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Keywords: Traumatic brain injury (TBI) is a serious public health concern, especially injuries from repetitive insults. The
Stratum lacunosm moleculare main objective of this study was to immunocytochemically examine morphological alterations in astrocytes and
Outer molecular layer microglia in the hippocampus 48 h following a single blast versus multiple blasts in adult C57BL/6 mice. The
Glia

effects of ketamine and xylazine (KX), two common anesthetic agents used in TBI research, were also evaluated

Blast ey due to the confounding effect of anesthetics on injury outcome. Results showed a significant increase in hy-
Ketamine/xylazine P . . .
pertrophic microglia that was limited to the outer molecular layer of the dentate gyrus, but only in the absence of
KX. Although the presence or absence of KX had no effect on astrocytes following a single blast, a significant
decrease in astrocytic immunoreactivity was observed in the stratum lacunosum moleculare following multiple
blasts in the absence of KX. The morphological changes in astrocytes and microglia reported in this study reveal
region-specific differences in the absence of KX that could have significant implications for our interpretation of
glial alterations in animal models of injury.
1. Introduction military settings are so prevalent, it is known as the ‘signature’ wound
of warfare [1-3]. Injuries from blast are categorized as: primary (pa-
Traumatic brain injury (TBI) is one of the leading causes of death thology from the actual blast wave), secondary (damage from pene-
and disability in developed nations [1]. In particular, TBI from blasts in trating fragments), tertiary (injury due to displacement into
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surrounding structures) and quaternary (insult from burns and noxious
fumes), yet primary injury represents a unique and prevalent mode of
pathology [4,5]. Although moderate and severe insults receive con-
siderable attention, mild TBI accounts for the majority of injuries [6].

Subtle cellular pathologies, evident only on a microscopic level,
may be critical to the progression of injury [7]. Astrocytes and micro-
glia are glial cells sensitive to changes in the microenvironment, par-
ticularly following injury [8,9]. A remarkable feature of both is their
ability to reversibly assume different morphologies. In healthy tissue,
microglia are dynamic sentinels that extend and retract thin ramified
processes to survey the microenvironment and interact with nearby
cells. Microglial morphologies range from hypertrophied somata and
processes to complete contraction of processes when fully activated
resulting in an amoeboid-like appearance [10,11]. Similarly, astrocytes
can undergo morphological changes following insult [12,13]. Hyper-
trophy of astrocytes and microglia can occur rapidly (minutes to hours)
and persist (weeks to years) following insult [14]. In this study, we used
immunocytochemistry to evaluate morphological changes in astrocytes
and microglia in different hippocampal sub-regions due to previous
reports citing hippocampal deficits in learning and memory following
TBI [15-17].

Anesthetics and analgesics are routinely used in many animal
models of TBI based due to ethical considerations to minimize pain and
distress whenever possible. However, compelling evidence has shown
that anesthetics can affect injury progression [18,19]. It is believed that
anesthetics and analgesics are neuroprotective via anti-excitotoxic and
anti-apoptotic actions [19,20], although there are some studies that
have reported exacerbation of injury outcome [18]. A consensus re-
garding the effect of various anesthetics and analgesics on glia has yet
to be reached, as protective or detrimental outcomes are influenced by
age and mode of injury [21,22]. Therefore, in the first experiment, our
goal was to document whether the presence of ketamine and xylazine
(KX), a commonly used anesthetic/analgesic combination, would affect
glia acutely following exposure to a single blast. It has become in-
creasingly evident that studies incorporating exposure to multiple blasts
can offer insight into TBI pathology, as TBI injuries are often due to
repetitive insults [23,24]. Thus, in the second part of this study, we
examined differences in glial morphologies using a repetitive blast
paradigm without KX.

