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Abstract

Objective—Although there is growing awareness of the long-term cognitive effects of repetitive
mild traumatic brain injury (rmTBI; eg, sports concussions), whether repeated concussions cause
long-term cognitive deficits remains controversial. Moreover, whether cognitive deficits depend on
increased amyloid B deposition and tau phosphorylation or are worsened by the apolipoprotein E4
allele remains unknown. Here, we use an experimental model of rmTBI to address these clinical
controversies.

Methods—A weight drop rmTBI model was used that results in cognitive deficits without loss of
consciousness, seizures, or gross or microscopic evidence of brain damage. Cognitive function
was assessed using a Morris water maze (MWM) paradigm. Immunostaining and enzyme-linked
immunosorbent assay (ELISA) were used to assess amyloid g deposition and tau
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hyperphosphorylation. Brain volume and white matter integrity were assessed by magnetic
resonance imaging (MRI).

Results—Muice subjected to rmTBI daily or weekly but not biweekly or monthly had persistent
cognitive deficits as long as 1 year after injuries. Long-term cognitive deficits were associated with
increased astrocytosis but not tau phosphorylation or amyloid g (by ELISA); plagues or tangles
(by immunohistochemistry); or brain volume loss or changes in white matter integrity (by MRI).
APOE4 was not associated with worse MWM performance after rmTBI.

Interpretation—Within the vulnerable time period between injuries, rmTBI produces long-term
cognitive deficits independent of increased amyloid S or tau phosphorylation. In this model,
cognitive outcome is not influenced by APOE4 status. The data have implications for the long-
term mental health of athletes who suffer multiple concussions.

Repetitive mild traumatic brain injury (rmTBI), such as those suffered by athletes sustaining
concussions, has been associated with long-term neurological impairment, including
memory disturbances, parkinsonism, behavioral abnormalities, personality changes, speech
irregularities, and gait abnormalities.1= In some cases, rmTBI may be associated with long-
term brain volume loss, as well as histological changes, including tau-immunoreactive
neurofibrillary tangles, the hallmark of chronic traumatic encephalopathy (CTE),% and
amyloid B (ApB) deposition, the hallmark of Alzheimer disease (AD).4” Whether tau tangles
and AB deposits are causative or merely associated with poor cognitive outcome after
rmTBI, however, is controversial. Several studies suggest that it is soluble rather than
insoluble tau and Ag species that cause cognitive decline in other neurodegenerative
disorders.8:2

The effect of the cholesterol and lipid transport protein apolipoprotein E epsilon 4 (APOE4)
on long-term cognitive outcome after repetitive brain injuries is also controversial.10-11 It is
unclear whether APOE4 and TBI operate in a synergistic manner to increase the risk of poor
outcome or, alternatively, act as independent (but additive) risk factors, or whether APOE4
influences outcome after mild TBI at all.

We have previously reported a model of rmTBI that produces long-term cognitive
dysfunction without mortality, intracranial hemorrhage, or evidence of cell death.12 In that
model, injury was associated with loss of consciousness (LOC) and brief convulsions in
approximately ¥ to %4 of mice.12 The majority of patients with sport-related concussions,
however, do not experience LOC3 or convulsions.24 In the current study, we used a milder
injury level that is not associated with LOC or convulsions, to test the following hypotheses:
(1) rmTBI, even in the absence of LOC and convulsions, is associated with acute and long-
term deficits in cognitive function; (2) increased intervals between rmTBIs protect against
long-term cognitive deficits; (3) worse Morris water maze (MWM) performance after rmTBI
is associated with white matter injury and brain volume loss detectable by magnetic
resonance imaging (MRI); (4) the APOE4 allele is associated with worse acute and long-
term MWM performance after rmTBI; and (5) that worse MWM performance after rmTBI is
associated with increased Ag deposition and tau accumulation in injured brains.
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Materials and Methods

rmTBI

All experiments were approved by the Massachusetts General Hospital Institutional Animal
Care and Use Committee and complied with the NIH Guide for the Care and Use of
Laboratory Animals. Transgenic mice that express targeted replacement of the mouse ApoE
allele with human APOE4LS were obtained from Jackson Laboratories (Bar Harbor, ME). A
total of 45 adult APOE4 and 168 wild-type (WT) C57BL/6 mice were used for the
experiments.

