-four hours later (day
2), a novel object was introduced. Both mTBI-1 and mTBI-2 had significantly decreased
recognition of the novel object, as demonstrated by reduced amount of time spent
investigating the novel object (Figure 5A). On post injury day 4, both TBI groups showed a
continued decreased curiosity for the novel object. Seven days post-injury, both TBI groups
demonstrated no statistically differences from sham.

To determine motor function, all mice were trained on the rotarod for 5 days. During this
period of training, increased motor skills (as evidenced by increased time on the rotarod)
were observed as a result of continued training (Figure 5B). After receiving a TBI, there
were notable decreases in rotarod times in both mTBI-1 and mTBI-2 groups. Sham control
mice continued to improve rotarod times throughout the period of analysis (Figure 5B).
Mice receiving a mTBI-1 displayed rotarod times similar to sham for the first two days after
injury (Figure 5B). However, there was a progressive decrease in rotarod times during this
period and by the third day after injury (day 9), rotarod times were significantly lower than
sham controls (Figure 5B). Mice receiving a mTBI-2 showed significant blunting of rotarod
time within 24 hours after injury compared to both mTBI-1 and sham (Figure 5B). The
mTBI-2 group continued to demonstrate decreased rotarod times compared to sham TBI
throughout the 5-day period of analysis (Figure 5B).
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Systemic and Neuroinflammatory Response

We next examined mediators involved in the neuroinflammatory response to TBI. Serum
and brain samples were analyzed for thirteen different cytokines using a multiplex ELISA as
described in the materials and methods. Of these thirteen analytes, we detected significant
differences in four, IL-6, KC, MDC, and MIP-1a. In serum samples, IL-6 and KC were
significantly increased within 90 minutes of injury in both mTBI-1 and mTBI-2 (Figure 6).
Six hours after injury, levels of IL-6 and KC remained increased and were proportional to
the severity of TBI (Figure 6). By 24 hours after injury, levels of IL-6 were significantly
elevated in only the mTBI-2 group and KC levels returned to baseline (Figure 6). Serum
levels of MDC were significantly increased only 24 hours after injury, whereas MIP-1a
levels in the serum did not change (Figure 6).

Because serum IL-6 levels six hours after injury appeared to be directly proportional to the
severity of TBI and because serum IL-6 levels at this time point have been shown in other
models to be predictive of injury severity and outcome, we conducted receiver operator
characteristic curve analyses. The area under the curve is 0.86 with p = 0.0065. The relative
risk is 0.25, with p = 0.023. As part of these calculations a threshold of 172 pg/ml of IL-6
was determined. Serum levels of IL-6 below or above 172 pg/ml indicate a mTBI-1 or
mTBI-2, respectively, with 80% sensitivity and 80% specificity (Figure 7).

In contrast, IL-6 and KC levels in brain tissues did not change over the 24-hour time course
(Figure 8). However, brain levels of MDC and MIP-1a were increased 6 hours after injury
in the mTBI-2 group and were in both mTBI groups 24 hours after injury (Figure 8).

Discussion

In the present study, we developed a murine model of mild TBI using a weight drop model.
Our model consistently displays significant acute cognitive and coordination defects similar
to injuries in humans(McCrea, Guskiewicz et al. 2003). Unlike other well-established
animal models of TBI, our model does not require scalp incision, craniotomy, or a direct
cortical impact (Fujimoto, Longhi et al. 2004). Fluid percussion and controlled cortical
impact models of head injury are used for more severe head injury and cause focal brain
injury. We believe that the closed head weight drop model more accurately models TBI that
occur due to blunt trauma, the most common type of head injury. To provide a consistent
site of central injury, we use an alignment device on our weight drop apparatus. Other
weight drop models of mTBI have focused the injury laterally (Flierl, Stahel et al. 2009). By
varying the weight that was dropped, we effectively developed two severities of mild TBI.
The more severe mTBI-2 was defined by having areas of parenchymal hemorrhage on the
inferior surface of both frontal lobes, suggestive of the site of contra-coup injury after
impact. In contrast, our mTBI-1 group had no evidence of histological injury.

