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Delayed Hypoxemia Following Traumatic Brain Injury
Exacerbates White Matter Injury

Umang Parikh, Melissa Williams, BA, Addison Jacobs, BA, Jose A. Pineda, MD,
David L. Brody, MD, PhD, and Stuart H. Friess, MD

Abstract

Hypoxemia immediately following traumatic brain injury (TBI)
has been observed to exacerbate injury. However, it remains unclear
whether delayed hypoxemia beyond the immediate postinjury period
influences white matter injury. In a retrospective clinical cohort of
children aged 416 years admitted with severe TBI, 28/74 (35%) pa-
tients were found to experience delayed normocarbic hypoxemia
within 7 days of admission. Based on these clinical findings, we de-
veloped a clinically relevant mouse model of TBI with delayed hyp-
oxemia by exposing 5-week old (adolescent) mice to hypoxic
conditions for 30 minutes starting 24 hours after moderate controlled
cortical impact (CCI). Injured mice with hypoxemia had increased
axonal injury using both f-amyloid precursor protein and NF200
immunostaining in peri-contusional white matter compared with
CCI alone. Furthermore, we detected increased peri-contusional
white matter tissue hypoxia with pimonidazole and augmented
astrogliosis with anti-glial fibrillary acidic protein staining in
CCI + delayed hypoxemia compared with CCI alone or sham sur-
gery +delayed hypoxemia. Microglial activation as evidenced by
Ibal staining was not significantly altered by delayed hypoxemia.
These clinical and experimental data indicate the prevention or ame-
lioration of delayed hypoxemia effects following TBI may provide a
unique opportunity for the development of therapeutic interventions
to reduce axonal injury and improve clinical outcomes.

Key Words: Axonal injury; Brain hypoxia; Controlled cortical im-
pact; Delayed hypoxemia; Secondary injury; Traumatic brain injury.

INTRODUCTION

Despite advances in care, morbidity following traumatic
brain injury (TBI) remains high (1, 2). Following the primary
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direct mechanical injury to brain parenchyma, important sec-
ondary injuries develop over hours to days from multiple ad-
dressable mechanisms including hypoxemia, ischemia, and
excitotoxicity (3). Clinical observational studies have found a
strong association between early hypoxemia (pre-hospital or
emergency room setting) following TBI and poor clinical out-
comes (4-7). Preclinical investigations of hypoxemia immedi-
ately after experimental TBI have demonstrated exacerbations
in brain edema and ischemia, hippocampal neuronal cell
death, neuroinflammation, axonal injury, and behavioral defi-
cits (8-12).

Patients with TBI in the intensive care setting are also at
high risk for delayed secondary hypoxemia due to pulmonary
contusions, aspiration, pneumonia, atelectasis, acute respira-
tory distress syndrome, and as a result of procedural interven-
tions such as endotracheal tube displacement, emergent
diagnostic imaging, and surgical interventions. However, little
is known about the role that delayed hypoxemia (beyond the
pre-hospital and emergency room setting) plays in secondary
brain injury following TBI. A small prospective study found
that any hypoxemia, defined as O, saturation < 90%, within
the first 24 hours after TBI was associated with an increase in
mortality (13). The majority of previous animal studies inves-
tigating post-TBI hypoxemia have utilized a 15- to 30-minute
exposure of low inspired oxygen (8%—12%) occurring within
1 hour of experimental TBI (8—12). No studies to our knowl-
edge have investigated delayed hypoxemia after TBI in an ani-
mal model.

Although traumatic axonal injury (TAI) is considered to
be the major contributor to long-term cognitive deficits in TBI
patients (14—18), only 1 preclinical study has investigated the
contribution of immediate postinjury hypoxemia to axonal in-
jury (11). Axonal injury following TBI is most commonly
characterized histologically by immunohistochemical staining
of amyloid precursor protein (APP) and neurofilament. APP
under normal conditions traverses the length of the axon, but
in response to injury will accumulate at axonal varicosities
and retraction bulbs (19-22). Changes in structural integrity of
the axonal cytoskeleton can result in increased neurofilament
immunoreactivity (16, 23, 24). These 2 approaches, when
combined, can provide a more complete histological charac-
terization of axonal injury following TBI (19, 25, 26). To our
knowledge, the impact of delayed hypoxemia on axonal injury
has not been investigated in preclinical models of TBI.
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Based on retrospective pediatric intensive care data, we
developed a clinically relevant mouse model of delayed sys-
temic hypoxemia following TBI. We used this model to test
the hypothesis that delayed posttraumatic hypoxemia follow-
ing controlled cortical impact (CCI) in young mice would ex-
acerbate white matter injury.