The mouse rmTBI model was used as previously described with important modifications.12
Briefly, mice (3-month-old males) were anesthetized for 45 seconds using 4.5% isoflurane
in a 70:30 mixture of nitrous oxide and oxygen. Anesthetized mice were placed on a delicate
task wiper (Kimwipe; Kimberly-Clark, Irving, TX) and grasped by the tail. The head was
placed directly under a hollow guide tube 28 inches in length. A 54g metal bolt was used to
deliver the impact to the dorsal aspect of the skull. At impact, the mouse head readily
penetrated the Kimwipe, resulting in a rotational acceleration of the head. Sham-injured age-
matched control mice underwent anesthesia but not concussive injury. All mice recovered in
room air. LOC was defined as the time from removal of anesthesia to spontaneous righting.
Anesthesia exposure for each mouse was strictly controlled to 45 seconds exposure. LOC
times reflected the effects of anesthesia as well as the effects of rmTBI.

Mice were randomized to receive injury or sham injury. Mice randomized to injury
underwent 1 of the following injury regimens: (1) 5 daily concussive injuries (n = 7-10/
group), (2) 7 concussive injuries in 9 days (n = 8-10/group), (3) 1 concussive injury weekly
for 5 weeks (n = 16), (4) 1 concussive injury biweekly for 10 weeks (n = 14), (5) 1
concussive injury monthly for 5 months (n = 16), and (6) 1 concussive injury (n = 15).
Sham-injured controls underwent anesthesia exposures (n = 4-12/group) at the same time
intervals as injured mice. For all behavioral testing, experimenters were blinded to injury
and genotype status, using color coding stored in a password-protected computer. Details of
the study flow are found in Figure 1.

Assessment of Spatial Learning and Memory

Spatial learning and memory were assessed using a MWM paradigm as previously
described.16 Each mouse was subjected to a maximum of 2 series of 4 trials per day. For
probe trials, mice were placed in the pool with the platform removed. The time that the
animal swam in the target quadrant was recorded (maximum 60 seconds). For visible trials,
the platform was marked by red tape and placed 0.5cm above the water level. Swim speeds
were measured by Any Maze software (Stoeling, Wood Dale, IL). When mice underwent
repeat MWM testing, 2 to 3 months or 6 months after their final injury, the platform was
moved to a different quadrant than that used previously.

Determination of Brain Soluble Ap4g and Soluble Tau

Soluble AB4g and phosphorylated tau were assessed 6 months after the last of 7 injuries (n =
6/group) or sham injury (n = 2— 6/group). We assessed ApBjg levels rather than Ay, because
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Apyg levels are normally higher in brain tissue.1” Soluble A4 and soluble phosphorylated
tau were determined in whole cortices and hippocampi using a sandwich enzyme-linked
immunosorbent assay (ELISA; WAKO, Richmond, VA and Invitrogen, Grand Island, NY)
per the manufacturer’s directions. Data were expressed as picomoles per gram of protein
(AB40) and picograms per gram of protein (tau and phosphorylated tau).

Immunohistochemistry

To assess for Ag plaques, brains were frozen and 12 /n coronal sections were cut. Sections
of cortex and hippocampus were fixed in ethanol, washed in phosphate-buffered saline
(PBS; pH 7.4), and incubated overnight at room temperature with pan-amyloid antibody in
1.5% goat serum (Invitrogen, Grand Island, NY). After incubation with biotinylated
antirabbit immunoglobulin G in 1.5% goat serum (Vector Laboratories, Burlingame, CA),
slides were washed, and NovaRED Peroxidase Substrate (\ector Laboratories) was applied.
Brain sections were photographed using the Mirax Midi Slide Scanner, and analysis was
performed using Mirax Viewer (Zeiss, Oberkochen, Germany).

For the remainder of the immunohistochemical analyses, mice were anesthetized and
transcardially perfused with 4% paraformaldehyde 6 months after injury. The brain was
post-fixed for 24 hours in 4% paraformaldehyde, and cryoprotected in 30% sucrose for 24
hours. Coronal sections were cut (20mm) and mounted on poly-L-lysine—coated slides.
Sections were blocked with 2% fetal bovine serum in 50mM Tris, pH 7.4, 150mM NacCl.

For tau tangles, slides were incubated with goat antitau (Chemicon, Rosemont, IL), Tau-1
(kindly provided by L. Binder, University of Chicago), AT8 and AT270 (Thermo Scientific,
Waltham, MA), or PHF1 (a generous gift of P. Davies, Albert Einstein College of Medicine).
For axonal pathology, slides were incubated with SMI-31 (Sternberger Monoclonal,
Baltimore, MD). Subsequently, sections were incubated with biotin-conjugated secondary
antibodies (Vector Laboratories) followed by amplification with the avidin-biotin method
and visualization with 3,3’ -diaminobenzidine as chromogen (Vectastain ABC kit; Vector
Laboratories). The same sections were additionally stained with hematoxylin and eosin
(H&E).

