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Abstract

Blast exposure is associated with traumatic brain injury (TBI), neuropsychiatric symptoms, and
long-term cognitive disability. We examined a case series of postmortem brains from U.S. military
veterans exposed to blast and/or concussive injury. We found evidence of chronic traumatic
encephalopathy (CTE), a tau protein-linked neurodegenerative disease, that was similar to the
CTE neuropathology observed in young amateur American football players and a professional
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Table S1. Summary of antibodies used In this study.

Table S2. Murine blast neurotrauma model blast parameters.

Table S3. Shock tube blast compared to equivalent explosive blast.

Fig. S1. Phosphorylated tau axonopathy in a single axon from the brain of a 22-year-old male military veteran with exposure to a

Golsistgin énplrovised explosive device blast and persistent blast-related traumatic brain injury symptoms. Page 2

Fig. S2. Absence of CTE neuropathology in a representative postmortem human brain from 21-year-old male control subject without

known history of blast exposure or concussive injury. . .
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Fig. S4. Reproducibility of shock tube blast static and reflected pressure.

Fig. S5. Peak reflected and static incident pressure as a function of shock tube burst pressure.

Fig. S6. Shock wave velocity (Mach) regression analysis.

Fig. S7. X-T wave diagram demonstrating positional and temporal features of the blast shock wave.

Fig. S8. Unperfused C57BL/6 mouse brain 2 weeks after single shock tube blast exposure.

Fig. S9. Neuropathology in the CA3 field and dentate gyrus in a C57BL/6 mouse brain 2 weeks after exposure to a single shock tube
blast.

Fig. S10. Decreased choline acetyltransferase (ChAT) immunoreactivity in the brainstem and neuronal dropout in the cerebellum of
C57BL/6 mice 2 weeks after exposure to a single shock tube blast.

Fig. S11. Electron micrographic montage of the hippocampus CAL1 field in a C57BL/6 mouse brain 2 weeks after exposure to a single
shock tube blast.

Fig. S12. High-magnification electron micrographs of the hippocampus CA1 field in a C57BL/6 mouse brain 2 weeks after single-
blast exposure.

Fig. S13. Perivascular ultrastructural pathology in the hippocampus CA1 stratum radiatum in a C57BL/6 mouse brain 2 weeks after
exposure to a single shock tube blast.

Fig. S14. Perivascular ultrastructural pathology in the hippocampus CA1 stratum radiatum in a C57BL/6 mouse brain 2 weeks after
exposure to a single shock tube blast.

Fig. S15. Perivascular ultrastructural pathology in the hippocampus CA1 stratum radiatum in a C57BL/6 mouse brain 2 weeks after
exposure to a single shock tube blast.

Fig. S16. Perivascular ultrastructural pathology in the hippocampus CA1 stratum radiatum in a C57BL/6 mouse brain 2 weeks after
exposure to a single shock tube blast.

Fig. S17. Myelin figure in the hippocampus CA1 stratum pyramidale in a C57BL/6 mouse brain 2 weeks after exposure to a single
shock tube blast.

Fig. S18. A microglial cell amidst myelinated axons in the hippocampus CA1 stratum alveus in a C57BL/6 mouse brain 2 weeks after
exposure to a single shock tube blast.

Fig. S19. Autophagy and mitophagy in the hippocampus CAL1 field in a C57BL/6 mouse brain 2 weeks after exposure to a single
shock tube blast.

Fig. S20. Degenerating (“dark”) pyramidal neurons in the hippocampus CA1 stratum pyramidale in a C57BL/6 mouse brain 2 weeks
after exposure to a single shock tube blast.

Fig. S21. Degenerating (dark) pyramidal neurons in the hippocampus CA1 stratum pyramidale in a C57BL/6 mouse brain 2 weeks
after exposure to a single shock tube blast.

Fig. S22. Degenerating (dark) pyramidal neurons in the hippocampus CA1 stratum pyramidale in a C57BL/6 mouse brain 2 weeks
after exposure to a single shock tube blast.

Fig. S23. Electrode placements for axonal conduction velocity and synaptic plasticity experiments.

Fig. S24. Schaffer collateral-CA1 synaptic input-output relations illustrating the absence of long-term effects of blast exposure on
baseline synaptic transmission.

Fig. S25. Blast-induced deficits in cAMP-induced long-term potentiation of synaptic transmission at Schaffer collateral-CA1 synapses
are bilateral and persistent.

Fig. S26. Model of blast- and concussion-related TBI and sequelae, including CTE.

Video S1. Mouse head kinematics during exposure to a single shock tube blast.
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that recapitulated CTE-linked neuropathology in wild-type C57BL/6 mice 2 weeks after exposure
to a single blast. Blast-exposed mice demonstrated phosphorylated tauopathy, myelinated
axonopathy, microvasculopathy, chronic neuroinflammation, and neurodegeneration in the
absence of macroscopic tissue damage or hemorrhage. Blast exposure induced persistent
hippocampal-dependent learning and memory deficits that persisted for at least 1 month and
correlated with impaired axonal conduction and defective activity-dependent long-term
potentiation of synaptic transmission. Intracerebral pressure recordings demonstrated that shock
waves traversed the mouse brain with minimal change and without thoracic contributions.
Kinematic analysis revealed blast-induced head oscillation at accelerations sufficient to cause
brain injury. Head immaobilization during blast exposure prevented blast-induced learning and
memory deficits. The contribution of blast wind to injurious head acceleration may be a primary
injury mechanism leading to blast-related TBI and CTE. These results identify common
pathogenic determinants leading to CTE in blast-exposed military veterans and head-injured
athletes and additionally provide mechanistic evidence linking blast exposure to persistent
impairments in neurophysiological function, learning, and memory.

INTRODUCTION

Blast exposure from conventional and improvised explosive devices (IEDs) affects
combatants and civilians in conflict regions around the world (1-4). Individuals exposed to
explosive blast are at increased risk for traumatic brain injury (TBI) (2, 5-15) that is often
reported as mild (16 cf., 17). Blast-related TBI represents a neuropsychiatric spectrum
disorder that clinically overlaps with chronic traumatic encephalopathy (CTE), a progressive
tau protein—linked neurodegenerative disease associated with repetitive concussive injury in
athletes (18-21). Neuropathological hallmarks of CTE include widespread cortical foci of
perivascular tau pathology, disseminated microgliosis and astrocytosis, myelinated
axonopathy, and progressive neurodegeneration. Clinical symptoms of CTE include
progressive affective lability, irritability, distractability, executive dysfunction, memory
disturbances, suicidal ideation, and in advanced cases, cognitive deficits and dementia.

Blast exposure is a known precipitant of brain injury in animals (22-37) and humans (38—
42) and has been linked to CTE neuropathology in a single case report by Omalu et al. (43).
Despite growing awareness of blast-related TBI, the mechanisms of injury and biological
basis underpinning blast neurotrauma and sequelae remain largely unknown and a matter of
significant controversy. Given the overlap of clinical signs and symptoms in military
personnel with blast-related TBI and athletes with concussion-related CTE, we hypothesized
that common biomechanical and pathophysiological determinants may trigger development
of CTE neuropathology and sequelae in both trauma settings. Here, we combine
clinicopathological correlation analysis and controlled animal modeling studies to test this
hypothesis.

RESULTS

CTE neuropathology in blast-exposed military veterans and athletes with repetitive
concussive injury

