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ABSTRACT

Neurological manifestations of blast-induced Post Traumatic Stress Disorder (PTSD) extend long after the
initial injury indicating lasting changes in brain function. In this study, we characterized brain injury,
changes in neurogenesis and oligodendrogenesis in an adult murine blast model following a short (5 days)
and long (21 days) post-blast recovery. Acoustic blasts led to an initial, activation of microglia and
astrogliosis and a widespread cortical and subcortical apoptosis. The loss of myelinated cortical axons at 5
days was followed by the reappearance of abnormal misdirected fibers at 21 days. At 21 days post-blast, we
observed increases in doublecortin-positive (DCX*) neuroblasts in the subventricular zone (SVZ) and
hippocampal subgranular zone (SGZ) indicating increased neurogenesis. No changes in DCX* cells were
found in the brain cortex. In the cortex, the early disappearance of myelinated neuronal fibers was
accompanied by a loss of O4* oligodendrocytes and their Ki67-expreasing (Ki67+*) oligodendrocyte
precursor cells (OPC). However, at 5 days we observed a robust appearance of cells expressing Olig2 (02%),
an early determinant of oligodendrocyte lineage. At 21 days post-blast, the population of OPC increased
and the mature O4* oligodendrocytes were restored to control levels. In contrast, in the SVZ and SGZ, O4*
cells were not affected by the blast suggesting a local cortical origin for cortical oligodendrogenesis. These
results suggest that blast-induced activation of SVZ and SGZ neurogenesis and cortical oligodendrogenesis
could have long-lasting impact on brain function including memory disorders observed in both animal
models and human’s PTSD.

© 2020 M.K. Stachowiak & E.K. Stachowiak. Hosting by Science Repository.

Introduction

of the injuries have emerged among survivors. The use of improvised
explosive devices (IEDs) such as roadside bombs have dramatically
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in warfare. While improvements in protective armor and post-trauma dangerous is their unpredictability and the large number of soldiers and
care have increased the survival of soldiers in the battlefield, new types civilians affected. The trauma from IEDs is multifactorial, including
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shockwave-induced haemorrhage, damage to internal organs, injuries
caused by projectiles, and rapid acceleration/deceleration of the body.
Among the most serious and long-lasting injuries is blast-induced
traumatic brain injury (bTBI) [3].

According to the Defense and Veteran Brain Injury Center, from 2000-
2018 there have been 383,947 US service members diagnosed with TBI
[4]. TBI is characterized by an acute loss of consciousness typically for
more than 30 minutes, followed by a confused or disoriented state that
lasts less than 24 hours, and/or an initial memory loss lasting less than
24 hours [5-7]. Because of the proliferation of IED, bTBI has been
referred to as the signature injury of recent military conflicts in the
Middle East [8]. A bTBI can be divided into four biomechanically
distinct phases. The primary phase results from physical forces
emanating from the explosive with rapid transmission of the pressure
wave through brain tissue and its vasculature. The secondary phase
typically results from projectiles penetrating the head. The tertiary phase
results from head contact/acceleration forces when the body is displaced
by the massive blast pressure wave. The quaternary phase incorporates
haemorrhagic shock, and chemical or thermal burns [9-13]. The vast
majority of bTBI occurs in the first three phases.

In a study conducted on postmortem brains subjected to blast waves,
simulations showed significant shear and dilatational energies develop
in the brain within 4-5 milliseconds after blast wave exposure. These
changes were not randomly distributed, but developed in specific
locations such as frontal lobes, upper brain stem, and internal capsule
[14]. Both the direct shock wave and the indirect transfer of the shock
wave through blood vessels damaged the brain tissue and caused
neurological impairments [15, 16]. Blast waves initiate a cascade of
cellular pathological processes, which damage the microvasculature and
blood-brain barrier [17, 18]. Breakdown of the blood-brain barrier leads
to brain edema, which increases intracranial pressure, impairs cerebral
oxygenation and causes neuro-inflammation [19, 20].

Goldstein et al. (2012) performed post-mortem analysis of the brains of
four military veterans who had a history of blast exposure. All brains
showed tau pathology in several cortical regions accompanied by axon
dystrophy and degeneration as well as clusters of activated microglia
[21]. The same research team employed a mouse model of TBI in which
they observed similar signs such as neuro-inflammation in cortex,
hippocampus, cerebellum, brainstem and corticospinal tract,
phosphorylated tau neuropathology in superficial cortical layers and
hippocampus, neurodegeneration in the hippocampus, activated
perivascular microglia throughout the brain, and loss of cerebellar
Purkinje cells [21]. Arun et al. (2013) studied mitochondrial energy
metabolism both in vivo in a mouse bTBI model and in a human
neuroblastoma culture subjected to a single or three blast waves. Single
or multiple blasts decreased neuronal ATP levels 6 hours post-blast,
indicating a severe acute neuronal mitochondrial dysfunction. The
decrease in ATP correlated with the reduced expression of GOT2-
encoded mitochondrial aspartate aminotransferase, which in neurons
plays an important role in metabolism and energy production [22]. These
mitochondrial changes have also been observed in the rat hippocampus
suggesting that that the neurodegenerative process was a consequence of
oxidative stress and mitochondrial dysfunction [23].
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In a mouse TBI study, blood-borne macrophages entered brain through
the damaged blood-brain barrier accompanied by an activation of the
endogenous microglia [24]. These immune cells accumulated at the site
of injury where they phagocytosed cellular debris and foreign bodies and
took part in the inflammation, promoting and directing tissue repair and
maintaining homeostasis [24]. Activated microglia on the other hand
release cytotoxic and pro-inflammatory cytokines, interferon gamma
(IFNy) or tumor necrosis factor (TNFa), which promotes the death of
proliferating  oligodendrocyte  precursor cells and  mature
oligodendrocytes, respectively [25, 26]. Trauma-induced reactive
astrocytes are known to impair the long-term recovery, repair of white
matter and remyelination. Reactive astrocytes secrete TNFf and
interleukinf that inhibit regrowth of axons thereby impeding the
migration of OPC and promoting the death of oligodendrocytes [27, 28].
Currently, it is unknown whether bTBI disrupts neuronal or
oligodendrocyte progenitor cells leading to impaired regeneration or
maladaptive plasticity. In adult brain, stem/progenitor cells reside
mainly within two niches, the subcortical sub-ventricular zone (SVZ)
and hippocampal sub-granular zone (SGZ). The SVZ brain
stem/progenitor cells can give rise to neuronal or glial cell types that
migrate to the cortex while the SGZ repopulate the hippocampal dental