To assess for microglia and astrocytes, brain sections were rehydrated in PBS for 10 minutes
and antigen retrieval was performed by immersing slides in ~90°C citric acid buffer (10mM
citric acid with 0.05% Tween 20, adjusted to pH 6.0 with NaOH) for 30 minutes. Sections
were then permeabilized and blocked for 1 hour in permeabilization buffer (PBS containing
4% normal goat serum and 0.1% Triton-X). Brain sections were incubated overnight at 4°C
with rabbit primary antibodies specific for glial fibrillary acidic protein (GFAP; G9269;
Sigma-Aldrich, St Louis, MO) or IBA-1 (019-19741; Wako Chemicals USA, Richmond,
VA), diluted 1:200 in permeabilization buffer. The following day, slides were rinsed 3x in
PBS. For fluorescent staining, slides were incubated for 2 hours at room temperature with
Alexa Fluor 568 goat anti-rabbit secondary antibody (A-11011; Invitrogen, Carlsbad, CA)
diluted 1:200 in permeabilization buffer. Brain sections were photographed on a Eclipse
T300 fluorescence microscope (Nikon, Tokyo, Japan), using 568/585nm excitation/emission
filters.
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Microglia and astrocytes were quantitated in mice at 6 months after rmTBI (5 rmTBI in 5
days) or sham injury (n = 5/group) in x400 fields randomly chosen from cortex, CA3, or
central corpus callosum in 3 brain sections spanning anterior to posterior hippocampus. Left
and right hemispheric regions were equally represented in cortical and hippocampal counts.
A total of 6 fields per mouse were counted for cortex and hippocampus and 3 fields for
corpus callosum. Neurons were assessed qualitatively by Hoechst staining.

To assess changes in brain volume and white matter integrity, MRI was undertaken 6 months
after final injury or final sham injury (n = 4 per group). Imaging employed a 9.4T magnet
and a 4-channel phased array receiver coil inside a volume radiofrequency transmitter
(Bruker BioSpin Corporation, Billerica, MA). All scans were acquired at an isotropic in-
plane resolution of 1504m with 4004m coronal slices that covered the brain from olfactory
bulb to cerebellum.

To search for focal lesions of the type that should appear bright on T2-weighted images at
late postinjury time points,18 we employed fast spin-echo imaging. Additionally, to calculate
quantitative T2, we acquired multiple images with stepped echo time values (10, 30, 50
milliseconds) using a conventional spin-echo sequence. White matter evaluation included
diffusion tensor imaging and the magnetization transfer ratio (MTR) method. The total
imaging time per animal was about 1 hour.

Analysis resampled all MRI data onto the Allen Mouse Brain Atlas!® at 250m coronal
levels and a resolution of 1254m in coronal planes. Data were converted to map-based
values of T2, fractional anisotropy (FA), and MTR, respectively. Data were assessed using
statistical comparisons across groups for each voxel and for regions of interest (ROIs). Gray
matter ROIs derived from the brain atlas included (1) whole brain, (2) whole striatum, (3)
whole hippocampus, and (4) whole cortex posterior to the coronal slice that is 1.5mm
anterior to bregma. White matter ROIs for assessing FA and MTR included (1) all white
matter as segmented from the atlas, (2) all voxels with a group-averaged FA >0.25 in either
cohort, (3) midline corpus callosum on slices from 1.0 to 2.5mm posterior to bregma, and
(4) bilateral internal capsule on the same slices.

Statistical Analyses

Results

Data are mean + standard error of the mean. ELISA data were analyzed by analysis of
variance (ANOVA) in a model that included injury status (injury vs sham injury) and APOE
status (APOE4vs WT). MWM data were analyzed by repeated measures ANOVA (group x
time). MRI data were analyzed by ANOVA, with a Bonferroni correction for multiple
comparisons. LOC time was analyzed by ANOVA. Cell count data were analyzed by #test or
rank sum as appropriate. Statistical significance was considered p < 0.05.

There were no convulsions after injury. There was no statistically significant difference in
mean LOC times (times from recovery from anesthesia plus time from recovery from sham
injury or rmTBI) between injured (7 hits in 9 days) and sham-injured mice (51.8 + 1.8
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seconds vs 62.2 + 6.7 seconds). There were no differences in swim speed between injured (5
hits 5 days) and sham-injured mice (0.26 + 0.01m/s for injured mice vs 0.28 + 0.01m/s for
sham-injured mice, p= 0.2). APOE4 was associated with longer LOC times in both injured
(61.5 + 3.2 seconds for injured APOE4vs 42.1 + 1.1 seconds for injured WT, p=0.04) and
sham-injured mice (88.2 + 14.3 seconds for sham-injured APOE4vs 61.5 + 3.2 seconds for
sham-injured WT, p< 0.001).