We performed comprehensive neuropathological analyses (table S1) of postmortem brains
obtained from a case series of military veterans with known blast exposure and/or
concussive injury (7= 4 males; ages 22 to 45 years; mean, 32.3 years). We compared these
neuropathological analyses to those of brains from young amateur American football players
and a professional wrestler with histories of repetitive concussive injury (/7= 4 males; ages
17 to 27 years; mean, 20.8 years) and brains from normal controls of comparable ages
without a history of blast exposure, concussive injury, or neurological disease (/7= 4 males;
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ages 18 to 24 years; mean, 20.5 years). Case 1, a 45-year-old male U.S. military veteran
with a single close-range IED blast exposure, experienced a state of disorientation without
loss of consciousness that persisted for ~30 min after blast exposure. He subsequently
developed headaches, irritability, difficulty sleeping and concentrating, and depression that
continued until his death 2 years later from a ruptured basilar aneurysm. His medical history
is notable for a remote history of concussion associated with a motor vehicle accident at age
8 years. Case 2, a 34-year-old male U.S. military veteran without a history of previous
concussive injury, sustained two separate IED blast exposures 1 and 6 years before death.
Both episodes resulted in loss of consciousness of indeterminate duration. He subsequently
developed depression, short-term memory loss, word-finding difficulties, decreased
concentration and attention, sleep disturbances, and executive function impairments. His
neuropsychiatric symptoms persisted until death from aspiration pneumonia after ingestion
of prescription analgesics. Case 3, a 22-year-old male U.S. military veteran with a single
close-range IED blast exposure 2 years before death. He did not lose consciousness, but
reported headache, dizziness, and fatigue that persisted for 24 hours after the blast. He
subsequently developed daily headaches, memory loss, depression, and decreased attention
and concentration. In the year before his death, he became increasingly violent and verbally
abusive with frequent outbursts of anger and aggression. He was diagnosed with
posttraumatic stress disorder (PTSD) 3 months before death from an intracerebral
hemorrhage. His past history included 2 years of high school football and multiple
concussions from fist fights. Case 4, a 28-year-old male U.S. military veteran with two
combat deployments, was diagnosed with PTSD after his first deployment 3 years before
death. His history was notable for multiple concussions as a civilian and in combat, but he
was never exposed to blast. His first concussion occurred at age 12 after a bicycle accident
with temporary loss of consciousness and pre/posttraumatic amnesia. At age 17, he
experienced a concussion without loss of consciousness from helmet-to-helmet impact
injury during football practice. At age 25, he sustained a third concussion during military
deployment with temporary alteration in mental status without loss of consciousness. Four
months later at age 26, he sustained a fourth concussion with temporary loss of
consciousness and posttraumatic amnesia resulting from a motor vehicle-bicycle collision.
Afterward, he experienced persistent anxiety, difficulty concentrating, word-finding
difficulties, learning and memory impairment, reduced psychomotor speed, and
exacerbation of PTSD symptoms. He died from a self-inflicted gunshot wound 2 years after
his last concussion. The athlete group included Case 5, a 17-year-old male high school
American football player who died from second impact syndrome 2 weeks after sustaining a
concussion; Case 6, an 18-year-old high school American football and rugby player with a
history of three to four previous concussions, one requiring hospitalization, who died 10
days after his last concussion; Case 7, a 21-year-old male college American football player,
who played as a lineman and linebacker but had never been diagnosed with a concussion
during his 13 seasons of play beginning at age 9, and who died from suicide; and Case 8, a
27-year-old male professional wrestler who experienced more than 9 concussions during his
10-year professional wrestling career who died from an overdose of OxyContin. The normal
control group included Case 9, an 18-year-old male who died suddenly from a ruptured
basilar aneurysm; Case 10, a 19-year-old male who died from a cardiac arrhythmia; Case 11,
a 21-year-old male who died from suicide; and Case 12, a 24-year-old male who died from
suicide.

Neuropathological analysis of postmortem brains from military veterans with blast exposure
and/or concussive injury revealed CTE-linked neuropathology characterized by perivascular
foci of tau-immunoreactive neurofibrillary tangles (NFTs) and glial tangles in the inferior
frontal, dorsolateral frontal, parietal, and temporal cortices with predilection for sulcal
depths (Fig. 1, A, B, E, F, and | to X). NFTs and dystrophic axons immunoreactive for
monoclonal antibody CP-13 (Fig. 1, Ato I, L, Q, R, and U, and fig. S1) directed against
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phosphorylated tau protein at Ser202 (pS202) and Thr205 (pT295), monoclonal antibody AT8
(Fig. 1S) directed against phosphorylated tau protein at Ser292 (pS202) and Thr295 (pT205),
and monoclonal antibody Tau-46 (Fig. 1T) directed against phosphorylation-independent tau
protein were detected in superficial layers of frontal and parietal cortex and anterior
hippocampus. Evidence of axon degeneration, axon retraction bulbs, and axonal dystrophy
were observed in the subcortical white matter subjacent to cortical tau pathology (Fig. 1, M
and U to X, and fig. S1). Distorted axons and axon retraction bulbs were prominent in
perivascular areas. Large clusters of LN3-immunoreactive activated microglia clusters (Fig.
1, K'and P) were observed in subcortical white matter underlying focal tau pathology, but
not in unaffected brain regions distant from tau lesions. Neuropathological comparison to
brains from young-adult amateur American football players (Fig. 1, C, D, G, and H) with
histories of repetitive concussive and subconcussive injury exhibited similar CTE
neuropathology marked by perivascular NFTs and glial tangles with sulcal depth
prominence in the dorsolateral and inferior frontal cortices. The young-adult athlete brains
also revealed evidence of robust astrocytosis and multifocal axonopathy in subcortical white
matter. Clusters of activated perivascular microglia were noted in the subcortical U-fibers.
Neuropathological findings in the military veterans with blast exposure and/or concussive
injury and young-adult athletes with repetitive concussive injury were consistent with our
previous CTE case studies (20, 21) and could be readily differentiated from neuropathology
associated with Alzheimer’s disease, frontotemporal dementia, and other age-related
neurodegenerative disorders. Control sections omitting primary antibody demonstrated no
immunoreactivity. By contrast, none of the brains from the four young-adult normal control
subjects demonstrated phosphorylated tau pathology, axonal injury, subcortical astrocytosis,
or microglial nodules indicative of CTE or other neurodegenerative disease (fig. S2).

Blast exposure induces traumatic head acceleration in a blast neurotrauma mouse model

We developed a murine blast neurotrauma model to investigate mechanistic linkage between
blast exposure, CTE neuropathology, and neurobehavioral sequelae. Our compressed gas
blast tube was designed to accommodate mice (fig. S3) and allowed free movement of the
head and cervical spine to model typical conditions associated with military blast exposure
(tables S2 and S3 and figs. S3 to S7). Wild-type C57BL/6 male mice (2.5 months) were
anesthetized and exposed to a single blast with a static (incident) pressure profile
comparable in amplitude, waveform shape, and impulse to detonation of 5.8 kg of
trinitrotoluene (TNT) at a standoff distance of 5.5 m and in close agreement with ConWep
(Conventional Weapons Effects Program) (Fig. 2A and table S3) (44). The model blast is
comparable to a common IED fabricated from a 120-mm artillery round and is within the
reported range of typical explosives, blast conditions, and standoff distances associated with
military blast injury (45).

To investigate intracranial pressure (ICP) dynamics during blast exposure, we inserted a
needle hydrophone into the hippocampus of living mice and monitored pressure dynamics
during blast exposure. We detected blast wavefront arrival times in the brain that were
indistinguishable from corresponding free-field pressure (FFP) measurements in air (Fig.
2B) and in close agreement with ConWep analysis of an equivalent TNT blast (Fig. 2A and
table S3). To investigate possible thoracic contributions to blast-induced ICP transients, we
evaluated pressure tracings in the hippocampus of intact living mice (Fig. 2B) and compared
results to the same measurements obtained in isolated mouse heads severed at the cervical
spine (Fig. 2C). Blast-induced pressure amplitudes in the two experimental preparations
were comparable to each other and to the corresponding FFP measurements in air, after
accounting for the addition of the dynamic pressure on the head. Small differences in the
pressure waveforms were within the expected range given frequency-dependent response
characteristics of the transducers and differences in the two experimental preparations. We
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did not detect delayed blast-induced ICP transients in either preparation over recording
times up to 100 ms. These observations indicate that blast wavefront transmission in the
mouse brain is mediated without significant contributions from thoracovascular or
hydrodynamic mechanisms.

In our experimental system, the blast shock wave traveling at ~450 m/s encountered the left
lateral surface of the mouse head first, then traversed the ~11-mm skull width (46) in ~24
us. The pressure differential associated with this traversal has an insignificant effect on skull
displacement due to the short time interval. For the remainder of the waveform duration, the
static pressures at the lateral surfaces of the skull are virtually identical and the
corresponding transient effects are negligible. The air-skull impedance mismatch creates a
back-reflected air shock as well as a rapidly moving (=1500 m/s) transmitted shock wave,
the latter taking a maximum of ~7 s to traverse the cranium and cranial contents. Although
the reflected and transmitted shock waves are large (~2.5 times greater than the 77-kPa
incident overpressure), the ~7-ps traversal time of the skull-brain transmitted wave is short
enough to allow rapid equilibration across the skull. Thus, the head acts acoustically as a
“lumped element” (47, 48). The only significant pressure term remaining is the ~19-kPa
peak dynamic pressure generated by blast wind. We concluded that an ICP transducer in the
brain parenchyma should measure pressure differentials that do not differ by more than 19
kPa from FFP values, at least beyond the initial 30 s after blast arrival. This analysis was
confirmed by experimental measurements (Fig. 2B). Only the initial rise of the blast wave
has a short enough time scale to be affected by propagation effects in the head, a prediction
confirmed by the longer rise time of the ICP compared to the static FFP waveforms (Fig. 2,
B and C). The remaining waveform components evenly distribute through the brain with
amplitude and shape that approximate the static FFP (Fig. 2A).