gyrus.

The SVZ, which lies along the walls of the lateral ventricle, is the largest
germinal zone in the adult mammalian brain [29]. The neural
stem/progenitor cells in the SVZ form at least four different cell types
defined by their morphology, ultrastructure, and molecular markers [30].
The cellular characteristics and locations of two of these cells, type-B
and type-C cells, suggest that one or both of these could be involved in
generating new neurons and oligodendrocytes. Type B cells become the
primary precursors of new neurons, although, they are also capable of
generating small numbers of nonmyelinating NG2* OPCs and mature
myelinating oligodendrocytes [30-33]. Type-A neuroblasts have been
shown to migrate anteriorly from the SVZ via the rostral migratory
stream toward the olfactory bulb (OB), where they differentiate into
local interneurons [34-38]. These cells may also migrate to the cerebral
cortex following brain injury and reactivate developmental neurogenic
Integrative Nuclear FGFRL1 Signaling mechanism [39]. A small fraction
of type-C cells generates OPCs, which migrate radially out of the SVZ
into the overlying white matter and cortex [32, 33, 40].

Neurogenesis in the hippocampal SGZ has been linked to the formation
of memory. As many as 250,000 new neurons are incorporated into the
rodent dentate gyrus every month or 6% of its total cell number [41]. The
SGZ also has a heterogeneous population of stem/progenitor cells. Type
1 cells, multipotent largely quiescent stem cells, resides in the
hippocampus [42]. Type 1 cells, also referred to as radial astrocytes,
type-1 progenitors or radial glia-like cells, generate new dentate granule
neurons via IPC; and IPC, (also known as type 2a and 2b cells
respectively) [41-46].

Through asymmetric divisions, radial astrocytes replenish themselves
and generate the amplifying neural progenitors (ANPSs) that produce the
D cells, the intermediate precursors of new granule neurons [42, 47].
These D cells express the polysialylated form of the neural cell adhesion
molecule (PSA-NCAM) as well as DCX associated with the neuroblast
phenotype that migrate and differentiate into neurons [41, 48, 49].
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Exposure to stress and glucocorticoids (GC) can redirect the cell fate of
differentiating neural progenitor cells toward oligodendrogenesis in the
dentate gyrus of the adult rat rodent hippocampus [50]. Similar to
neurogenesis, the generation of OPCs from neural stem/progenitor cells
continues throughout adulthood. In the subcortical SVZ and in the
hippocampal SGZ, anatomically different populations of stem cells
retain the capacity to generate neurons, astrocytes and oligodendrocytes
[51]. In this experimental study aimed at inducing significant changes,
we show that exposure to six intense blast-waves affects the generation
of neuronal lineage cells as well as oligodendrocyte development.

Materials and Methods
I Animals

The University at Buffalo Institutional Animal Care and Use Committee
as outlined in HER05080Y and PTH10081Y protocols approved all
animal procedures. Twenty-two adult, 3-4 months old, male C57BL/6J
mice (Jackson Laboratory) used in the study were housed in the
University at Buffalo Laboratory Animal Facility under standard
conditions. Mice were randomly assigned to four groups: short-term
control, short-term blast, long-term control or long-term blast.

11 Blast-Wave Exposure

All mice were anaesthetized using ketamine (100 mg/kg) and xylazine
(10 mg/kg). Animals in the blast groups were exposed to six blast waves
with a peak intensity of approximately 185-peak dB SPL using
equipment and procedures described in detail in our previous publication
[52]. The blasts were presented once every five minutes. Six blasts were
used in this experimental study in order to reduce between subject
variability and enhance the likelihood of identify well-defined brain
changes. Each anaesthetized mouse was exposed individually in an
acoustically transparent wire-mesh cage (4 cm L, 2.5 cm W, 3 cm H)
located approximately 2.5 cm in front of the mouth of the blast tube exit
port. The head of the mouse faced towards the exit ports at 0° azimuth.
The intensity of the blast was measured with a high-pressure sensor
(137a23ICP Pressure Sensor, PCB Piezotronics). The non-blast control
groups underwent the same treatment, but without the blast.