rmTBI Produces a Long-Term Cognitive Deficit

Injured WT mice (5 hit, 5 days) assessed 2 to 3 days, 2 months, and 1 year after the last
injury performed worse than sham-injured WT mice on hidden trials of the MWM (Fig 2).
There was no difference in probe trial performance between injured and sham-injured mice
at 2 to 3 days after injury (21 £ 3 seconds vs 16 * 2 seconds, p= 0.2) or 1 year after injury
(13 + 3 seconds vs 16 + 3 seconds, p = 0.4), but at 2 months after injury, injured mice
performed worse than sham-injured mice (14 £ 4 seconds vs 19 + 4 seconds, p = 0.03).

Rest Intervals between rmTBI Injuries Protect against Long-Term Cognitive Deficits

After sustaining 5 daily or 5 weekly injuries, injured mice performed worse than sham-
injured mice at 6 months on hidden trials of the MWM. There were no differences between
injured and sham-injured mice in probe trial performance after 5 daily (21 + 1 seconds vs 20
+ 1 seconds, p=0.8) or 5 weekly injuries (19 + 2 seconds vs 21 + 2 seconds, p = 0.8). After
sustaining 5 biweekly injuries, 5 monthly injuries, or 1 injury, however, there was no
difference in performance in hidden platform trials between injured and sham-injured mice
(Fig 3). There were no differences in probe trial performance in injured versus sham-injured
mice after 5 biweekly injuries (18 + 2 seconds vs 15 + 2 seconds, o= 0.4), 5 monthly
injuries (18 *+ 2 seconds vs 18 + 3 seconds, p= 1), or 1 injury (18 + 2 seconds vs 21 + 2
seconds, p=0.2).

rmTBI Is Not Associated with White Matter Changes or Volume Loss on MRI

In mice subjected to 7 rmTBI over 9 days, all imaging characteristics at 6 months after final
injury were strikingly similar between injured and sham-injured mice. There were no
differences in group-average brain volumes, FA, or MTR (Fig 4). No focal lesions were
observed on T2-weighted MRI scans for any animal. Voxel-wise statistics revealed no
differences between groups. No differences between injured and sham-injured groups were
seen in T2, FA, or MTR for any regions of interest.

APOE4 Is Not Associated with Worse Outcome after rmTBI

In all experiments, injured WT and APOE4 mice performed worse than their respective
sham-injured controls on hidden trials of the MWM. Following 5 concussions in 5 days,
there was no difference between injured APOE4 and injured WT animals on hidden trials of
the MWM (Fig 5A). There was no difference in probe trial performance in injured APOE4
versus injured WT mice (20 + 4 seconds vs 17 + 3 seconds, p = 0.4). To test whether
increasing the number of injuries might result in differences in cognitive outcome between
APOE4and WT mice, a separate group of mice were subjected to 7 rmTBIs over 9 days.
There was no difference in hidden platform trials between injured APOE4and WT mice
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tested 2 to 3 days after the last injury (see Fig 5B). There was no difference in probe trial
performance in injured APOE4 versus injured WT mice (18 £ 2 seconds vs 18 + 2 seconds,

p=1).

To assess for possible time-dependent differences in cognitive function, mice were retested
in the MWM with the platform location changed at 2 to 3 months postinjury and again at 6
months postinjury. Surprisingly, WT mice subjected to 5 injuries had worse performance
than injured APOE4 mice on hidden platform trials 2 months after injury (Fig 6A), but there
was no difference in probe performance in injured APOE4 versus WT mice (11 + 3 seconds
vs 12 £ 2 seconds, p = 0.8). In contrast, hidden trial performance was similar between WT
and APOE4 mice subjected to 7 hits over 9 days, 2 months and 6 months after the last injury
(see Fig 6B, C), and there was also no difference in probe trial performance in injured
APOE4 versus WT mice at 2 months (24 + 2 seconds vs 22 + 2 seconds, o= 0.8) or at 6
months (9 + 1 seconds vs 11 + 1 seconds, p = 0.2). A second cohort of APOE4and WT
mice also subjected to 7 rmTBIs in 9 days were tested only once at 6 months after their last
injury; no difference was seen between injured APOE4 and injured WT mice (see Fig 6D).

Assessment of A

Six months after the final injury (7 rmTBs in 9 days), there was no significant difference in
cortical soluble AB4g between injured and sham-injured mice (p=0.1) or APOE4 mice
versus WT mice (p=0.2; Fig 7A). In hippocampi, soluble AB4q did not differ between
injured and sham-injured animals (p = 0.3) or between APOE4and WT (p=0.1) at 6
months after final injury (see Fig 7B). Neither APOE4nor WT mice had Ag deposits 6
months after injury (Fig 8).