The brain has been described as being immunologically privileged due to the blood brain
barrier and the disruptions of the BBB play an additive role to the initial insult(Schmidt,
Heyde et al. 2005). Previous studies in stroke models have evaluated differential leakage of
molecules (Michalski, Grosche et al. 2010). However, to our knowledge, our study is the
first to document differential disruption of the BBB in a mild closed-head injury model.
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Given our findings this may give insight into the processes of secondary brain injury. Due to
the size of molecules allowed to cross the BBB after injury, circulating inflammatory
mediators may enter the injured brain and modulate the injury response. The capability of
larger proteins to cross the BBB also allows for increasing osmotic force and resulting brain
edema and increased intracranial pressures. All of these factors synergistically worsen the
extent of the initial insult.

There have been several studies that have evaluated acute TBI using standard MRI (Hughes,
Jackson et al. 2004; Mac Donald, Johnson et al. 2011; Bennett, Mac Donald et al. 2012).
Most of these found no acute changes(Morey, Haswell et al. 2012). Similarly, our
experiments using standard MRI found no acute changes induced by TBI. Advancements in
imaging devices and analysis, such as the use of diffuse tensor anisotropy (DTI), have been
applied to help diagnose mTBI. Some studies have demonstrated axonal injuries and
changes in white matter demyelination (Arfanakis, Haughton et al. 2002; Mac Donald,
Johnson et al. 2011; Bennett, Mac Donald et al. 2012; Morey, Haswell et al. 2012). Changes
detected using DTI have been made in soldiers with mTBI within ninety days after injury
(Mac Donald, Johnson et al. 2011). Further murine models of TBI have demonstrated
similar DTI changes, however these positive injury results were only found in repetitive
injury models, and axonal injuries were only seen 7 days post injury rather than in the more
acute setting(Bennett, Mac Donald et al. 2012). Therefore, differences in imaging results
may be due to the disparities in technology application as well as differing time points after
injury and differing analysis. We will further evaluate sequential time points after injury as
well as proper use and administration of contrast to better characterize imaging studies for
mTBI.

There are many lifelong effects after traumatic brain injuries, two of which, cognitive and
motor changes provide quantifiable measures in small animal models. In weight drop
models of mTBI, behavioral changes have been shown up to 72 hours after injury (Flierl,
Stahel et al. 2009). In our study, there are clear deficits in cognition and motor function for
up to a week post injury. Furthermore, by utilizing the rotarod on a daily basis, we
demonstrate the functional progression of the injury on a day-to-day basis (Fujimoto, Longhi
et al. 2004). The cognitive and functional motor deficits demonstrated in our study mirror
the effects in humans suffering mild TBI. The recovery time necessary to return to baseline
in humans may take 1 week to 3 months following injury(McCrea, Guskiewicz et al. 2003).
Similarly, our data demonstrates return of cognitive function at 7 days. A potential limitation
of our study is that we did not follow animals for long-term functional outcomes. We did not
do this because the rotarod device, while accurate for testing motor function in the acute
setting, involves acclimation to the task and, therefore, may lack specificity as a long-term
evaluation tool(Fujimoto, Longhi et al. 2004). Novel object recognition testing was analyzed
by the calculating the number of encounters with each object during a session rather than
total time spent with each object, which may change the data minimally. Further work will
need to be done to see the validity of these tests in long-term outcomes and the use of
rotarod as a time-point evaluation rather than continual performance evaluation.

The neuroinflammatory process after TBI has been well-studied. It is evident that the brain
plays a crucial role in regulating inflammatory responses after injury(Morganti-Kossmann,
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Rancan et al. 2002; Lucas, Rothwell et al. 2006; Morganti-Kossmann, Satgunaseelan et al.
2007; Cederberg and Siesjo 2010). There is a robust pro-inflammatory response
immediately after TBI, which in previous studies in our laboratory; we demonstrated
elevated levels of IL-6 and KC after TBI (Goodman, Makley et al. 2010). IL-6 has been
extensively studied in sepsis, trauma, and TBI (Damas, Ledoux et al. 1992; Foex, Lamb et
al. 1993; Pinsky, Vincent et al. 1993; Patel, Deen et al. 1994; Minambres, Cemborain et al.
2003). Circulating levels of IL-6 have been shown to be predictive of mortality at six hours
after initiation of sepsis(Remick, Bolgos et al. 2002). In addition, increased levels of IL-6
expression have been associated with higher injury severity scores in trauma(Foex, Lamb et
al. 1993). Our study provides strong evidence that circulating I1L-6 levels may predict injury
severity and functional outcomes. Furthermore, our data supports clinical studies of TBI that
show more severe head injuries have higher levels of serum IL-6(Minambres, Cemborain et
al. 2003; Hergenroeder, Moore et al. 2010). Therefore, IL-6 may have a potential role in
grading severities of TBI, and it may also play a role in head injury and the functional
deficits.