The blast wave had a measured Mach number of 1.26 £+ 0.04 (fig. S6), from which the
calculated blast wind velocity was 150 m/s (336 miles/hour). Kinematic analysis of high-
speed videographic records of head movement during blast exposure confirmed rapid
oscillating acceleration-deceleration of the head in the horizontal and sagittal planes of
motion (Fig. 2, D to G, and video S1). We calculated peak average radial head acceleration
of 954 + 215 krad/s? (Fig. 2G), corresponding to 100.2 N exerted on the head during blast
exposure. Peak angular and centripetal acceleration were most significant during the positive
phase of the blast shock wave. No appreciable head acceleration was detected after ~8 ms.

Single-blast exposure induces CTE-linked neuropathology, ultrastructural pathology, and
phosphorylated tau proteinopathy in a blast neurotrauma mouse model

We hypothesized that blast forces exerted on the skull would result in head acceleration-
deceleration oscillation of sufficient intensity to induce persistent brain injury (“bobblehead
effect”). To evaluate this hypothesis, we studied brains from mice euthanized 2 weeks after
exposure to a single blast or sham blast. Gross examination of postmortem brains from both
groups of mice was unremarkable and did not reveal macroscopic evidence of contusion,
necrosis, hematoma, hemorrhage, or focal tissue damage (Fig. 3, A to F, and fig. S8). In
contrast, brains from blast-exposed mice showed marked neuropathology by
immunohistological analysis (Fig. 3, H, J, L, Q, N, S, and T). Blast-exposed brains exhibited
robust reactive astrocytosis throughout the cerebral cortex, hippocampus, brainstem, internal
capsule, cerebellum, and corticospinal tract (Fig. 3, H and T) that was not observed in brains
from sham-blast control mice (Fig. 3, G and O). Brains from blast-exposed mice also
exhibited enhanced somatodendritic phosphorylated tau CP-13 immunoreactivity in neurons
in the superficial layers of the cerebral cortex (Fig. 3J) that was not observed in the brains of
sham-blast control mice (Fig. 31). The cerebral cortex and CA1 field of the hippocampus in
the brains of blast-exposed mice were also notable for clusters of chromatolytic and
pyknotic neurons with nuclear and cytoplasmic smudging and beaded, irregularly swollen
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dystrophic axons (Fig. 3, L and Q) that were not observed in the brains of sham-blast control
mice (Fig. 3, K and P). Hippocampal CAL neurons in blast-exposed mice were intensely
Tau-46—-immunoreactive (Fig. 3, N and S) compared to sham-blast controls (Fig. 3, M and
R) and additionally showed evidence of frank neurodegeneration in the hippocampal CA1
and CAS3 subfields and dentate gyrus (Fig. 4 and fig. S9). Activated perivascular microglia
were observed throughout the brain in blast-exposed mice and were especially notable in the
cerebellum (Fig. 3T; compared to control, Fig. 30). Patchy loss of cerebellar Purkinje cells
with empty baskets was also noted in blast-exposed mice (fig. S10H) but not in sham-blast
control mice (fig. S10G). Examination of the cervical spinal cords of blast-exposed mice did
not reveal evidence of motor neuron dropout or degeneration (fig. S10, A and B). However,
blast-exposed mice did show decreased choline acetyltransferase immunoreactivity in motor
neurons in the cervical cord (fig. S10D) and cranial nerve XII (fig. S10F) when compared to
sham-blast controls (fig. S10, C and E), suggesting loss of central cholinergic inputs.

Ultrastructural pathology was observed in electron micrographs of neurons, axons, and
capillaries in the hippocampi of blast-exposed mice but not in sham-blast control mice (Fig.
4 and figs. S11 to S22). Examination of semithick sections of hippocampus CA1 and CA3
regions and dentate gyrus in brains from blast-exposed mice revealed clusters of
chromatolytic and pyknotic neurons throughout the stratum pyramidale and a marked
paucity of dendritic profiles in the stratum radiatum (Fig. 4H and fig. S9, B and C) that was
not evident in the brains of sham-blast control mice (Fig. 4A and fig. SOA). Blast-related
ultrastructural microvascular pathology was notable for the presence of hydropic
perivascular astrocytic end-feet (Fig. 4, I and J, and figs. S11, S13 to S16, S19C, and S20).
Pathologically swollen, edematous, and often highly vacuolated astrocytic end-feet were
observed in association with dysmorphic capillaries marked by pathologically thickened,
tortuous basal lamina and abnormal endothelial cells with irregularly shaped nuclei (Fig. 4L
and figs. S11 to S16). Perivascular processes in the hippocampi of blast-exposed mice often
contained inclusion bodies, lipofuscin granules, myelin figures, and autophagic vacuoles
(Fig. 4,1, L, and N, and figs. S11, S12, S14, and S17 to S19). Pericytes (Fig. 4, 1 and L, and
figs. S11, S12, S14, and S16), microglial cells (fig. S18), dystrophic myelinated nerve fibers
(Fig. 4K and figs. S15 to S17 and S19A), and “dark neurons” (Fig. 4M and figs. S20 to S22)
with electron-dense cytoplasm and irregularly shaped nuclei were frequently observed in
proximity to these abnormal capillaries in blast-exposed mice. By contrast, the brains of
sham-blast control mice exhibited normal hippocampal cytoarchitecture without evidence of
ultrastructural neuropathology (Fig. 4, A to G).

To confirm the presence of phosphorylated tau proteinopathy in the brains of blast-exposed
mice, we performed immunoblot analysis of tissue homogenates prepared from brains
harvested from mice 2 weeks after single-blast or sham-blast exposure (Fig. 5). Immunoblot
analysis revealed a significant blast-related elevation of phosphorylated tau protein epitopes
pT181 and pS292 detected by monoclonal antibody CP-13 (Fig. 5, A, B, and G) and pT20°
detected by monoclonal antibody AT270 (Fig. 5, C, D, and I) that are associated with early
neurodegenerative tau misprocessing. Blast-related tau phosphorylation was also detected
when quantitated as a ratio of phosphorylated tau protein to total tau protein (Fig. 5, E, F, H,
and J). In mice exposed to sham blast, all three of the major native murine tau isoforms
(4R2N, 4RON, and 4R1N) were evident (Fig. 5E). By contrast, immunoblots of brain
homogenates prepared from mice exposed to a single blast revealed a tau protein isoform
distribution pattern that was dominated by a single band corresponding to the intermediate-
sized native tau isoform (4R1N; Fig. 5F). Phosphorylated tauopathy (Fig. 5, B and D) and
tau isoform distribution abnormalities (Fig. 5F) were detected bilaterally, a finding
consistent with blast-related CTE neuropathology and electrophysiological deficits. Blast-
induced brain tau proteinopathy was confirmed by enzyme-linked immunosorbent assay
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(ELISA) analysis of tau protein phosphorylated at pSer9 (single blast, 40 + 2 ng/ml; sham
blast, 31 £ 2 ng/liter; £=0.027, two-tailed Student’s ¢test).

Single-blast exposure persistently impairs axonal conduction and long-term potentiation
of activity-dependent synaptic transmission in the hippocampus

We investigated the possibility that blast-related histopathological and ultrastructural
abnormalities would be reflected in equally persistent functional impairments in
hippocampal neurophysiology. Analysis of Schaffer collateral-evoked synaptic field
potential input-output relations (fig. S23B) did not reveal an effect of blast exposure on
baseline synaptic transmission at either 2 weeks or 1 month after blast exposure (fig. S24).
However, axonal conduction velocity of CA1 pyramidal cell compound action potentials in
the stratum alveus (fig. 23A) was significantly slowed 2 weeks after blast exposure, an
effect that persisted for at least 1 month [Fig. 6, A and B; P< 0.05, repeated-measures
multifactorial analysis of variance (ANOVA)].