Assessment of Tau

There was no significant difference in total tau protein (p=0.7) or cortical soluble
phosphorylated tau (p = 0.1) between injured (7 rmTBIs in 9 days) and sham-injured mice 6
months after final injury. Similarly, there was no significant difference in cortical soluble
total tau protein between APOE4and WT mice (p = 0.1, see Fig 7C) or cortical soluble
phosphorylated tau (p = 0.8, see Fig 7D) between APOE4 and WT mice. Neither
hippocampal soluble total tau (p = 0.6) nor phosphorylated tau (v = 0.4) was different in
injured and sham-injured mice. Hippocampal total tau was elevated in WT mice compared
to APOE4 mice (p= 0.02), but there were no differences between APOE4and WT mice in
phosphorylated tau (o= 0.6, see Fig 7E, F). Immunohistochemical analysis using
phosphorylation-independent and phosphospecific anti-tau antibodies revealed no evidence
of neurofibrillary tangle formation in injured WT or APOE4 mice.

Assessment of Microglia, Astrocytes, and Neurons

Quantitative analysis showed no difference in IBA-1-immunoreactive cells in cortex (p=
0.3), corpus callosum (p = 0.1), or hippocampus (p = 0.5) between sham-injured and injured
mice (5 rmTBI in 5 days) at 6 months. Compared to sham-injured mice, injured mice had
increased GFAP-positive cells in cortex (o= 0.009), corpus callosum (p=0.02), and
hippocampus (p = 0.04; Fig 9A, B, D). Compared to sham-injured mice, Hoechst staining
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did not reveal gross neuron loss in CA1, CA3, or dentate gyrus brain regions in injured mice
(see Fig 9C and data not shown).

Assessment of Axonal Pathology

Consistent with the chronic nature of our injury model, examination of H&E- and SMI31-
immunostained sections failed to reveal significant numbers of spheroids in major white
matter tracts in injured mice (7 rmTBI in 9 days) 6 months after injury.

Discussion

Using a clinically relevant mouse model of rmTBI that does not produce LOC or seizures,
we demonstrate that permanent cognitive deficits occur after 5 or 7 injuries depending on
interinjury interval. Notably, long-term cognitive deficits occur in the absence of significant
Ap or tau accumulation, in the absence of structural correlates on MRI, and independent of
the human APOE4 allele. While prior studies have implicated both tau and Ag in the
pathogenesis of cognitive decline after rmTBI, we demonstrate that cognitive deficits after
rmTBI can occur in the absence of the histopathologic findings of CTE or AD, suggesting
that severe histopathological manifestations of CTE/AD are not required for lifelong
cognitive deficits. Furthermore, we demonstrate that the APOE4 allele does not exacerbate
the cognitive deficits in this model, calling into question whether APOE4 alone is sufficient
to cause worse outcome after rmTBI. These results have implications for athletes who
sustain multiple concussions over the course of their careers.

APOE4 transgenic mice had prolonged LOC after anesthesia, irrespective of rmTBI. This
suggests a role of APOE in the clearance of or sensitivity to inhaled anesthetics in the mouse
brain. A prior clinical study has suggested that APOE4 may influence sensitivity to
inhalational anesthetics in humans, with APOE4 carriers demonstrating prolonged cognitive
deficits after inhaled anesthesia exposure.2% In our study, we found only LOC but not
cognitive dysfunction associated with APOE4 status.

We previously demonstrated persistent cognitive deficits after multiple, mild concussive
injuries in mice associated with a brief LOC and occasional convulsions.12 As both LOC
and seizures are rarely associated with sport-related concussions, we reduced the level of
injury in the current study, yet there remained a cumulative effect of rmTBIs on cognitive
function, both acutely after injury and chronically. Increasing the time interval between
rmTBIs was protective against long-term sequelae, suggesting that there is a vulnerable time
period during which repeated injuries produce lasting effects even at the milder level of
injury employed here. It is important to note that probe trial performance was not
consistently associated with injury, suggesting that mechanisms other than hippocampus-
dependent spatial memory are affected by rmTBlI, a finding similar to those we have
previously reported.2! Moreover, both injured and sham-injured mice demonstrated impaired
probe trial performance that worsened over time, possibly due to the long-term effects of
repeated anesthesia exposure. A recent study has demonstrated a similar effect of isoflurane
exposure on probe trial performance.?2 Nonetheless, injured mice showed worse MWM
performance than sham-injured mice, demonstrating an effect of injury in addition to those
of anesthesia.
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Our data add to the growing body of literature suggesting that the effects of multiple
concussions are both cumulative and long term.23-28 Prior experimental models have
demonstrated acute23-27 and chronic?® functional and histopathological changes after
rmTBI. The protective effect of spacing between injuries likely has significant clinical
relevance to athletes at risk for rmTBI; however, further studies are needed to assess the
influence of injury severity on the length of time defining the vulnerable period between
repeated injuries.