2. Methods
2.1. Blast apparatus

Blast overpressures were generated using a previously characterized
cranium only blast injury apparatus (COBIA) [25]. The main compo-
nent of the apparatus was a modified 0.22 caliber, single-shot, powder-
actuated tool (Ramset RS22; ITW Ramset, Glendale Heights, IL). The
piston that normally drives the fastener was removed causing it to
function as a small blast tube. The tool was mounted vertically using a
custom-fabricated stand that allowed consistent positioning. Blasts
were directed downward through a blast director (Fig. 1A) fabricated
from polyvinyl chloride piping. The blast wave was generated by firing
a 0.22 caliber blank cartridge (Ramset power level 4). A high frequency
piezoelectric pressure transducer (Model: 113B21 High Frequency ICP”
pressure sensor, PCB Piezotronics, Inc., Depew, New York) was used to
measure the pressure produced. Calibrations were carried out with the
sensor positioned where the head of the mouse would be during the
blast procedure. A constant current power supply (Model 5421, Co-
lumbia Research Laboratories, Inc., Woodlyn, PA) provided power to
the sensor. Outputs were digitized with an analog to digital converter
(Analog Devices, ADAS3022) and saved as waveforms for offline ana-
lysis. The average blast pressure was 1034 kPa (n = 10, SD = 220).
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2.2. Blast procedure

All blast protocols were approved by the Boston University
Institutional Animal Care and Use Committee. Wild-type C57BL/6 mice
(2-6 months, Charles River Laboratories) were kept on 12 h: 12 h light-
dark cycle with free access to food and water. Sham mice were treated
exactly the same, with the exception of exposure to blast.

An intraperitoneal injection of KX (75 mg/kg, ketamine; 13 mg/kg,
xylazine) was administered at least 10 min prior to each blast proce-
dure. Anesthetized animals (sham = 5, blast = 7) were placed in a
prone position within a cylindrical mouse restrainer (Stoelting Co.
Wood Dale, IL) with the dorsal surface of the head positioned two
centimeters under the opening of the blast director. Blasts were directed
between bregma and lambda. To prevent potential quaternary damage
from gun powder during blasts a wetted paper cone was placed over the
head. The wetted cone provided reproducible positioning while still
allowing maximal downward free acceleration of the head from the
primary blast. Unanesthetized mice (sham = 5; blast = 6) were simi-
larly handled and positioned.

The triple blast paradigm, conducted in the absence of KX
(sham = 3; blast = 5), occurred daily for three consecutive days. The
24 h latency between each blast was based on a previously published
focal model of TBI that showed exacerbated pathologies when multiple
insults occurred 24 h apart [26]. Fig. 1B, diagrams the single versus
triple blast paradigms.

Formal behavioral assessments to quantitatively probe the nuances
of functional impairments were not conducted. However, careful ob-
servation of the mice following the blast procedures did not reveal overt
defects in gait, grooming, or feeding. None of the blasted mice lost
consciousness. Furthermore, there were no signs of contusions or gross
tissue damage in the blasted brains, or in sections of the brains during
postmortem examination. Although 1034 kPa represents a high peak
overpressure, due to its short duration and absence of lethality, the
nature of insult(s) experienced by the animals in this study were not
considered severe.

2.3. Tissue preparation

Forty-eight hours after the final blast the mice were deeply an-
esthetized with isofluorane and then transcardially perfused with 0.9%
heparinized saline followed by 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB, pH 7.4). Inmediately following perfusion, brains were
removed intact, immersed in 4% paraformaldehyde in PB, and post-
fixed overnight at 4° C. Following immersion fixation, brains were
rinsed in PB and cryoprotected in a graded sucrose series in PB
(5-30%). Serial 40 pm coronal sections were cut using a freezing stage
sliding microtome. Slices were stored in an antifreeze solution (30%
sucrose, 30% ethylene glycol, 1% polyvinylpyrrolidone in Tris-buffered
saline (pH 7.6) for long term storage at —20° C.