After the blast or non-blast procedure, mice were given carprofen (5
mg/kg) and following recovery from anaesthesia, the mice were
transported back to their housing cages. In experiment 1, short-term
recovery, the mice were heart-perfused, and the brains harvested 5 days
after the blast or non-blast procedure. In experiment 2, long-term
recovery, mice were heart-perfused, and the brains harvested 21 days
after the blast or non-blast procedure.

111 Tissue Preparation

Mice were anaesthetized by an intraperitoneal injection of
ketamine/xylazine and sacrificed by transcardial perfusion with 4%
paraformaldehyde. The brains were dissected and placed in 4%
paraformaldehyde for 2 hours. The brains were cryopreserved by placing
them into a sucrose solution of increasing concentrations (day 1 - 7.5%
sucrose, day 2 - 15% sucrose, day 3 - 30% sucrose). Upon achieving
density equilibrium, the brain was washed in 1X phosphate buffered
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saline (PBS), and the cerebellum was dissected. The tissue was then
frozen in liquid nitrogen and stored at -80 °C until sectioning.

Brains were sectioned on a cryostat (Microm HM 505 N) in the coronal
plane at 40 pm thickness. The start and end points for each region of
interest (ROI) in the study was determined using the Paxinos Mouse
Atlas: for SVZ (bregma +1.18 mm - bregma -0.22 mm), SGZ (bregma -
0.94 mm - bregma - 4.16 mm) and cortex (bregma +1.18 mm - bregma -
0.22 mm). All sections were serially transferred into 48-well plates
containing a mixture of anti-freezing solution in accordance to IHC
World protocol. The prepared material yielded approximately 30
sections per ROI (SVZ, SGZ, and Cortex). The first tissue was selected
at bregma 1.10 mm for both SVZ and Cortex; the first tissue was selected
at bregma - 1.06 mm for SGZ. Thereafter every sixth section was
selected for immunostaining with five sections per ROI (Cortex, SVZ,
and SGZ).

IV Immunostaining

Sections were rehydrated in PBS for 10 minutes, post-fixed with 4%
paraformaldehyde for 10 minutes than washed twice in 1X PBS (20
minutes) and permeabilized with 0.5% Triton-X-100 (15 minutes).
Sections were blocked with protein block (BioGenex) (1 hour at room
temperature) and then incubated overnight at 4 °C with primary antibody
of choice (Table 1) diluted in Antibody Diluent (IHC World cat # IW-
1000). Subsequently, the sections were incubated for 2 hours at room
temperature with secondary antibody also diluted in Antibody Diluent
(IHC World). For double staining, secondary staining followed
immediately after the primary staining according to the mentioned
above. Slides were cover-slipped with Fluoromount Il with DAPI (Cat.
# 17985-50, Electron Microscopy Sciences) for nuclei visualization.

Table 1: Primary antibody reagents and dilutions used.

I R

Doublecortin (DCX) Guinea pig 1:1000 Millipore
neuroblast marker

Ki67 Rabbit 1:500 Abcam
Microglia Rabbit 1:5000 Wako Chemicals USA
MAG1 Mouse 1:100 Millipore
MBP Rabbit 1:1000 Abcam
Neurons (mature) Rabbit 1:500 Abcam
Oligodendrocyte Rabbit 1:250 Neuromics
Marker 04
Apoptotic marker Rabbit 1:150 Thermofisher

The primary antibodies used were guinea pig anti-DCX (AB2253,
Millipore), rabbit anti-Ki67 (ab15580, Abcam), rabbit anti-microglia
(NCNP24, Wako Chemicals USA), mouse anti-MAG1 (MAB1567,
Millipore), rabbit anti-MBP (ab40390, Abcam), rabbit anti-Pan NeuN
(ab104225, Abcam), rabbit anti-O4 (M0O15002, Neuromics), rabbit anti-
caspase3/7 (Aspl75, Thermo Fisher). The following secondary
antibodies were used: goat anti-guinea pig 1gG H&L Cy5.5 (ab6967,
Abcam), Alexa Fluor® 568 goat anti-rabbit 1gG (A11011, Life
Technologies-Molecular  Probes), anti-MAG clone 513 directly
conjugated to Alexa Fluor® 488, Alexa Fluor® goat pAb to mouse IgM
(ab150121, Abcam).
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V Image Analysis

Non-stereological imaging was performed using a Zeiss Axio Imager
upright fluorescence microscope equipped with Zen Blue 2.3 software.
Stereological analysis was performed in the Stereology Laboratory of
the Western NY Stem Cell Culture and Analysis Center using an
Olympus BX61 fully automated microscope equipped with a UIS2
optical system. Analyses were performed using newCAST software
(Visiopharm, Denmark). Regions of interests (ROI) were outlined or
masked using the Paxinos mouse brain atlas as a reference. A subset of
ROI was then sampled using Optical Fractionator. Regions were
randomly sampled at equidistant fields of vision (FOV). The areas
sampled, (depending on density per area of events), were as follows:
55% of SVZ, 45% of SGZ and 25% of the cortex.

The FOVs were viewed at a set area-sampling fraction (ASF) of the
masks using newCAST sampling software at 60X magnification for all
areas. FOVs consisted of stacks of images taken through the z-axis of
the ROI at a set interval (step size) of 2 micrometers for all areas. Care
was taken to ensure that the entire depth of the section was imaged. The
emission wavelength was set in the following order while digitizing the
tissues — 603 nm, 530 nm, and 461 nm. Estimates per animal group were
analysed for statistically significant differences. Statistical analysis was
performed using SPSS (IBM and GraphPad Prism) software. Control
and blast results were compared in short-term and in long-term
experiments using unpaired t-test. Differences were considered
significant with p < 0.05.