Next, we examined the effect of blast exposure on stimulus- and cyclic adenosine
monophosphate (CAMP)—evoked long-term potentiation (LTP) of synaptic strength at
Schaffer collateral-CA1 synapses (fig. S23B), candidate mechanisms of memory storage.
We found marked impairments of stimulus-evoked LTP in mouse slices prepared 2 weeks
and 1 month after blast exposure (Fig. 6C; P < 0.05, repeated-measures multifactorial
ANOVA). When the 2-week and 1-month blast-exposed cohorts were examined
independently, we found that the magnitude of posttetanic potentiation (PTP) immediately
after application of theta-burst stimulation (TBS) was significantly less at the 2-week time
point (Fig. 6E; P< 0.05, repeated-measures multifactorial ANOVA). Although PTP
recovered by 1 month after blast, the magnitude of LTP 1 hour after tetanus was
significantly reduced at both postblast time points (Fig. 6E; £ < 0.05, repeated-measures
multifactorial ANOVA). These results indicate that exposure to single blast impaired long-
term activity-dependent synaptic plasticity for at least 1 month after blast exposure in our
model. Next, we examined cCAMP-dependent LTP of Schaffer collateral-CAL field
excitatory postsynaptic potentials (fEPSPs) induced by 15-min bath application of the
adenylate cyclase activator forskolin (50 M) plus the type 1l phosphodiesterase inhibitor
rolipram (10 M). In contrast to control slices, CAMP-LTP was profoundly attenuated 30 to
60 min after drug washout in hippocampal slices prepared from both left and right
hemispheres of mice 2 weeks and 1 month after blast exposure (Fig. 6D and fig. S25, A and
B; P< 0.05, repeated-measures multifactorial ANOVA). As with stimulus-evoked LTP,
CAMP-LTP was equally impaired at both 2 weeks and 1 month after blast exposure,
demonstrating the long-term nature of blast effects on both activity-dependent and
chemically evoked synaptic plasticity (Fig. 6F; £ < 0.05, repeated-measures multifactorial
ANOVA).

Single-blast exposure induces long-term behavioral deficits that are prevented by head
immobilization during blast exposure

We did not detect significant differences between single-blast and sham-blast mice in total
distance, mean velocity, or central zone entries in open-field behavior testing (Fig. 7, A to
C), indicating that blast exposure did not impair gross neurological functioning with respect
to locomotion, exploratory activity, and thigmotaxis (an indicator of murine anxiety assessed
by movement close to the wall of the experimental apparatus). In contrast, when we tested
acquisition and long-term retention of hippocampal-dependent spatial learning and memory
in the Barnes maze (Fig. 7, D to F), we observed that blast-exposed mice exhibited
significantly longer escape latencies (Fig. 7D; £< 0.05, two-way ANOVA) and poorer
memory retrieval 24 hours after the final training session (Fig. 7E; £< 0.05, Student’s ftest)
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compared to sham-blast control mice. These findings are consistent with persistent blast-
related hippocampal dysfunction.

The results of kinematic analysis (Fig. 2, D to G) suggested that blast-induced head
acceleration was a likely pathogenic mechanism by which blast exposure leads to TBI and
neurobehavioral sequelae. To test this hypothesis, we compared hippocampal-dependent
learning acquisition and memory retention in mice with and without head immobilization
during single-blast exposure and in sham-blast control mice. Head immobilization during
blast exposure eliminated blast-related impairments in hippocampal-dependent learning
acquisition (Fig. 7D; P> 0.20, repeated-measures ANOVA with post hoc Scheffe test
compared to sham-blast controls) and restored blast-related memory retention deficits to
normal levels (Fig. 7E; 2> 0.20, one-way ANOVA with post hoc Scheffe test), supporting
the conclusion that head acceleration is necessary for behavioral learning impairments.

DISCUSSION

We analyzed a case series of postmortem human brains from U.S. military veterans with
blast exposure and/or concussive injury and compared them to brains from young-adult
athletes with histories of concussive injury and from normal controls of comparable ages
without histories of blast exposure, concussive injury, or neurological disease. We
uncovered evidence of CTE-linked tau neuropathology, including multifocal perivascular
foci of neurofibrillary and glial tangles immunoreactive for phosphorylation-independent
(Tau-46) and phosphorylation-dependent (CP-13) tau epitopes (20, 21), in the brains of
blast-exposed and/or concussive-injured veterans. This blast-associated CTE-linked tau
neuropathology was indistinguishable from the tau neuropathology, neuroinflammation, and
neurodegeneration observed in the brains of young-adult athletes with histories of repeat
concussive injury. Examination of brains from wild-type C57BL/6 mice 2 weeks after
exposure to a single controlled blast also revealed histopathological, ultrastructural, and
biochemical evidence of CTE-linked neuropathology, including tau protein-linked
immunoreactivity, persistent perivascular pathology, cortical and hippocampal
neurodegeneration, myelinated axonopathy, chronic neuroinflammation with widespread
astrocytosis and microgliosis, and phosphorylated tau proteinopathy. Overall, our findings of
persistent CTE-linked neuropathology in the brains of military veterans with blast exposure
and/or concussive injury and young athletes with repeat concussive injury suggest that TBI
induced by different insults under different conditions can trigger common pathogenic
mechanisms leading to similar neuropathology and sequelae. Notably, within this small
controlled case series, the effects of blast exposure, concussive injury, and mixed trauma
(blast exposure and concussive injury) were indistinguishable.

Experimental results from our murine blast neurotrauma model provide evidence linking
blast exposure with development of CTE-like tau neuropathology. Moreover, this blast-
related neuropathology was associated with persistent neurophysiological and cognitive
deficits that recapitulate clinical signs and symptoms reported in military veterans with
blast-related TBI (2, 7, 9-15) and concussive-injured athletes diagnosed with CTE (20, 21).
It is notable that exposure to a single blast in our mouse model was sufficient to induce early
CTE-like neuropathology, slowed axonal conduction velocity, and defective stimulus- and
cAMP-dependent LTP of synaptic transmission. Notably, these blast-related
neurophysiological abnormalities were contemporaneous with somatodendritic alterations in
hippocampal and cortical total tau and phosphorylated tau neuropathology and biochemistry,
microvascular ultrastructural pathology, and impairment in hippocampal-dependent learning
acquisition and memory retention.
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Although blast-exposed C57BL/6 mice recapitulated key features of human CTE
neuropathology, including cellular accumulation of phosphorylated tau protein and pre-
tangle tau protein neuropathology, it is notable that mature NFTs were not detected in the
cortex or hippocampus of blast-exposed mice. This apparent discordance with human CTE
neuropathology may be explained by the early time points chosen for evaluation in our
mouse studies or, alternatively, as a forme fruste resulting from resistance of wild-type
murine tau protein to form neurotoxic aggregates in vivo. However, our results demonstrate
blast-related immunohistochemical and biochemical abnormalities in tau
hyperphosphorylation at the 2-week time point after single-blast exposure. Studies of triple-
transgenic mice expressing human tau protein and human amyloid-p peptide have shown
that controlled cortical impact injury leads to rapid accumulation of hyperphosphorylated tau
within 24 hours after experimental injury (49, 50). These findings suggest that genotypic
determinants may be critical factors that modulate temporal and phenotypic expression of
TBI and late-emerging sequelae, including CTE.

ICP dynamics recorded during blast exposure revealed blast-induced pressure transients in
the hippocampus that were coincident with and comparable in amplitude, waveform, and
impulse to FFP measurements outside the cranium. This finding is consistent with the head
acting as a lumped element for which the blast-induced external pressure differential
equilibrates within ~100 ps. Measured blast pressure amplitudes in the brain were on the
order of 100 kPa (~1 bar), a magnitude equivalent to water pressure at a depth of ~10 m.
Although it is possible that high-frequency components (>100 kHz) could lead to localized
focusing due to reverberation and constructive interference, the pressure amplitudes we
measured were far below tissue damage thresholds. Tissue damage associated with clinical
ultrasound requires negative acoustic pressures in excess of 1 MPa (51) that lead to
excitation of cavitation bubbles. Thresholds for positive pressures are not well characterized
but are likely to exceed 40 MPa because positive pressures commonly used in clinical shock
wave lithotripsy are not associated with significant, if any, tissue damage (52). Thresholds
for tissue damage from underwater sonar require ~100 kPa (53) and result from many cycles
of bubble growth and collapse over tens of seconds of continuous wave excitation. Tissue
damage in this setting is due to the negative pressure rather than exposure to a single
compression pulse. These considerations indicate that direct tissue damage resulting from
transmission of the blast shock wave through the brain is unlikely. Our results indicate that
ICP transients closely approximate FFP measurements in air (27, 54, 55). Moreover, blast
wavefront transmission was identical when measured in the brain of intact living mice or
isolated mouse heads severed at the cervical spine, suggesting that neither thoracic-mediated
mechanisms nor vascular hemodynamic effects contributed significantly to ICP transients
during blast exposure. Together, our findings point to the substantial inertial forces and
oscillating acceleration-deceleration cycles imposed on the head by blast wind (bobblehead
effect) as the primary biomechanical mechanism by which blast exposure initiates acute
closed-head brain injury and sequelae, including CTE (fig. S26).