2.4. Immunocytochemistry

Three slices from each animal sampled between bregma —1.46 to
—3.28 mm [27] were washed in several changes of PB on a rotator to
completely remove residual cryoprotectant, mounted onto Colorfrost
Plus slides (ThermoFisher Scientific, Waltham, MA), and allowed to air-
dry for one hour. Sections were rehydrated in PB and blocked in 5%
normal donkey serum (Jackson Immuno Research Laboratory, Inc. West
Grove, PA) diluted in PB with 0.3% Triton X-100 (PBTx) for one hour at
room temperature. Slices were incubated overnight at 4° C in either a
mouse monoclonal antisera directed against glial fibrillary acidic pro-
tein (GFAP), an intermediate filament protein within mature astrocytes
that is responsible for changes in morphology and movement [28,29]
(GFAP 1:100, Clone No. N206 A/8, UC Davis/NIH NeuroMab Facility
Cat# 75-240, RRID:AB_10672299) or a polyclonal rabbit antisera di-
rected against ionized calcium binding adapter molecule 1 (Ibal), a
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Fig. 1. Experimental design. (A) The Cranium Only Blast Injury Apparatus (COBIA) used to simulate primary blast. BD = blast director. (B) Timeline of single versus triple blast

paradigms.

calcium binding protein found in microglia (1:500, Wako, Catalog No.
019-19741, RRID:AB_839504).

Following incubation in primary, the slides were washed in PB and
the appropriate secondary antiserum was applied (donkey anti-mouse
Cy-3 or donkey anti-rabbit 647; Jackson Immuno Research diluted
1:500 in PBTx) for two hours at room temperature. Following several
washes in PB, sections were coverslipped using Vectashield with DAPI
(Vector Labs, Burlingame, CA). Some slices were processed without
primary antisera and exhibited no immunoreactivity. Both of these
antisera have been previously characterized in mice [30,31].

2.5. Imaging

A Nikon Eclipse microscope with Elements AR software (Nikon
Instruments, Inc.) was used to image sections at 10x. Illumination and
acquisition settings were matched across each animal. ImageJ software
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.nih.gov/ij/, 1997-2016) was used to
analyze immunostaining. The display range for all images were mat-
ched and then inverted so that signal appeared black.

2.6. Evaluation of GFAP positive astrocytes and Ibal positive microglia

All analyses were performed on coded sections by an observer
blinded to conditions.

2.6.1. GFAP

GFAP immunoreactivity in the stratum lacunosm moleculare (SLM)
was compared between sham and blast exposed animals because it
showed the strongest immunoreactivity. However, GFAP positive as-
trocytes surrounding vasculature within the SLM hindered un-
ambiguous identification of individual astrocytes. Therefore, we ana-
lyzed the percent area occupied by GFAP immunoreactivity in the SLM.
We hypothesized that hypertrophy would be reflected in a greater
percent area. Inverted grayscale images were first binarized using the
isodata thresholding algorithm in ImageJ. A region of interest (ROI)
large enough to encompass the SLM in each section was created and
applied to each hemisphere (Fig. 2A). The percent area of GFAP im-
munoreactivity within each ROI was obtained for each image using the
area fraction selection from the ImageJ measure plugin (Fig. 2, A1-3).
Measurements were obtained for each ROI, averaged by animal, and
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then by condition.

2.6.2. Ibal

The outer molecular layer (OML) of the dentate gyrus (Fig. 2B) was
selected for evaluation due to the concentration of hypertrophic phe-
notypes in this sub-region. An ROI, large enough to encompass the
OML, was created and applied to the OML in each hemisphere (Fig. 2,
B1-2). Two broad classifications of microglial phenotypes were chosen
for evaluation: ramified and hypertrophic [11]. Manual counts of ra-
mified versus hypertrophic phenotypes were obtained from Ibal posi-
tive cells with clearly labeled somata (Fig. 2B1-2).