Total Number of cells counted

Average number cells per field

Average total spread of processes-

of counted events

Results
| Blast Induced Activation of Microglia and Astroglia

To determine whether the blast wave exposure affected microglia, the
brain tissue was stained for the allograft inflammatory factor 1, also
known as ionized calcium-binding adapter molecule 1 (IBA1), which
labels activated microglial cells. In cortical regions of control brain
sections, we observed the presence of small cells with short processes
weakly immunolabeled by the IBA1 antibody. A representative image
from a control mouse is shown in (Figure 1A, left panel). In contrast,
strong IBAL staining occurred in the brains of blast-exposed mice
(Figure 1A, right panel). The morphology of most microglia in control
brains was characterized by a small soma with short processes whereas
the majority of microglia in the blast-exposed brains had rounded somas
with elongated processes or M2-type microglia morphology (Figure 1A).
The total spread of microglial processes was measured using ImageJ as
illustrated in (Figure 1B). In cortical region of the blast wave exposed
mice, the mean length of the microglial processes was significantly
greater than that of control mice (Figure 1C). In addition to the M2-like
cells, in the injured tissue, a few microglial cells displayed activated M1-
type amoeboid bodies with ramified processes as described previously
[53-57]. These results clearly show microglial activation in the blast-
exposed brain cortex.

16.5¢759 1125171
208 1 10.05 2801260

Figure 1: Blast induced neurotrauma. A) Activated microglia in the cortex. IBA1 - white (secondary Alexa 568). Microglia staining in Non-blast (A) and
Blast (B). Magnification — 20X. B) The span of the process was measured using ImageJ software. Measuring guidelines were established. Straight line
was extended from the hillock of the cell to the most extended point of the process. The span was determined from base of processes to the most extending
point of process and calculated in the form of percentage microglial span shown on (Figure 1C). C) Cell density and length/spread of processes in the
cortical region of ST control and blast mice brains. There was a significance increase in the average total spread of microglial processes in ST blast as
compared to its control. D) Blast induced astrocytosis in cingulate cortex, magnification 10X - staining with anti-GFAP and secondary antibody with

Alexa 568 (red).

Brain injuries and neuronal damage are typically accompanied by
astrocytosis. To determine whether astrocytes became activated in our
blast paradigm, we stained brain sections for GFAP, a protein highly
expressed by reactive astrocytes. We found few reactive astrocytes in the

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.07

cingulate and in the dorso-lateral cortical region of the control mice. In
contrast, in the blast-exposed mice, heavily GFAP-stained astrocytes
were observed throughout the cortex 5 days post-blast (Figure 1D).
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Thus, the blast exposure lead to a rapid microglial and astrocytic
responses.

11 Blast Induced Damage and Regrowth of Myelinated Axons

To identify potential injuries that could underlie the microglia and
astroglia activations, we analysed the effects of blast on cortical
myelinated axons. Staining with Black Gold 1l revealed dense
myelinated fibers in the superficial cortical zone (zone | on Figure 2A);
many of these were organized in horizontal bundles, and vertically
organized bundles extending mainly between subcortical zones Il and
Il and to a lesser extent zone |. At 5 days post-blast, we observed a
marked loss of Black Gold Il-stained fibers in all three zones of the
medial cingulate cortex (Figure 2A) as well as the dorsolateral motor
cortex (Figure 2B).

St

N =

11 €wn oo slant

* Gyt Sl %t potany T3 ks ol Wit

Figure 2: Blast induced loss and reappearance of cortical myelinated
fibers. A) Cingulate Cortex and B) Dorso-lateral motor Cortex. Black
Gold Il staining — myelin fibers are stained black. Magnification — 20X.
Cortical zone (I) and deeper subcortical zones (11 and I11) are marked. C)
Loss (5 days) and reappearance (21 days) of myelin fibers in the
cingulate cortex. Myelin associated glycoprotein staining (green).
Magnification- 10X. D) Loss of myelin fibers in zone I and Il in 5 days
post blast (compare to Figure 5D). control and disorganized myelin
fibers at 21 days after blast in zone | (cortex) and subcortical layers Il,
respectively Myelin basic protein (MBP) staining (red) Magnification —
20X.

We immunostained brain section for myelin-associated glycoprotein 1
(MAG1) at 5 days and 21 days post-blast and compared them to their

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.07

controls. In controls, the cingulate cortex displayed a characteristic
pattern of normal myelination with myelinated fibers extending from
subcortical zone 11 to subcortical zone 1l and cortical zone I; uniform
short fibers were distributed in cortical zone I (Figure 2C). Similar to the
Black Gold Il staining pattern, at 5 days post-blast there was a marked
loss of the MAGL1* fibers in all three zones including the loss of the
myelinated fibers extending from zone 111 to zones Il and | (Figure 2C).
The changes observed 5 days post-blast were followed by reappearance
of myelinated processes in layer | and Il at 21 days post-blast (Figure
2D). However, the reappearance of myelinated fibers in zone Il (Figure
2D), lacked the predominantly vertical (perpendicular to the cortical
surface) directionality characteristic of the control mice (Figures 2A-
2C). Taken together, these observations suggest that the blast had
temporarily damaged cortical and subcortical myelinated axons, but that
by 21 days post-blast, the myelination has been partially restored.