Here, we describe CTE-linked neuropathology in the brains of military veterans with blast
exposure and/or concussive injury, young-adult athletes with repetitive concussive injury,
and mice subjected to a single blast. These observations are consistent with a common injury
mechanism involving oscillating head acceleration-deceleration cycles (bobblehead effect;
fig. S26) that lead to pathogenic shearing strain imposed on the cranial contents (56—60).
Our observation that head immobilization during blast exposure prevented hippocampal-
dependent learning and memory deficits in blast-exposed mice provides additional support
for this injury mechanism and postulated relationship to persistent neurobehavioral sequelae.
Recent studies have identified local strain amplification near micromechanical
heterogeneities in the brain, including sulci, blood vessels, and axons as possible
contributory factors leading to blast-related brain injury (48, 61, 62). Simulation studies
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indicate that pressure gradients in the brain of an unhelmeted head resulting from military
blast exposure may be sufficiently large to generate damaging intracranial forces, even in
the absence of direct impact trauma to the head (63). Ultrastructural analysis indicates that
blast exposure in our experimental model was associated with persistent microvascular
pathology, including abnormal blood-brain barrier (BBB) cytoarchitecture. Blast-related
ultrastructural pathology may be associated with pericyte degeneration (64) and/or
microvascular compression secondary to astrocytic end-feet swelling (65), thereby leading
to BBB compromise, local hypoxia, chronic neuroinflammation, and neurodegeneration.
These postulated mechanisms are consistent with recent experimental studies (66—68), finite
element head modeling analyses (60, 69), and the results in this report. Further studies are
needed to differentiate the relative contributions of these and possibly other pathogenic
mechanisms.

The significance of the neurophysiological abnormalities in blast-exposed wild-type C57BL/
6 mice is substantial. First, although blast exposure did not produce detectable long-term
dysfunction in basal synaptic transmission, exposure to a single sublethal blast was
sufficient to induce profound and persistent impairment of both activity-and cAMP-
dependent LTP in hippocampal CA1 pyramidal neurons, candidate cellular mechanisms of
long-term memory processing. The fact that both forms of LTP require dendritic protein
synthesis (70, 71) and gene transcription (72) indicate that blast exposure may induce long-
lasting damage to cellular signal transduction downstream of synaptic glutamate release.
Mechanisms that may be altered by blast exposure include A-methyl-D-aspartate glutamate
receptor activation, intracellular second messenger systems, gene expression, protein
synthesis, and posttranslational modification. Our results also indicate that blast exposure
can induce persistent axonal conduction defects that further impair cognitive processing and
are consistent with recent findings from human studies (14, 15). These effects may be
mediated by diffuse axonal injury, Wallerian degeneration, and/or differential susceptibility
of larger neurons to structural or functional axotomy. Damage to these and other brain
structures, systems, and mechanisms may contribute to abnormalities in neurochemical
homeostasis, cerebral metabolism, and neurophysiological functions associated with blast-
related TBI (73). Our results suggest that blast exposure may hold comparable or even
greater pathogenic potential than repetitive head injury associated with contact athletics (74—
76).

Limitations of the human neuropathology reported here include the small number of
available cases, the time interval between trauma and postmortem examination, potential
contributions of confounding comorbidities and risk factors, and inherent limitations of
neuropathological analysis to establish mechanistic causality. Clinicopathological
correlation may be further complicated by genetic contributions [for example, APOE
(apolipoprotein E) genotype (77)], history of previous head trauma, innate inflammatory
responsivity, neuropsychiatric co-morbidity, age and gender, and other factors with potential
to modulate susceptibility and pathological expression of blast-related neurotrauma and
sequelae. Furthermore, emerging evidence indicates that PTSD may represent an important
overlapping comorbidity with potential to synergistically affect both the incidence and the
severity of blast TBI and military deployment-related cognitive dysfunction (2, 7, 78-80).
Limitations of our animal experiments include use of adult male C57BL/6 wild-type mice
subjected to a single-blast exposure with post-exposure evaluation at time points only up to
1 month. Interpretation and generalizability of our animal experiments are further
constrained by inter-species differences, including the significantly greater deformability of
the murine skull, the relative instability of the murine cervical spine, and differential force
loading on the head and neck in mice and humans.
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Our results provide compelling evidence linking blast exposure to long-lasting brain injury.
Specifically, our study raises concern that blast exposure may increase risk for later
development of CTE and associated neurobehavioral sequelae. Indeed, the severity,
persistence, and possible progression of the neuropathological abnormalities and
neurophysiological deficits observed in our study indicate that blast exposure is a potent
insult with enduring pathogenic potential and functional significance. The availability of a
neuropathologically validated murine model with correspondence to human CTE is expected
to open new avenues for investigation of mechanisms, biomarkers, and risk factors relevant
to blast-related brain injury and facilitate development of urgently needed diagnostics,
therapeutics, and prophylactic measures for blast neurotrauma and its aftermath.

MATERIALS AND METHODS

Human subjects

The brain and spinal cord of 12 human subjects (male military veterans, ages 22 to 45 years,
mean 32.3 years, with histories of explosive blast and/or concussive injury 1 to 6 years
before death, 7= 4; male athletes with histories of repetitive concussive injury, including 3
amateur American football players and a professional wrestler, ages 17 to 27 years, mean
20.8 years, n=4; male normal controls, ages 18 to 24 years, mean 20.5 years, without
known blast exposure, trauma history, or neurological disease, 7= 4) were procured through
the Boston University Alzheimer’s Disease Center and Center for the Study of Traumatic
Encephalopathy at Boston University School of Medicine. Blast exposure, trauma history,
and neurological status at the time of death were determined through review of medical
records and interviews with next of kin. Ethical permission to conduct this investigation was
approved by Institutional Review Board at Boston University School of Medicine. The study
conforms to institutional regulatory guidelines and principles of human subject protection in
the Declaration of Helsinki.

Animal subjects

Adult wild-type C57BL/6 male mice (Charles River Laboratories) were group-housed at the
Laboratory Animal Science Center, Boston University School of Medicine. All animal
experiments used 2.5-month-old mice with 8 to 10 mice per group. Animal housing and
experimental use were conducted in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care guidelines, in compliance with the Animal
Welfare Act and other federal statutes and regulations relating to animals and experiments
involving animals, and adherence to principles in the National Research Council Guide for
the Care and Use of Laboratory Animals. All studies were approved by Institutional Animal
Care and Use Committees at Boston University School of Medicine and New York Medical
College.

Histopathological and electron microscopic analyses

Postmortem human brain and spinal cord were received as fresh tissue and as fixed tissue in
formalin after processing by medical examiners. Neuropathological analysis followed
established protocols at the Boston University Alzheimer’s Disease Center and included
comprehensive examination for all neurodegenerative conditions (81). Paraffin-embedded
sections from at least 15 brain regions were stained with Luxol fast blue, hematoxylin and
eosin, and Bielschowsky silver stain. Mice were euthanized by CO, asphyxiation and
transcardially perfused with phosphate-buffered saline (PBS). Whole brains were prefixed in
10% neutral buffered formalin, block-sectioned into 2-mm coronal slabs, postfixed in 4%
paraformaldehyde, paraffin-embedded, and serially sectioned at 10 pm. A battery of primary
detection antibodies (table S1) was used for immunohistopathological analyses. Ultra-
structural studies were conducted on fixed brain specimens embedded in Epon, sectioned at
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60 nm, stained with uranyl acetate or lead citrate, and examined with a Tecnai-G2 Spirit
BioTWIN electron microscope with an AMT 2K CCD camera.

Murine blast neurotrauma model system

A compressed gas-driven shock tube (fig. S3) was developed in collaboration with the
Fraunhofer Center for Manufacturing Innovation at Boston University (Brookline, MA) and
installed at the Neurotrauma Laboratory, Boston University School of Medicine. This
instrument was used to deliver highly reproducible blast waves (Fig. 2A, figs. S3 to S7, and
tables S2 and S3). Adult wild-type C57BL/6 male mice (2.5 months) were anesthetized with
ketamine (75 mg/kg, intraperitoneally), xylazine (4.3 mg/kg, intraperitoneally), and
buprenorphine (0.2 mg/kg, subcutaneously) and secured in the prone position in a thoracic-
protective restraint system inside the shock tube (fig. S3). The head and neck were free to
allow flexion, extension, and rotation of the cervical spine in the horizontal and sagittal
planes of motion to model conditions relevant to military blast exposure. Maximum burst
pressure compatible with 100% survival and no gross motor abnormalities was ascertained
empirically (table S2). Experimental blast parameters (incident static pressure, 77 = 2 kPag;
blast overpressure rise time, 38 + 3 us; compressive phase duration, 4.8 + 0.1 ms; shock
wave velocity, 1.26 + 0.04 Mach; calculated blast wind velocity, 150 m/s = 336 miles/hour;
table S2) closely approximate explosive blast produced by detonation of 5.8 kg of TNT
measured at a standoff distance of 5.5 m [ConWep analysis (44); table S3]. This blast
exposure is within the range of typical IED detonations and standoff distances associated
with military blast injury (45). Anesthetized mice were exposed to a single blast or sham
blast, removed from the apparatus, monitored until recovery of gross locomotor function,
and then transferred to their home cage.