2.7. Statistics

SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY: IBM Corp.) was used for statistical analyses.
A one-way analysis of variance (ANOVA) was used to determine whe-
ther there were significant differences in the percent area occupied by
GFAP or counts of Ibal positive hypertrophy in sham versus blast ex-
posed mice. The Welch’s test was used when violations to the homo-
geneity of variance occurred. A Bonferroni post hoc correction was used
for multiple comparisons when significant differences were observed
(alpha = 0.05). Analyses were first conducted to explore whether the
presence of KX had a significant effect on astrocytes and microglia
following a single blast (Experiment 1). Subsequent analyses to com-
pare differences following a single or triple blast were performed in the
absence of KX (Experiment 2) to avoid any confounding effects from
KX. No significant differences were found in the presence or absence of
KX between the sham cohorts (p = 0.102; single 48 hn = 5, triple 48 h
n = 3), therefore the data from both sham cohorts were pooled and
compared to each blast group (single versus triple blast). Graphs are
presented as mean * SD.

3. Results

3.1. Experiment 1: the effect of KX on GFAP and Ibal immunoreactivity
after a single blast

In the presence of KX, there was no significant difference
(p = 0.515) in the average number of hypertrophic microglia in the
OML between sham and blast groups (Fig. 3A). However, in the absence
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Fig. 2. Evaluation of immunostaining. (A) GFAP immunostaining following a single blast without KX. Zoom of ROI analyzed (A1). Example threshold overlay (A2) and the resulting
binary image (A3). CA1 = cornu ammonis 1. CA3 = cornu ammonis 3. DG = dentate gyrus. ROI = region of interest. SLM = stratum lacunosum moleculare. (B) Ibal immunostaining
following a single blast without KX. Zoom of ROI analyzed (B1) and resulting manual counts (B2). OML = outer molecular layer. ROI = region of interest. Scale bars = 250 pm (A and

B); 20 um (A1-3 and B1-2).
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Fig. 3. The effect of KX on Ibal positive microglia and GFAP positive
astrocytes following a single blast. (A) In the absence of KX there were
significantly more (p < 0.001) hypertrophic Ibal positive cells in the
outer molecular layer (OML) of the dentate gyrus in blast exposed animals
compared to sham and blast exposed animals that received KX. (B) No
differences were observed in the average percent area occupied by GFAP
in the stratum lacunosum (SLM) in the presence or absence of KX. Sham
(KX) = 5; Blast (KX) = 7; Sham (No KX) = 5; Blast (No KX) = 6. Error
bars represent SD.
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of KX, there was a significant increase in hypertrophic cells (F(3.19)
= 44.808, p < 0.001) present in blast exposed animals relative to
sham (Fig. 3A). The percent area occupied by GFAP in the SLM (Fig. 3B)
was not altered following blast in the presence or absence of KX
(p = 0.757).

3.2. Experiment 2: the effect of multiple blasts on GFAP and Ibal
immunoreactivity in the absence of KX

Due to the previous confound produced by KX, this experiment was
conducted without KX. Microglia were evaluated in sham animals as
well as blast exposed mice following exposure to a single or triple blast
(Fig. 4A-C). Ibal positive microglia were classified as ramified or hy-
pertrophic based on previously established morphological phenotypes
[32]. No amoeboid morphologies were observed. Significantly more
hypertrophic cells (F(2.14) = 25.946, p < 0.001) were present in the
OML following a single blast relative to triple blast and pooled sham
(Fig. 4D).

There was no difference (p = 1.000) in the percent area occupied
by GFAP in the SLM in mice exposed to a single blast relative to sham
(Fig. 5). However, following three blasts, there was a significant re-
duction (F(2.16) = 7.083, p = 0.006) in the average percent area of
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GFAP immunoreactivity (Fig. 5D).

4. Discussion
4.1. The presence of KX affects glial morphology in response to blast

Results of this study provide evidence that the presence of KX, a
commonly used anesthetic/analgesic combination, can confound injury
outcome acutely following primary blast insults. The average number of
hypertrophic microglia were markedly increased in the absence of KX.
Interestingly, the percent area occupied by astrocytes remained un-
changed following blasts in animals with and without KX. This suggests
that at the time point examined, microglia were more responsive to
blast insults than astrocytes.