111 Blast Induced Apoptosis

To determine if the blast exposure lead to cell death, we stained brain
sections with anti-caspase 3/7 antibody, which identifies apoptotic cells.
In the cingulate cortex 5 days post-blast, we observed widespread, strong
staining of caspase 3/7* cells (Figure 3A;) compared to weak caspase
3/7* staining in control mice (Figure 3A;). A marked reduction in the
number of caspase 3/7* cells was observed 21 days post-blast (Figure
3As). These results indicate that there is a transient period of
programmed cells death in cingulate cortex during the first week post-
blast that has largely resolved itself by three-week post-blast.

Blast-induced apoptosis was not limited to superficial cortical regions
but was observed also in the deeper sub-ventricular zone (SVZ),
containing a stem cell niche (Figure 3B). To investigate the relationship
between programmed cell death and neurogenesis, brain sections were
co-stained for caspase 3/7+ and DCX, which labels developing
neuroblasts. At 5 days post-blast, we observed intense caspase 3/7*
staining of SVZ cells many of which were also positive for DCX.
Examples of single-stained SVZ caspase 3/7* cells and double-stained
DCX/caspase 3/7* apoptotic neuroblasts are shown in (Figure 3B);
double-stained cells of this type were absent in the SVZ of control mice.
These results indicate the blast exposure induced apoptosis in developing
neuroblasts as well as other cells within the SVZ.

To determine if cell death extended to hippocampal cortex and affected
developing neurons in the dentate gyrus SGZ, we analysed caspase3/7
expression in the hippocampus in blast-exposed and control mice.
Caspase3/7 labeling was largely absent in the hippocampus of control
and blast-exposed mice (Figures 3C-3F); however, many DCX"* cells
were present in the dentate gyrus of both controls and blast-exposed mice
(note blue arrows pointing to DCX* cells in Figure 3C-3F).

While caspase3/7 was absent from the CA 2/3 area of the hippocampus
of control and blast-exposed mice at 5 days and 21 days post-treatment,
there was extensive DCX labeling in CA 2/3. DCX labeling appeared to
be greater in the blast-exposed mice compared to controls suggesting that
the blast exposure increased neurogenesis. The blue arrows on (Figure
3E) point to the characteristic pair of post-mitotic DCX* cells in CA 2/3
after blast. At 21 days post-blast, some of the DCX* cells displayed
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extended processes indicating their further neuronal differentiation and
possible integration into the hippocampal circuit.
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Figure 3: Blast induced apoptosis throughout brain. A) Apoptosis in cingulate cortex. Caspase3/7/— Green. Magnification 20X. B) Distribution of
immature (DCX?, red) and apoptotic (caspase3/7/, green) cells in SVZ region 5 days post blast exposure. Magnification — 40X. Note apoptotic (green)
cells and double stained (yellow) apoptotic neuroblasts cells in blast SVZ. C-F) Absence of apoptotic cells in hippocampus (caspase3/7 green stain), and
presence of DCX" cells (red stain, examples indicated with blue arrows) in the hippocampus dentate gyrus (C & D) and in CA2/3 area (E & F).

Magnification 40X.

IV Effect of Blast on DCX* Neuroblasts/Immature Neurons
Cells in SVZ, Cingulate Cortex and Hippocampus

To determine whether the blasts affected early neuronal development,
we performed stereological counting of DCX* neuroblasts. In the SVZ,
we found no significant effect of blast on the total numbers of
DCX* cells (Figure 4A) at 5 days post-blast. However, at 21 days post-
blast, there was a significant 2-fold increase in DCX" cell density in the
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SVZ of the blast-exposed mice compared to control mice indicating an
increased neurogenesis (Figure 4B). In the cingulate cortex, we found no
blast- induced changes in the DCX* population at the 5- or 21- days
recovery times (Figures 4C & 4D). In contrast, stereological counting in
the SGZ of the hippocampal dentate gyrus revealed an increase in the
DCX* cell population, which attained statistical significance 21-days
post-blast (Figures 4D & 4E).
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Figure 4: Stereological quantification of Doublecortin (DCX?) cells. A & B) Sub-ventricular zone — (A) short term recovery (5 days, ST); (B) — long term
recovery (21 days, LT); C & D) cingulate cortex — (C) short term recovery (5 days, ST) (D) — long term recovery (21 days, LT); E & F) hippocampal

dentate gyrus Sub-granular zone (SGZ)- (E) short term recovery (5 days, ST), (F) —
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long term recovery (21 days, LT).
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V Effect of Blast on Oligodendrogenesis

Given the blast-induced loss of myelin in the cortex at 5 days post-blast
followed by reappearance of myelinated fibers at 21 days post-blast
(Figure 1), we studied the changes in oligodendrocytic cells at 5 days
and 21 days post-blast. In order to observe myelin along with
oligodendrocyte progenitors, we co-immunostained brain sections with
an MBP antibody (green stain) and anti-Olig 2 (02) antibody (red stain),
which stains Olig 2, a protein expressed during early determinant of
oligodendrocyte fate specification (Figure 5). At 5 days post-blast, the
loss of cortical MBP* fibers were accompanied by a widespread
appearance of cortical O2* cells (Figures 5A; vs 5A,). Because O2* cells
only seldom seen in the cortex of control mice, these results suggested
that the blast exposure activated cortical oligodendrogenesis. These early
changes were followed by the reappearance of the myelinated fibers at

21 days post-blast

5 days post-blast

Ki67 f 04

S days Control

5 days post-blast

21 days, post-blast (Figure 2) and a decrease in the number of O2*
oligodendrocyte progenitor cells (Figure 5B3).