Static and reflected FFP measurements

Assessment of static and reflected FFP was assessed by two piezoelectric pressure sensors
(model HM102A15, PCB Piezotronics) placed in the shock tube at the same axial distance
relative to the head of the animal subjects. A static pressure (side-on) sensor was flushed-
mounted inside the shock tube. A second transducer was positioned with the detector facing
into the shock tube in a reflected pressure (face-on) orientation. Pressure signals were
processed with a PCB signal conditioner (model 482C05, PCB Piezotronics) and recorded at
a frequency of 5 MHz with a digital oscilloscope (640Zi WaveRunner, LeCroy). Voltages
were converted to pressure with calibration data provided by the manufacturer and
processed with 2-kHz low-pass filtering.

ICP measurements

ICP measurements were conducted with a broad-bandwidth piezoelectric needle hydrophone
(NP10-3, DAPCO Industries) with a 0.6-mm-diameter element sheathed in a stainless steel
hypodermic needle. Pressure sensitivity was flat to within +3 dB for frequencies ranging
from 1 Hz to 170 kHz. The needle hydrophone was inserted into the hippocampus at —3.00
mm caudal to the bregma suture, +3.50 mm lateral to the sagittal suture, and +2.00 mm
ventral to the skull surface. For ICP measurements, the head was immobilized to prevent
displacement of the pressure sensor. Piezoelectric voltage signals were recorded by a digital
oscilloscope (640Zi WaveRunner, LeCroy) and converted to pressure units with calibration
data supplied by the manufacturer and processed with 20-kHz low-pass filtering. Post-
acquisition processing was performed with Matlab 2009 (MathWorks).

High-speed videographic kinematic analysis

High-speed videography was conducted with a FASTCAM SA5 camera (Photron USA Inc.;
courtesy of Tech Imaging) operated at 10-p.s frame capture rate. Videographic records were
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reassembled with open-source ImageJ software and processed in Matlab (MathWorks).
Angular position and motion of the head were assessed by tracking a reflective paint mark
on the snout, calculated by assuming a central pivot point between the scapulae (fig. S3B),
and processed with 500-Hz low-pass filtering (Fig. 2, D to G, fig. S3B, and video S1).

Hippocampal electrophysiology

Mice were decapitated under deep isoflurane anesthesia, and the brains were quickly
removed, hemisected, and sectioned with a Leica model VT 1200S vibratome at 350 pm.
Slices were fixed to a stage with cyanoacrylate adhesive and immersed in oxygenated
artificial cerebrospinal fluid (126 mM NaCl, 3 mM KCl, 1.25 mM NaH»POy, 1.3 mM
MgCl,, 2.5 mM CaCl,, 26 mM NaHCO3, 10 mM glucose, saturated with 95% O, and 5%
COy) at 32°C. Experimental drugs were bath applied in the perfusate at a rate of 3 ml/min.
Axonal conduction velocity was assessed with a recording electrode placed in CA1 stratum
alveus. Schaffer collateral-CA1 synaptic transmission and plasticity were assessed with a
recording electrode in the CA1 stratum radiatum.

Hippocampal-dependent learning and memory

Open-field testing (Med-Associates) was used to assess gross locomotor function,
exploratory activity, and thigmotaxis. Hippocampal-dependent learning acquisition and
memory retention were evaluated in the Barnes maze (82). Spatial learning was assisted by
visual cues in the environment that remained constant across test sessions. Movement was
tracked and recorded electronically (Stoelting). Latency to find the escape box, trajectory
velocity to the escape box, and total trajectory distance were assessed and recorded daily in
four sessions conducted over 4 days. Memory retrieval was electronically assessed by
recording the number of nose pokes in blank holes as a percentage of total nose pokes
recorded 24 hours after completion of the learning protocol.

Quantitative assessment of phosphorylated and total tau protein

Quantitative immunoblot analysis was conducted with left and right hemisected brains
obtained from PBS-perfused mice 2 weeks after exposure to a single blast (7= 6 mice) or
sham blast (n7=6 mice). Snap-frozen hemisected brain specimens were thawed, resuspended
in 0.7 ml of protease-phosphatase inhibitor buffer, and homogenized as previously described
(83). Protein concentrations were normalized and equal sample volumes were subjected to
standard polyacrylamide gel electrophoresis in duplicate. Immunoblot detection used
monoclonal antibody AT270 (Innogenetics) directed against tau protein phosphorylated at
Thrl81 (pT181) monoclonal antibody CP-13 (P. Davies, Albert Einstein College of
Medicine) directed against tau protein phosphorylated at Ser292 (pS202) and Thr293, or
monoclonal antibody Tau 5 (L. Binder, Northwestern University Medical School) directed
against phosphorylation-independent tau protein. Triplicate densitometry measurements
were analyzed with open-source ImageJ software. A commercial ELISA kit was used to
quantitate murine-specific tau protein phosphorylated at Serl9 (Invitrogen). Frozen brain
samples were homogenized in eight volumes of 5 M guanidine-HCI and 50 mM tris (pH 8)
followed by five passes in a glass Teflon homogenizer. Homogenates were mixed for 3
hours, diluted into PBS containing protease inhibitors, and centrifuged for 20 min at
16,000¢. Supernatants were diluted and assayed in quadruplicate according to the
manufacturer’s instructions.

Statistical analyses

Comparisons of axonal conduction velocity and LTP magnitude were conducted with
repeated-measures multifactorial ANOVA with Bonferroni-Dunn post hoc correction.
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Longitudinal neurobehavioral data were analyzed by repeated-measures ANOVA. Memory
retrieval was evaluated by ANOVA. Statistical significance was preset at £< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

CTE neuropathology in postmortem brains from military veterans with blast exposure and/or
concussive injury and young athletes with repetitive concussive injury. (A and E) Case 1,
phosphorylated tau (CP-13) neuropathology with perivascular neurofibrillary degeneration
in the frontal cortex of a 45-year-old male military veteran with a history of single close-
range blast exposure 2 years before death and a remote history of concussion. Whole-mount
section. Scale bar (E), 100 um. (B and F) Case 2, phosphorylated tau (CP-13)
neuropathology with perivascular neurofibrillary degeneration in the frontal cortex of a 34-
year-old male military veteran with history of two blast exposures 1 and 6 years before death
and without a history of concussion. Whole-mount section. Scale bar (F), 100 wm. (C and
G) Case 6, phosphorylated tau (CP-13) neuropathology with perivascular neurofibrillary
degeneration in the frontal cortex of an 18-year-old male amateur American football player
with a history of repetitive concussive injury. Whole-mount section. Scale bar (G), 100 wm.
(D and H) Case 7, phosphorylated tau (CP-13) neuropathology with perivascular
neurofibrillary degeneration in the frontal cortex of a 21-year-old male amateur American
football player with a history of repetitive subconcussive injury. Whole-mount section. Scale
bar (H), 100 m. (1) Case 1, phosphorylated tau (CP-13) immunostaining in the parietal
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cortex revealed a string of perivascular foci demonstrating intense immunoreactivity (areas
enclosed by hash lines). Whole-mount section. (J) Case 1, phosphorylated neurofilament
(SMI-34) immunostaining in adjacent parietal cortex section demonstrating colocalization of
multifocal axonal swellings and axonal retraction bulbs surrounding small blood vessels
(black circles) relative to perivascular tau foci (areas enclosed by hash lines). Whole-mount
section. (K) Case 1, human leukocyte antigen—-DR (HLA-DR) (LN3) immunostaining in
adjacent parietal cortex section demonstrating colocalization of microglial clusters (black
circles) relative to perivascular tau foci (areas enclosed by hash lines). Whole-mount
section. (L) Case 1, high-magnification micrograph of phosphorylated tau (CP-13)
immunostaining in the parietal cortex demonstrating string of perivascular phosphorylated
tau foci. Whole-mount section. (M) Case 1, phosphorylated tau (PHF-1, brown) and
phosphorylated neurofilament (SMI-34, red) double immunostaining in parietal cortex
demonstrating axonal swellings and a retraction bulb (arrow) in continuity with
phosphorylated tau neuritic abnormalities. Whole-mount section. Scale bar, 200 pm. (N)
Case 1, phosphorylated neurofilament (SMI-34) immunostaining showing diffuse axonal
degeneration and multifocal irregular axonal swellings in subcortical white matter subjacent
to cortical tau pathology. Whole-mount section. (O) Case 1, phosphorylated neurofilament
(SM1I-34) immunostaining demonstrating perivascular axonal pathology and axonal
retraction bulbs near a small cortical blood vessel. Whole-mount section. (P) Case 1,
activated microglia (LN3) immunostaining showing a large microglial nodule in the
subcortical white matter subjacent to cortical tau pathology. LN3 immunostaining was not
observed in brain areas devoid of tau pathology. Whole-mount section. Scale bar, 100 pm.
(Q) Case 2, phosphorylated tau (CP-13) immunostaining showing diffuse neuronal tau
pathology (pre-tangles) in the hippocampal CAL field. Whole-mount section. (R) Case 2,
phosphorylated tau (CP-13) pathology in temporal cortex. Whole-mount section. (S) Case 1,
phosphorylated tau (AT8) immunostaining showing diffuse neuronal tau pathology (pre-
tangles) in the hippocampal CA1 field. Whole-mount section. (T) Case 1, phosphorylation-
independent total tau (Tau-46) immunostaining in the frontal cortex. Whole-mount section.
(U) Case 3, phosphorylated tau (CP-13) immunostained axonal varicosities in the external
capsule of a 22-year-old male military veteran with a history of a single close-range IED
blast exposure and remote history of concussions. Whole-mount section. (V to X) Case 3,
SMI-34 immunostained axonal varicosities and retraction bulbs in the thalamic fasiculus and
external capsule. Whole-mount sections.
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Fig. 2.