Despite robust cognitive deficits, mice undergoing daily rmTBI had no histopathological
evidence of disruption of major white matter tracts and no structural correlates on MRI 6
months after injury. Whereas prior human studies have shown chronic white matter changes
associated with rmTBI,29:30 we found no differences in FA or brain volume between injured
and sham-injured mice, despite reports of volume loss in human studies of mTBI.31
Differences in the complexity of the human brain, as well as differences in injury level
reported in human studies versus that of the current study, may account for the lack of brain
volume loss in our rmTBI model. However, additional detailed analysis of axonal numbers
and morphology would be required to address more fully the contribution of axonal
pathology to the behavioral abnormalities we observe.

We did not find an association between cognitive outcome and the APOE4 allele in this
model. Using a controlled cortical impact model, we previously demonstrated worse long-
term cognitive function in mice homozygous for APOE4.32 Qur current study did not find an
association between cognitive outcome and the APOE4 allele after rmTBI. These findings
are in contrast to prior epidemiological studies in boxers and football players133
demonstrating worse outcome for APOE4 carriers after rmTBI. Our findings are consistent,
however, with recent studies that have challenged whether APOE4 is a risk factor for worse
outcomes across the spectrum of injury, including mild to moderate TBI.34-36 Further
investigation into the potential effect of APOE4 on outcome after rmTBI, particularly at
higher injury severity levels, is warranted before consideration of APOE4 screening of
athletes in high-risk sports.3”

Cognitive deficits after rmTBI occurred independently of AgS or tau accumulation. Studies of
retired athletes with decreased cognitive function who played sports associated with
frequent, repetitive blows to the head have shown increased Ag and tau accumulation.5:38
Although tau accumulation is undoubtedly associated with CTE, whether the pathological
findings (AB and tau accumulation) are causative of or merely associated with cognitive
dysfunction in CTE is unknown.3° Our data show that CTE pathology is not required to
produce long-term cognitive deficits after rmTBI. These data are in contrast to 1 recent study
using a rmTBI model similar to ours that reported increased phosphotau in injured brain at
30 days after the last injury.2> We did not find significant increases in phosphotau or Agin
brain 6 months after rmTBI despite persistent cognitive deficits. These data suggest that
athletes with multiple concussions may be at risk for cognitive decline through mechanisms
independent of tau and A, but do not rule out the association between rmTBI and CTE and
AD.
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Although we found no MRI changes, evidence of axonal pathology, or histopathological
evidence of CTE, our injury model did result in robust increase in GFAP-positive cells in
several brain regions in mice subjected to 5 rmTBI in 5 days. Although we cannot rule out
differences in GFAP antigenicity as well, the increased number of GFAP-positive cells
appears to be a biomarker for rmTBI. Our findings are corroborated by prior studies that
have demonstrated astrocyte proliferation after brain injury by various mechanisms.40-42 |t
is not certain in our model whether astrocytes have a protective role after injury*3 or could
offer a potential therapeutic target for the fixed cognitive deficits in this model.

This study has several limitations. The 6-month outcome data provide proof of principle but
cannot be used to predict the interinjury interval related to long-term sequelae of multiple
concussions in humans. We also did not follow the mice long enough to fully assess
development of AD or CTE pathology after rmTBI. APOE4 transgenic mice that express
human APOE4 in astrocytes do so in the absence of APOE3. Other transgenic mice have
been utilized to assess the effect of APOE4 on outcome after TBI, and the behavioral
phenotypes may differ between APOE4 models.*4-46 Another limitation is that we used
purchased WT mice rather than WTs generated from heterozygous to heterozygous breeding
or APOE4 controls. However, homozygous APOE4 transgenic mice are congenic with
C57BI/6 mice undergoing at least 6 backcrosses (Jackson Laboratories, September 21,
2012).

In conclusion, we have shown that rmTBI associated with astrocyte proliferation but not
LOC or convulsions can produce long-term deficits in cognitive function independent of
APOE4 status and significant AS or tau accumulation. These data suggest that athletes may
be at greater risk of cognitive decline than previously thought after rmTBI.
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FIGURE 1.