Because different TBI models are used to simulate specific forms of
clinically relevant injuries, we need to understand the effect of anes-
thetics and analgesics. The confounding effects that various anesthetic
and analgesic combinations can cause must be taken into account when
interpreting results, particularly following less severe insults. Although
isoflurane is often used in some TBI models [18,19], we did not eval-
uate its effect in our study because its administration would have
prohibited the necessary head movement following blasts in our model.
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Fig. 5. GFAP immunoreactivity. (A-C) GFAP immunostaining in the stratum lacunosm moleculare (SLM). Scale bar = 20 pm. (B) The percent area occupied by GFAP in the SLM is
significantly reduced following three blasts (p < 0.01) in comparison to a single blast and pooled shams (filled circles represent sham mice from the single blast paradigm, open indicate

sham animals from the triple blast paradigm). Error bars represent SD.
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Even if isoflurane was transiently administered and removed before
blast to still allow free head movement, its residual effects could still
confound results. However, a more detailed future study of the effects
of isoflurane in our blast model is warranted.

4.2. Significant reduction of GFAP immunoreactivity in the SLM following
multiple blasts in the absence of KX

The SLM, located within cornu ammonis 1 (CA1), receives direct
projections from the entorhinal cortex [33] and contains a high density
of blood vessels [34]. Microvasculature vulnerability in the cortex and
hippocampus has been observed acutely (24 h) following consecutive
blasts [24]. Astrocytes have a significant role in maintaining neuronal
and vascular networks [35,36]. Therefore, it is reasonable that the in-
tegrity of the blood vessels or projections within this region may have
been affected following blasts.

The decrease in the percent area occupied by GFAP
munoreactivity following triple blasts was initially unexpected.
However, evidence of reduced GFAP immunoreactivity following injury
has been reported previously and is attributed to the breakdown of
intermediate filaments and a concomitant alteration in overall protein
function [37]. Based on the diffuse nature of blast injury [38,39], it is
possible that a similar mechanism could underlie the reduced GFAP we
observed in the SLM.

im-

4.3. Hypertrophic Ibal restricted to the OML following exposure to a single
blast in the absence of KX

The dentate gyrus receives cortical inputs to the hippocampus
[40,41]. In particular, the molecular layer of the dentate gyrus is a
highly laminated region with processes from granule cells throughout,
as well as inputs from the entorhinal cortices in the OML [42,43]. Thus,
it is possible that the hypertrophic microglia present in the OML could
represent a regional sensitivity to blast. In particular, specific synaptic
circuits and intricate interactions of microglia with adjacent neurons
and glia in this region could affect the overall neuronal activity within
this hippocampal sub-region.

Microglia are broadly classified as cytotoxic M1 (classical activa-
tion) or neuroprotective M2 (alternative activation/acquired deactiva-
tion) [44]. The identity of microglia (M1 vs. M2) is determined by se-
creted mediators, cell surface receptors, and alterations in gene
expression. Future molecular or biochemical assays to identify changes
in levels of relevant ions/neurotransmitters or gene expression, which
are more sensitive than immunocytochemistry, could provide insight
underlying the spatial hypertrophy we observed in the OML.

To our knowledge the only other study reporting pathology in the
OML is a mouse model of Alzheimer’s disease (AD) that showed amy-
loid beta pathology in the OML of transgenic mice [45]. However, no
hypothesis to account for the regional pathology was provided. Due to
reports [46,47] citing AD as a long term consequence of TBI, the si-
milarity of the spatial specificity of the amyloid-beta pathology and the
hypertrophic microglia we report is of great interest. It is possible that
the hypertrophy observed in the OML represents a regional suscept-
ibility in this paradigm. Based on microglial dynamics [10,11,14] and
the lack of significant hypertrophy following multiple blasts, it is also
possible that this region specific alteration is transient. It will be im-
portant for future studies to examine the impact of KX exposure on
repeated blast injury induced glial responses in more detail. Future
behavioral and molecular studies using this simple blast model will
enable greater clarity into the nature/severity of the pathology, and
provide insights into the clinical relevance of the timing of repeated
injuries in order to identify mechanisms that underlie the glial changes
observed.
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