Free-field pressure (FFP) and intracranial pressure (ICP) dynamics and head kinematics
during single-blast exposure in a blast neurotrauma mouse model. (A) Measured incident
static blast pressure (blue line) and blast impulse (red line) are compared to equivalent
explosive blast waveform expected from 5.8 kg of TNT at a standoff distance of 5.5 m
(black line) calculated according to software analysis using ConWep (44). The positive
phase terminates at 4.8 ms (. = 4.8 ms; black hash line). Blast characteristics and waveform
structure are comparable to a typical IED fabricated from a 120-mm artillery round (4.53 kg
of TNT equivalent charge weight). The measured blast waveform and equivalent TNT blast
waveform are in close agreement with a leading shock wavefront followed by a smooth
decay. Note that ConWep presents an idealized blast resulting from an above-ground
spherical charge and does not model negative-phase pressure transients or modulating
factors commonly encountered in military blast scenarios. Reflecting surfaces, bounding
structures (for example, crew compartments in armored vehicles, rooms within buildings,
walled streets, and alleyways), local geometry, device and deployment characteristics (for
example, encapsulation, internal reflectors, and open versus buried deployment), ambient
environmental conditions, and other factors strongly influence blast pressure amplitude
(positive and negative), phase duration, impulse history, waveform structure, and target
interactions (30, 84-86). (B and C) ICP waveform and impulse profile in the brain of an
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intact living mouse (B) and isolated mouse head severed at the cervical spine (C) subjected
to the same blast conditions as in (A). Blast waveforms recorded in the brains of living mice
(B) and isolated heads (C) were similar in amplitude to each other and to the measured free-
field static pressure. Small differences in the ICP signal waveforms were within the
expected range given differences in frequency-dependent transducer response characteristics
and experimental preparations. (D) Kinetographic representation of projected Cartesian
motion of a representative mouse head during blast exposure as determined by high-speed
videography acquired at 100,000 frames per second. Cartesian motion of the head was
calculated by tracking a reflective paint mark on the snout. Labeled time points identify
corresponding time points in (A) and (E) to (G). (E to G) Relative position (E), angular
velocity (F), and angular acceleration (G) of the mouse head referenced to the horizontal
(blue) and sagittal (red) planes of motion as determined by analysis of high-speed
videographic records obtained during blast exposure. Head acceleration was most significant
during the positive phase of the blast shock wave.
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Fig. 3.

Single-blast exposure induces CTE-like neuropathology in wild-type C57BL/6 mice. (A to
F) Absence of macroscopic tissue damage (contusion, necrosis, hematoma, or hemorrhage)
1 day (A to C) or 2 weeks (D to F) after exposure to a single blast. Experimental blast
conditions were compatible with 100% survival and full recovery of gross locomotor
function. (G) Normal astrocytic glial fibrillary acidic protein (GFAP) immunoreactivity in a
mouse brain 2 weeks after exposure to sham blast. Whole-mount sections. (H) Increased
astrocytic GFAP immunoreactivity in the ipsilateral cortex (area enclosed by white hash
line), bilateral thalamus (white asterisks), and bilateral hypothalamus (black asterisks) 2
weeks after single-blast exposure. Parenchymal atrophy with ventricular dilation was also
observed (white arrowhead). Whole-mount sections. (I) Background phosphorylated tau
(CP-13) immunostaining in superficial layers of the cerebral cortex 2 weeks after exposure
to sham blast. (J) Phosphorylated tau (CP-13) immunostaining in superficial layers of the
cerebral cortex 2 weeks after exposure to a single blast. Increased accumulation of
phosphorylated tau in the brains of blast-exposed mice was confirmed by quantitative
immunoblot analysis (Fig. 5). (K and P) Background phosphorylated neurofilament
(SMI-31) immunostaining in the hippocampus 2 weeks after exposure to sham blast
demonstrating normal-appearing CA1 pyramidal neurons with no detectable axonal
pathology. (L and Q) Increased phosphorylated neurofilament (SMI-31) immunostaining in
the hippocampus 2 weeks after exposure to single blast demonstrating pyknotic CA1
pyramidal neurons with nuclear smudging and injured axons with beaded, irregular
swellings [arrowhead, (Q); enlargement shown in inset]. (M and R) Faint total tau (Tau-46)
immunoreactivity in the soma and processes of pyramidal neurons in the hippocampal CAl
field 2 weeks after exposure to sham blast. (N and S) Increased total tau (Tau-46)
immunoreactivity in the soma and processes of pyramidal neurons [arrowheads, (S)] in the
hippocampal CAL1 field 2 weeks after exposure to single blast. Biochemical abnormalities in
total tau expression in the brains of blast-exposed mice were confirmed by quantitative
immunoblot analysis (Fig. 5). (O) Faint activated microglial [ Ricinus communis agglutinin
(RCA)] immunoreactivity in the cerebellum 2 weeks after exposure to sham blast. (T)
Increased activated microglial RCA immunoreactivity in the cerebellum indicative of brisk
microgliosis [arrowheads, (T)] 2 weeks after exposure to single blast.
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Fig. 4.