The current study has characterized a closed head injury model of mild TBI that displays
cognitive and motor deficits. In addition, we observed significant changes in histopathology
and BBB compromise that correlate to severity of injury. We also found significant
neuroinflammatory changes after mild TBI, with the most significant observations related to
the cytokine, IL-6. IL-6 appears to be a predictor and or direct modulator of the brain
inflammatory response. The model we describe may serve as a valuable research tool to
elucidate the mechanistic underpinnings of mild TBI.
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Figure 1.
Histological analysis of the brain in the frontal cortex and olfactory bulbs 1.5 and 6 hours

after mTBI-1 or mTBI-2. Sections were stained with hematoxylin and eosin. Magnification
is 10x.
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Figure 2.
Micromolecular leakage through blood brain barrier 1.5 and 6 hours after mTBI-1 or

mTBI-2. Micromolecular leakage was determined using Lucifer yellow (0.45 kDa).
Fluorescent microscopy was used to visualize extravascular Lucifer yellow in brain sections.
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Figure 3.
Macromolecular leakage through blood brain barrier 1.5 and 6 hours after mTBI-1 or

mTBI-2. Macromolecular leakage was determined using FITC-labeled albumin (76 kDa).
Fluorescent microscopy was used to visualize extravascular FITC-albumin in brain sections.
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Brain injury after mTBI-1 or mTBI-2. Serum neuron specific enolase (NSE) and glial
fibrillary protein (GFAP) were used as biochemical markers of brain injury. Serum samples
were collected at 1.5, 6, and 24 hours after injury, and samples analyzed by ELISA. Data are
mean + SEM with n=5 per group. *P<0.05 compared to sham. # P<0.05 compared to all

other groups.
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Figure 5.
Effects of mTBI-1 or mTBI-2 on cognition and motor coordination. (A) Novel object

recognition was used as a cognitive test to evaluate visuospatial changes after TBI. Testing
was completed on days 1, 2, 4, and 7 after TBI. Data are mean £ SEM with n=5 per group.
*P<0.05 compared to sham. (B) Rotarod testing was used to evaluate motor coordination.
All mice were initially pretrained from days 1 to 5 to obtain a baseline skill level on rotarod.
Mice received TBI on day 6 and training was resumed 24 hours after injury on day 7 and
continued for 5 additional days. Data are mean £ SEM with n=6 per group. *P<0.05
compared to sham. # P<0.05 compared to all other groups.
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Figure 6.
Systemic inflammation after mTBI-1 or mTBI-2. Serum cytokines were evaluated at 1.5, 6,

and 24 hours after injury through multiplex ELISA. Data are mean + SEM with n=10 per
group. *P<0.05 compared to sham. # P<0.05 compared to all other groups.
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Figure 7.

Serum levels of IL-6 discriminate between mTBI-1 and mTBI-2. Serum IL-6 in
experimental animals 6 hours after mTBI-1 or mTBI-2 (left panel). Receiver operating
characteristic curve, a plasma concentration of 172 pg/ml has 80% sensitivity and 80%
specificity to discriminate between mTBI-1 and mTBI-2. The area under the curve is 0.86
with a p value of 0.0065. The relative risk is 0.25, with a p value of 0.023.
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Neuroinflammation after mTBI-1 or mTBI-2. Brain cytokines were evaluated at 1.5, 6, and
24 hours after injury through multiplex ELISA. Data are mean + SEM with n=10 per group.

*P<0.05 compared to sham. # P<0.05 compared to all other groups.
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