To determine if the changes in the O2* cell population lead to
oligodendrocyte development, we stained brain sections for O4, which
is expressed by oligodendrocytes, but may also be present in developing
OPCs. To observe the developmental progression of oligodendrocytes in
the cingulate cortex, we also co-immunostained sections with an 02
antibody (red stain) and an O4 antibody (green stain). Figure 5 shows
examples of O2* cells in controls and from 5 days post-blast mice. In
blast-exposed mice, the increase in O2* cells illustrated in (Figure 5B,)
(compared control in Figure 5B,) was accompanied by reduced O4
staining. However, at 21 days post-exposure, many O4* cells were
present in blast-exposed animal compared to controls suggesting an
increased maturation of the O2* progenitors (Figures 5B, vs 5B3).
02/04

S days Contral S days post-blast 21 days post-blast

21 days post-blast

Figure 5: Blast induced effect on myelin and oligodendrocytic cell lineage. A) Loss and reappearance of myelin fibers and oligodendrocytes in the cortex.
Myelin (is this MBP or another antibody) fibers stained green and O2 oligodendrocytes stained red. Magnification — 20X. B) Examples of O2* (red), O4*
(green), DAPI (blue) cells in the cingulate cortex in 1) control and in 2) blast, ST recovery, tissues, showing O2* cells. 3) Example of O4* cell (green) in
cingulate cortex blast, LT recovery. Magnification — 100X. C) Examples of Ki67* (red), O4* (green), DAPI (blue) cells in the cingulate cortex. In 1)
control, ST condition, see higher O4* cells while in 2) blast, ST recovery, loss of O4* cells and increase in Ki67* cells. 3) Blast, LT recovery, increase in
04+ cells toward control levels and increase in Ki67* compared to control. Magnification — 40X.

To evaluate the blast-induced changes in oligodendrocytes, we
performed stereological quantification of the O4* cells in the cingulate
cortex and SVZ, another potential source of cortical oligodendrocytes,
as well as in the hippocampus where new oligodendrocytes are produced
locally. To identify mitotically active OPC, we double-labeled cells for
04 and Ki67 (Figure 6). At 5 days post-blast, we found high numbers of
O4* cells in all brain areas and fewer OPC coexpressing Ki67 (Figure
5C,). Given the apparent loss of O4* and O4*/Ki67* cells that appeared
to be followed by recovery, we quantified these cells using the
stereology. At 5 days post-blast, the population of O4* oligodendrocytes
in the cingulate cortex was reduced three-fold compared to control
(Figure 6A). However, at 21 days post-blast, the O4* population
recovered to levels seen in the control group (Figure 6B). This recovery
was verified by the analysis of combined 5- and 21-day post-exposure
results. Two-way ANOVA demonstrated an overall effect of blast

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.07

(p<0.05) with a significant blast-induced loss of O4 cell at 5 days post-
blast (p<0.05); in blast-exposed mice there was a significant difference
between 5- and 21-days groups (p<0.05).

While there was a greater than two-fold increase in total numbers of
Ki67* cells at 5 days post-blast (p<0.01), the percentage of double-
labeled cells was significantly reduced by 50%. These results together
with the 2-fold loss of all O4* cells amounted to a 4-fold decrease in
proliferating O4* oligodendrocytes. After 21 days, the fraction of
proliferating (Ki67* + 04*/04*) was no longer significantly different
from control (Figure 6B). In the S\VZ, we found no blast induced changes
in the numbers of Ki67* or O4* labeled cells at either 5- or 21- days post-
blast. Approximately 20% of O4*represented proliferating Ki67* cells
and the observed reduction did not attain statistically significant levels.
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In the hippocampal SGZ, we found no blast-induced statistically
significant changes in the O4* or O4* + Ki67*/04" cell counts.
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Figure 6: Stereological quantification of blast induced effects on O4, Ki67 cells and percentage of O4 cells that expressed Ki67. Cingulate cortex — A)
short term (ST) and B) long term (LT) recovery. SVZ - C) short term and D) long-term recovery. SGZ — E) short term and F) long-term recovery.
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Discussion

These results show that a series of six acoustic blasts of ~185 dB peak
SPL leads to an acute injury of neurons in the brain cortex and to cortical
and subcortical cell death accompanied by an activation of the microglia
and astroglia. These pathological changes were followed by increased
neurogenesis in the SVZ and SGZ and by increased cortical
oligodendrogenesis.

I Microglia

Microglia activation, the first line of defense for the brain, is sensitive to
minute biochemical changes in the CNS and extracellular potassium [58,
59]. Depending on the extent of tissue damage, the microglial response
ranges from small morphological changes to full-blown activation
involving phagocytosis of cell debris [60]. After brain injury, the
activated microglia may transit to the non-phagocytic, anti-
inflammatory, neuroprotective M2 type or to the neurotoxic M1 type
[53-57]. M1 microglial cells have an amoeboid morphology, short
processes and phagocytic, pro-inflammatory and neurotoxic properties.