Single-blast exposure induces hippocampal ultrastructural pathology in wild-type C57BL/6
mice. (A to G) Normal histology and ultrastructure in the hippocampal CA1 field 2 weeks
after sham-blast exposure. (A) Tolui-dine blue—stained semithick section of the hippocampal
CAL1 field after sham blast. The CA1 field exhibits normal histological structure with a
densely compacted layer of intact pyramidal neurons in the stratum pyramidale (pyr) and
profuse dendritic profiles (black arrowheads) in the stratum radiatum (rad). (B to G)
Electron micrographs of adjacent ultrathin sections demonstrating normal neuronal, axonal,
and perivascular ultrastructure in the hippocampal CA1 field 2 weeks after sham-blast
exposure. (B) CAL pyramidal neurons in proximity to a capillary (asterisk) and endothelial
cell. Scale bar, 10 um. (C) Hippocampal CAL1 field with normal stratum pyramidale (above
white hash line) and stratum radiatum (below white hash line). Numerous dendrites are
evident in the stratum radiatum. Scale bar, 10 um. (D) Axon field in the stratum alveus
demonstrating normal neuropil ultrastructure. Scale bar, 500 nm. (E) Capillary (asterisk)
with endothelial cell nucleus (e) in a field of myelinated axons demonstrating normal
ultrastructure in the stratum alveus. Scale bar, 500 nm. (F) Pyramidal neurons with normal
ultrastructure in the hippocampal CAL field. Scale bar, 2 um. (G) Myelinated axons in
transverse section in proximity to a capillary (asterisk) and endothelial cell (e). Scale bar,
500 nm. (H to N) Histological and ultrastructural pathology in the hippocampal CAL1 field 2
weeks after single-blast exposure. (H) Toluidine blue-stained semithick section of
hippocampus. Clusters of chromatolytic and pyknotic neurons (asterisks) are evident
throughout the stratum pyramidale (pyr). Note the marked paucity of dendrites in the
stratum radiatum (rad). A tortuous axon (white arrowhead) is present at the boundary
between the stratum pyramidale and the stratum oriens. (I to N) Electron micrographs of
adjacent ultrathin cryosections demonstrating widespread ultrastructural pathology in the
hippocampal CAL field 2 weeks after single-blast exposure. (1) Hydropic perivascular
astrocytic end-feet (ag) surround an abnormal capillary (asterisk) and endothelial cell (e).
The astrocytic end-feet are grossly distended and edematous. Numerous vacuoles are
scattered throughout the pale cytoplasm. The capillary exhibits an abnormal shape and
grossly thickened, tortuous basal lamina (white arrow). A pericyte (p) and numerous
electron-dense inclusion bodies are also present. Scale bar, 2 um. (J) Degenerating
pyramidal neurons (ny) in proximity to a capillary (asterisk), endothelial cell (e), and
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swollen, hydropic processes of a perivascular astrocyte in the stratum pyramidale. A
neighboring pyramidal neuron (n) appears normal. Scale bar, 2 um. An enlarged field of
this same region is shown in fig. S20. (K) Degenerating myelinated nerve fiber (black star)
in the stratum alveus. Scale bar, 500 nm. (L) Swollen, hydropic perivascular astrocyte end-
feet (ae) surrounding a dysmorphic capillary (asterisk) in the hippocampal CA1 field. Note
the abnormal endothelial cell (e) with irregularly shaped nucleus and nearby perivascular
pericyte (p). The capillary basal lamina (white arrow) is grossly thickened. Lipofuscin
granules (white star) are present in an adjacent process. Scale bar, 500 nm. A micrographic
montage (fig. S11; corresponding high-magnification micrographs, fig. S12) of this same
region reveals the soma and communicating processes of this perivascular astrocyte. (M)
Degenerating CAL1 pyramidal neuron (ny) in the stratum pyramidale of the hippocampal
CAL field. The electron-dense cytoplasm and condensed nucleus of this “dark neuron”
correspond to the pyknotic neurons observed in toluidine blue—stained semithick sections
(Fig. 4H). A neighboring neuron (ny) appears normal. Scale bar, 2 um. (N) Presumptive
autophagic vacuoles (v1, V) in a perivascular astrocyte in the hippocampal CA1 field. Scale
bar, 500 nm.
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Fig. 5.

Single-blast exposure induces increased brain tau protein phosphorylation in wild-type
C57BL/6 mice. (A and B) Immunoblots of brain extracts from the left and right hemispheres
of mice probed with monoclonal antibody CP-13 directed against phosphorylated tau protein
(pS202/pT205) 2 weeks after exposure to sham blast (lanes 1 to 4) or single blast (lanes 5 to
8). Note the single broad band that migrated with an apparent molecular mass of 53 kD
(arrows) in brains from mice in both groups. (C and D) Immunoblots of brain extracts from
the left and right hemispheres of mice probed with monoclonal antibody AT270 directed
against phosphorylated tau protein (pT81) using the same homogenates as in (A) and (B).
(E and F) Immunoblots of brain extracts from the left and right hemispheres of mice probed
with monoclonal antibody Tau 5 directed against total tau protein using the same
homogenates as in (A) to (D). Unlike the results shown in the preceding panels, Tau 5
immunoblots revealed an apparent blast-related alteration in tau protein isoform distribution.
(G) Densitometric quantitation of CP-13 phosphorylated tau protein (pS292/pT205)
immunolabel in brain homogenates from mice exposed to single blast or sham blast 2 weeks
before euthanizing. Mean values + SEM in arbitrary densitometric units (a.u.). £<0.005,
two-tailed Student’s ftest. (H) Densitometric quantitation of CP-13 phosphorylated tau
protein (pS292/pT295) immunolabel in brain homogenates as a proportion of total tau protein
(Tau 5) in brain homogenates from mice exposed to single blast or sham blast 2 weeks
before euthanizing. Mean values + SEM in arbitrary densitometric units. £< 0.05, two-
tailed Student’s ztest. (1) Densitometric quantitation of AT270 phosphorylated tau protein
(pT18Ly immunolabel in brain homogenates from mice exposed to single blast or sham blast
2 weeks before euthanizing. Mean values £ SEM in arbitrary densitometric units. £< 0.001,
two-tailed Student’s ttest. (J) Densitometric quantitation of AT270 phosphorylated tau
protein (pT181) immunolabel in brain homogenates as a proportion of total tau protein (Tau
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5) in brain homogenates from mice exposed to single blast or sham blast 2 weeks before

euthanizing. Mean values + SEM in arbitrary densitometric units. £< 0.001, two-tailed
Student’s #test.
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Fig. 6.

Single-blast exposure induces persistent impairments in axonal conduction velocity and LTP
of synaptic transmission in wild-type C57BL/6 mice. (A) Conduction velocity
measurements of first peak compound action potential delay as a function of distance
between recording electrodes in CA1 pyramidal cell axons in the stratum alveus of
hippocampal slices from mice exposed to single blast (red circles, 7= 13) compared to sham
blast (black circles, 7= 11). Mean = SEM for each group. (B) Representative stimulus-
evoked compound action potentials at proximal and distal recording sites (solid and hash
lines, respectively) in hippocampal slices from mice exposed to single blast (red) and sham
blast (black). Arrows indicate peak negativities used to calculate conduction velocity. (C)
Time course of LTP at Schaffer collateral-CA1 synapses evoked by TBS in hippocampal
slices from mice exposed to single blast (red circles, 7= 17) compared to sham blast (black
circles, n=11). Each point mean + SEM fEPSP slope of nslices. (D) Time course of LTP at
Schaffer collateral-CA1 synapses evoked by bath application of the adenylate cyclase
stimulant forskolin (50 M) plus the type Il phosphodiesterase inhibitor rolipram (10 wM;
bar, FOR+ROL) in hippocampal slices from mice exposed to single blast (red circles, n=
27) compared to sham blast (black circles, 7= 19). Each point mean + SEM fEPSP slope of
nslices. (E) Time course of LTP at Schaffer collateral-CA1 synapses evoked by TBS in
hippocampal slices from mice 2 weeks (blue squares, 7= 10) and 4 weeks after exposure to
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single blast (red circles, n=7) compared to each other and to sham blast (black circles, n=
11). Each point mean + SEM fEPSP slope of nslices. (F) Time course of long-lasting
potentiation at Schaffer collateral-CA1 synapses evoked by bath application of the
adenylate cyclase stimulant forskolin (50 wM) plus the type 11 phosphodiesterase inhibitor
rolipram (10 wM; bar, FOR+ROL) in hippocampal slices from mice 2 weeks (squares, /7=
12) and 4 weeks after exposure to single blast (red circles, 7= 15) compared to each other
and to sham blast (black circles, 7= 19). Each point mean + SEM fEPSP slope of nslices.
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Fig. 7.

Single-blast exposure in wild-type C57BL/6 mice induces persistent hippocampal-dependent
learning and memory deficits that are prevented by head fixation (immobilization) during
blast exposure. (A to C) Open-field testing showed no effect of blast exposure on gross
locomotor function, explorative activity, or thigmotaxis as measured by total distance
traveled (A), mean velocity (B), and number of central zone entries (C), respectively, in
mice exposed to single blast (red bars, single blast, head free, 7= 10; blue bars, single blast,
head fixed, 7= 10) or sham blast (black bars, sham blast, 7= 20). (D to F) Barnes maze
testing demonstrated significant impairments in hippocampal-dependent spatial learning
acquisition measured by decreasing latency to find the escape box across 4 days of training
(D) (two-way ANOVA, P=0.020) and long-term memory assessed by escape box location
recall assessed 24 hours after the last training session (E) (**/~ = 0.004, Student’s ztest).
Mice exposed to single blast (red squares, single blast, head free, 7= 10) are compared to
pooled sham-blast control mice (circles, sham blast, 7= 20). Fixation (immobilization) of
the head during blast exposure (blue squares, single blast, head fixed, 7= 10) reversed blast-
induced learning and memory deficits. Arrowhead in (E) represents 5% level predicted by
chance selection of the escape box from among the 20-hole choices. (F) Representative
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Barnes maze tracks obtained on trials 1, 8, and 16 for mice exposed to a single blast (bottom
row) compared to sham blast (top row).
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