Study flow diagram. AB = amyloid g; ELISA = enzyme-linked immunosorbent assay; IHC
= immunohistochemistry; MWM = Morris water maze; rmTBI = repetitive mild traumatic
brain injury.
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FIGURE 2.

Morris water maze performance in wild-type (WT) mice that underwent 5 repetitive mild

traumatic brain injuries (rmTBIs) in 5 days. (A) Three days
had worse performance on hidden platform testing than shal

after the last injury, injured mice
m-injured mice (n = 8/group, p=

0.01), but there was no difference in injured versus sham-injured mice on visible platform
testing. (B) Two months after the last injury, injured mice persisted with deficits in hidden

platform performance compared to sham-injured mice (n =

8/group, p=0.01), with no

differences in visible platform testing. (C) One year after injury, injured mice demonstrated

worse hidden platform performance compared to sham-inju
0.02), with no differences in visible platform performance.
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FIGURE 3.
The effect of time interval between repetitive mild traumatic brain injuries (rmTBIs) on

Morris water maze performance 6 months after the last injury. All groups demonstrated
time-dependent improvement in hidden platform performance. There were no group
differences in visual platform performance. Mice that underwent 5 concussive injuries in 5
days (A) and weekly concussive injuries for 5 weeks (B) had deficits in hidden platform
performance when compared to sham-injured mice (n = 5-8/group, p=0.001 and n = 11—
16/group, p=0.002, respectively). There were no differences in hidden platform
performance between injured and sham-injured mice that underwent biweekly injuries for 10
weeks (n = 11-14, p=0.1; C), 5 monthly injuries (n = 12-16/group, p=0.2; D), or 1 injury
(n = 11-15/group, p=0.4; E). WT = wild type.
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WT sham

WT rmTBI

FIGURE 4.
Comparisons of group-averaged brain data between sham-injured (top) and repetitive mild

traumatic brain injury (rmTBI)-injured (bottom) mice (n = 4/group) using fast spin-echo
(FSE) images, fractional anisotropy (FA) computed from diffusion tensor imaging, and
magnetization transfer ratio (MTR). Group averages were obtained at a coronal slice 2mm
posterior to bregma and an axial level 1.75mm ventral to bregma. WT = wild type.
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FIGURE 5.
There were no genotype-specific differences in Morris water maze (MWM) performance

after repetitive mild traumatic brain injury (rmTBI). All sham-injured and injured groups
demonstrated time-dependent improvements in latency to the hidden platform, indicating the
ability to learn the MWM paradigm before and after rmTBI (p < 0.05 for time for all
groups). Injured mice performed worse than their sham-injured controls (p < 0.05 for all
groups, data not shown). (A) MWM performance in APOE4 versus wild-type (WT) mice
immediately after last injury in mice that underwent 5 rmTBIs in 5 days. Hidden platform
trial performance did not differ between injured APOE4 and injured WT animals (o= 0.9) or
between sham-injured APOE4 and sham-injured WT animals (p = 0.3, data not shown).
Injured WT animals had worse performance on visual platform testing compared to injured
APOE4 mice (p=0.005). (B) MWM performance immediately after last injury in mice that
underwent 7 rmTBIs in 9 days. Hidden platform trial performance did not differ between
injured APOE4 and injured WT animals (p = 0.1), but was better in sham-injured APOE4
compared to sham-injured WT animals (p= 0.003, data not shown).
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FIGURE 6.
APOE4 does not worsen long-term Morris water maze (MWM) performance after repetitive

mild traumatic brain injury (rmTBI). There were no baseline differences in MWM
performance in sham-injured APOE4 versus wild-type (WT) mice (data not shown). (A)
MWM performance 2 months after last injury in mice that underwent 5 rmTBIs in 5 days.
Injured WT mice performed worse than injured APOE4 mice (p=0.003) and WT sham-
injured controls (p = 0.001, data not shown). Injured WT animals had worse performance on
visible platform testing compared to injured APOE4 animals (p=0.04). (B) MWM
performance 2 months after last injury in mice that underwent 7 rmTBIs in 9 days. There
were no differences in hidden platform performance between injured APOE4 mice and
injured WT mice (p= 0.8). There were no differences in visual platform performance in
injured APOE4 versus injured WT mice (p = 0.06). (C) MWM performance 6 months after
last injury in mice that underwent daily 7 concussions in 9 days. There were no differences
between injured APOE4 animals and injured WT animals (p = 0.2) on hidden platform
performance. On visual platform testing, there were no differences in performance in injured
APOE4 versus injured WT mice (p= 0.1). (D) Mice that were naive to the MWM when
tested 6 months after their final injury showed no differences in hidden platform
performance between WT and APOE4 mice (p=0.1).
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]