In response to the blasts, we observed changes in microglia characterized
by a round soma with elongated processes resembling M2-type
microglia. The increase in M2-type cells may be involved in anti-
inflammatory responses, tissue repair and remodeling as found in other
kinds of brain injuries [61]. The cells could migrate towards the site of
the blast-induced injury, clear apoptotic cells and cellular debris creating
an initial neuro-protective state. Relatively few M1-like microglial cells
with enlarged, amoeboid soma and thick processes were observed post-
blast. The appearance of M1-like cells could produce toxic cytokines
thereby damaging surrounding neuronal processes, neurons and
oligodendrocytes [61].

Il Astroglia and GFAP

Our blast wave exposure induced extensive astrogliosis manifested by a
widespread appearance of reactive astrocytes 5 days post-blast.
Astrocytes are involved in modulating the blood brain barrier, neuronal
circuits and synapse reorganization, and inflammatory response [62, 63].
During acute brain injury, astrocyte activation may be neuroprotective
although chronic activation has been linked to neurodegeneration [64,
65]. Our results are consistent with those of Cernak et al., who found
that mice subjected to 183 kPa, or 213 kPa, shock waves had a nearly
four-fold increase in the levels of GFAP in both hippocampus and
brainstem 1 day post-shock and GFAP remained elevated out to 30 days
[66]. In addition, rats subjected to 10 and 17 psi blast wave exhibited a
60% increase in GFAP protein.

111 Apoptosis

These microglia and astrocytotic responses were accompanied by a
widespread, transient burst of programmed cell death within the cortex
and SVZ. These findings concur with previously demonstrated studies,
which showed increased levels of caspase-3 up to 3 weeks post blast
wave [67, 68]. Apoptosis in cortical oligodendrocytes has been shown to
reach a peak 2 days post-blast in the external capsule and 7 days post-
blast in the corpus callosum and fimbriae following a cortical impact
injury [27]. In the SVZ, apoptosis was associated with DCX* neuroblasts
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consistent with earlier findings showing that the SVZ neuronal progeny
are vulnerable to trauma such as hypoxia-induced ischaemia while the
stem cells were more resilient [69]. We found no apoptotic cells in the
hippocampus, indicating that this area was spared from the blast-induced
damage. Our results differ from the intense hippocampal apoptosis
following global ischaemia and concussion [70, 71].

IV Demyelination and Remyelination

The blast-induced early loss of myelinated cortical and subcortical axons
is indicative of transient demyelination of the surviving axons but also
degeneration of myelinated axons. While remyelination was observed in
the 21 days post-blast group, it re-appeared in a disorganized fashion,
i.e., lacked the typical radial orientation. The timeline with which the
repair occurs falls in line with previous results, which have shown
endogenous murine precursors would likely completely repair a
demyelinated lesion in 3-4 weeks [72]. The reappearance of such
misdirected myelinated fibers suggest that the original cortical axons had
degenerated but had subsequently regrown. The myelin sheath could
have been lost or diminished as a result of the insult to the myelinating
cells as reported previously [73]. In the central nervous system, myelin,
a lipid-rich, multi-lamellar membrane is produced by oligodendrocytes,
which wraps around axons. A single oligodendrocyte has the ability to
myelinate several axonal internodes and their loss has been shown to
block signal propagation within neuronal networks [74, 75]. In
ischaemia, demyelination appears to be a result of a damage to the
oligodendrocytes [76-78]. In our investigation, the loss and the
reappearance of myelin after the blast could also reflect an initial loss of
the oligodendrocyte population and their subsequent regeneration.

V Neurogenesis

Our blast exposure did not affect the global population of cortical
neuroblasts; however, an increase in the neuroblast population in the
SVZ was found. This increase developed gradually during the 21 days
post-blast recovery period. This increase shows a neurogenic response
in the area that supplies new neurons to the olfactory bulb (OB) as well
as into the cortex. It is conceivable that these new cells arose through
increased differentiation of the existing pool of post-mitotic progenitors
because no increase in SVZ cell proliferation (Ki67 labelling) was found
at either 5- or 21-days post-blast. In the quiescent state, the SVZ-derived
NPCs are responsible for the generation of neuroblasts that migrate to
the OB through the rostral migratory stream (RMS) [79-81]. However,
when stimulated by an injury or reactivation of developmental
Integrative Nuclear FGFR1 Signaling, the SVZ NPC also produce
cortical and subcortical neurons [82, 83]. Since the population of DCX*
cells did not increase in the cortex, follow up studies are needed to
determine whether progeny of the SVZ DCX"* cells have actually
migrated into the cortex and differentiated into DCX* expressing
neurons.

In the SGZ, the blast triggered an increase in DCX* neuroblasts, which
could lead to an increase in hippocampal neurons similar to the increase
observed in the hippocampus after hypoxia-ischaemia [84]. Similar to
the SVZ, the addition of DCX* neurablasts in the dentate gyrus was not
derived through increased proliferation of the SGZ cells because no
changes were found in Ki67* cells at either 5- or 21-days post-blast. One
interpretation of these results is that the blast-induced increases in SGZ
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neuroblasts population occurred by increased neuronal lineage
differentiation of the SGZ transit amplifying progenitors. The molecular
mechanisms triggering an increase in SVZ and SGZ neuroblasts may be
due in part to microglial activation. M2 microglia are known to increase
the development and survival of neurons and microglia-secreted insulin-
like growth factor (IGF-1) and brain derived neurotrophic factor (BDNF)
which promote neuronal development and differentiation [85-87]. The
increases in the number of DCX* cells specifically in the lateral ventricle
and in the dentate gyrus likely predicts the increased formation of
neurons as indicated in several brain injury publications [49, 88-95].