mTBI

1

Sham-Injured

|

mTBl

Enzyme-linked immunosorbent assay testing for soluble amyloid g (AB) 40, total tau, and
phosphorylated tau in cortical and hippocampal samples 6 months after final injury. (A)
There was no difference in cortical soluble AB40 in injured APOE4 versus injured wild-type
(WT) animals (16 + 3.0pmol/g vs 12 + 3.0pmol/g, p=0.4), injured APOE4 versus sham-
injured APOE4 mice (16 + 3.0pmol/g vs 10 £ 0.1pmol/g, p= 0.4), or injured WT versus
sham-injured WT animals (12 £+ 3.0pmol/g vs 8.0 £ 0.9pmol/g, p=0.3). (B) There was no
difference in hippocampal soluble AB40 in injured APOE4 versus injured WT animals (1.3
+ 0.1pmol/g vs 1.9 = 0.3pmol/g, p=0.1), injured APOE4 versus sham-injured APOE4 mice

(1.3 £ 0.1pmol/g vs 1.2 = 0.6pmol/g, p=0.8), or injured WT versus sham-injured WT
animals (12 £ 3.0pmol/g vs 8.0 £ 0.9pmol/g, p= 0.3). (C) Total tau was not elevated in
injured APOE4 versus sham-injured APOE4 mice (92,245 + 5,468pg/mg vs 60,911

+ 15,606pg/mg, p = 0.05), injured APOE4 versus injured WT animals (92,445
+ 5,468pg/mg vs 93,042 + 5,587pg/mg, p=0.9), or injured WT versus sham-injured WT
mice (93,402 + 5,587pg/mg vs 102,904 + 4,056pg/mg, p=0.2). (D) No differences were
seen in cortical soluble phosphorylated tau injured APOE4 versus sham-injured APOE4

mice (33,019 + 2,267pg/mg vs 28,785 * 4,398pg/mg, p = 0.4), injured APOE4 versus

injured WT animals (33,019 + 2,267pg/mg vs 33,767 + 1,760pg/mg, p = 0.8), or injured WT
versus sham-injured WT mice (33,767 £ 1,760pg/mg vs 28,785 + 4,398pg/mg, p= 0.2). (E)

Total tau was not elevated in hippocampal samples from injured APOE4 versus sham-
injured APOE4 mice (96,792 + 8,683pg/mg vs 97,125 + 2,510pg/mg, p= 1), injured APOE4

versus injured WT animals (96,792 + 8,683pg/mg vs 120,074 + 11,200pg/mg, p = 0.4), or
injured WT versus sham-injured WT mice (120,074 £ 11,200pg/mg vs 128,117
+ 8,031pg/mg, p=0.6). (F) No differences were seen in hippocampal soluble
phosphorylated tau in injured APOE4 versus sham-injured APOE4 mice (37,784
+ 3,543pg/mg vs 35,032 + 1426pg/mg, p=0.7), injured APOE4 versus injured WT animals
(37,784 = 3,543pg/mg vs 39,189 + 3,086pg/mg, p= 0.5), or injured WT versus sham-injured

WT mice (39,189 + 3,086pg/mg vs 36,903 + 2,190pg/mg, p = 0.6).
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FIGURE 8.
No focal amyloid 8 (ApB) deposition is seen 6 months after repetitive mild traumatic brain

injury. Representative images show no focal deposition of Agin injured wild-type (A) or
APOE4 (B) mice compared to an Alzheimer disease transgenic naive positive control (C).
[Color figure can be viewed in the online issue, which is available at
www.annalsofneurology.org.]
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FIGURE 9.
Increased astrocytosis after repetitive mild traumatic brain injury (rmTBI; 5 rmTBIs in 5

days) versus sham-injured mice. Representative photomicrographs show immunoreactivity
of glial fibrillary acidic protein (GFAP; red) and Hoechst staining (blue) in injured versus
sham-injured mice. Increased GFAP immunoreactivity is demonstrated in hippocampus of
injured (A) versus sham-injured mice (B). No qualitative differences in neuronal density by
Hoechst staining in hippocampus (dentate gyrus is shown) was observed between injured
(C) and sham-injured (D) mice. (E) Quantitative analysis of GFAP-positive cells counted in
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cortex (CX), corpus callosum (CC), and hippocampus (HIP) of injured (5 rmTBIs in 5 days,
n = 5) and sham-injured mice (n = 5) 6 months after injury (mean + standard deviation); *p
=0.009 for CX, *p=0.02 for CC, and *p = 0.04 for HIP. HPF = high-power magnification
field. [Color figure can be viewed in the online issue, which is available at
www.annalsofneurology.org.]
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