VI Oligodendrocytes

Oligodendrocytes have the highest metabolic rates amongst all brain
cells because of the metabolic demands needed to produce and maintain
myelin [96, 97]. Their respiration rate is twice as high as neurons making
oligodendrocytes particularly prone to the damage by hypoxia [98].
Oligodendrocytes also have low levels of glutathione, a major
antioxidant and, therefore, are especially susceptible to the oxidative
stress [99]. Activation of microglia and the release of reactive oxygen
and nitrogen species have been linked to injury of both oligodendrocytes
and neurons [100].

Interestingly, in our blast exposure activated microglia and astrocytes;
this activation was correlated with the loss of oligodendrocytes and
neuronal injury. The degeneration of cortical MAG1* fibers and the loss
of O4 oligodendrocytes (~65%) at 5 days post-blast could be due to the
appearance and action of the M1 microglia. However, already at that
time point, we observed the widespread, transient appearance of cortical
02* cells in which microglia could also play a role. Specifically, the M2-
type microglia, which predominated in our blast-injured brain tissue, are
known to enhance oligodendrocyte differentiation [101]. Following a
TBI, the loss of oligodendrocytes via apoptosis was associated with an
increase in newborn O2* cells, which reached a peak 7 days after TBI
[27]. Hence, the increase in O2 cells observed in our study could be
triggered by the blast-induced loss of the mature oligodendrocytes.

At 5 days post-blast, we observed an overall increase in the number of
proliferating cortical cells. Since the fraction of Ki67* cells co-
expressing O4 was markedly reduced (~79%), this would suggest that
no OPC had been generated at this time. However, at 21 days post-blast,
02* oligodendrocytic progenitors had decreased while Ki67*/ O4* OPC
had recovered and mature oligodendrocytes were restored to control
levels. Thus, we propose that during post-blast remyelination there was
a sequential upregulation of oligodendrocytic progenitors (02), which
differentiated to OPC (Ki67/04) and in turn produced the mature (O4)
oligodendrocytes. This sequence is consistent with the findings based on
genetic cell tracing [102]. During remyelination in PDGFRa-Cre ER™
mice, the oligodendrocyte density increased at the expense of O2*
progenitor cells indicating that progenitors had developed into
myelinating oligodendrocytes [102]. The increased production of
oligodendrocytes from OPCs has been reported in experimental models
where focal demyelination occurs adjacent to the SVZ and in
postmortem tissue obtained from MS patients [103, 104].

During development, forebrain oligodendrocytes have been shown to
first originate from OPCs in the embryonic SVZ of the ventral

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.07

telencephalon [105]. The early waves of OPCs are transitory and
superseded by OPCs originating latter from dorsal telencephalic sources
[105, 106]. In adult mice, OPCs make up 8-9% of the cell population in
the white matter and 2%-3% of the population in the gray matter [107,
108]. Many OPCs divide to form mature myelinating oligodendrocytes,
but others linger as slowly dividing immature cells, which are widely
distributed within the adult brain [32, 33, 104, 109]. It has been proposed
that cortical gray and white matter might be myelinated by different
subpopulations of OPCs [110]. One-group of cells migrating from the
SVZ are thought give rise to the oligodendrocytes that carry out
myelination during development, while another group gives rise to
backup OPC that reside in the cortex and contribute to damage-induced
remyelination.

In the adult brain, SVZ progenitors have been shown to generate new
oligodendrocytes after demyelinating lesions of the corpus callosum
(CC) [32, 109, 111, 112]. In contrast, in our investigation we observed
no changes in OPC or O4 oligodendrocytes in either the SVZ or SGZ.
Thus, the newly generated cortical oligodendrocytes observed after our
blast exposure did not come from these stem cell niches. Instead, our
findings are consistent with a local regenerative model in which cortical
04 cells are resupplied within the cortex. The loss and reappearance of
cortical myelinating cells has been reported following mechanical brain
injury where oligodendrocytes were depleted in the ipsilateral cortex and
external capsule at 7 days after the initial trauma and returned to control
levels at 5 weeks [27].

A major unsolved problem with insult-induced neurogenesis and
oligodendrogenesis studies is whether these processes lead to functional
recovery and reversal of neurological deficits [113, 114]. Even if
adequately myelinated, the newly generated, but miss-wired neurons
could distort the normal cortical circuitry adding to long-term deficits
produced by the blast injury. Therefore, the assimilation of newly
generated neurons into the brain circuitry needs to be evaluated both
anatomically and functionally since these newly added cells and axons
could remain immature and/or lead to the miss-wiring of the brain [115].

VII Synopsis

We have shown a significant increase in neuroblasts in the sub-
ventricular zone and hippocampus of adult mice three weeks after blast
wave exposure. It remains to be determined whether: 1) the SVZ-
produced neurons migrate to the site of injury and integrate into the
cortical circuits and 2) what effect the SGZ generated neurons have on
hippocampal function. Blast wave exposure triggered an initial axonal
loss and demyelination in cortex which was followed by axonal regrowth
and remyelination of cortical axons. Because axonal regrowth was still
misdirected at 21 days post-blast, further research is needed to determine
if cortical function will return to normal with longer recovery times.
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