MATERIALS AND METHODS

Patient Data

The Institutional Review Board at Washington Univer-
sity approved the retrospective clinical study and waived the
requirement for obtaining written informed consent. Data
were abstracted from registry of pediatric patients with severe
TBI (postresuscitation Glasgow Coma Score (GCS) of 8 or
less who were admitted to the pediatric intensive care unit
(PICU) at Saint Louis Children’s Hospital between July 1,
1999 and December 31, 2011. Patients were excluded if they
had a GCS of 3 with fixed and dilated pupils at time of admis-
sion, cardiac arrest prior to arrival in the PICU, abusive head
trauma, and gunshot wounds to the head. Age at time of injury,
sex, postresuscitation GCS, pediatric risk of mortality score
(PRISM III), injury severity score, injury mechanism, PICU
length of stay, hospital length of stay, PICU-free days at 28
days of admission, Glasgow outcome scale score at hospital
discharge, and destination at hospital discharge were recorded.
Initial head computed tomography scan was categorized by
using the Marshall classification of initial head computed to-
mography (27). PICU-free days at 28 days of admission was
defined as the total numbers of days alive outside the PICU at
28 days after admission. Complete arterial blood gas, hourly
pulse oximetry, and end tidal CO, data were abstracted from
the medical record. Hypoxemia was defined as a pulse oxime-
try reading < 90% or an arterial PO, <60 mm Hg. A discreet
episode of hypoxemia was defined as complete with the first
subsequent normal blood gas or pulse oximetry reading.

Animal Studies
Injury

All procedures were approved by the Washington Uni-
versity Animal Studies Committee, and are consistent with the
National Institutes of Health guidelines for the care and use of
animals. Five week-old C57BL/6J male mice (Jackson Labo-
ratory, Bar Harbor, ME) weighing 16-20 g were used in these
experiments. For studies of axonal injury, mice were killed at
2 different time points: 48hours and 1 week after injury
(n =20 total for each time point). Two additional cohorts of
20 animals each were utilized for the same 2 time points
(48 hours and 1 week after injury) to evaluate the response of
microglia (1 week time point only) and astrocytes (48 hours
and 1 week). For each time point, 8 mice underwent sham in-
jury and 12 mice underwent CCI (28-30). The mice were
anesthetized with 5% isoflurane at induction, followed by
maintenance at 2% isoflurane for the duration of the proce-
dure. The head was shaved and head holders were used to sta-
bilize the head within the stereotaxic frame (MyNeurolab, St.
Louis, MO). Then, a single 5-mm craniotomy was performed
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by an electric drill on the left lateral side of the skull centered
2.7 mm lateral from the midline and 3 mm anterior to lambda.
Animals were randomized to sham or injury after craniotomy
utilizing a computer generated numbers randomization. For
injured animals, the 3-mm electromagnetic impactor tip was
then aligned with the craniotomy site at 1.2 mm left of mid-
line, 1.5mm anterior to the lambda suture. The impact was
then delivered at 2mm depth (velocity 5 m/s, dwell time
100 ms). The head holders were released immediately after the
injury. All animals then received a loose fitting plastic cap se-
cured over the craniotomy with Vetbond (3M, St. Paul, Min-
nesota). The skin was closed with interrupted sutures and
treated with antibiotic ointment before removing the mouse
from anesthesia and allowing recovery on a warming pad.

Delayed Hypoxemia

One day after injury or sham surgery, animals were ran-
domized to normoxemia (room air) or hypoxemia (8% O,, 4%
CO,) for 30 minutes. During normoxemia or hypoxemia ani-
mals were placed in fresh cages with littermates randomized
to the same treatment arm and all mice were subjected to iden-
tical transport and handling. Animals randomized to hypox-
emia were placed in a Coy Labs Hypoxia Chamber (6 x 3’ x
4") (Coy Laboratory, Grass Lake, MI), fitted with airlock, oxy-
gen sensor, carbon dioxide sensor, and gas controllers.

Arterial Blood Gas Sampling

A separate cohort of 18 mice was utilized for the arterial
blood gas experiments. Animals were randomized to injury or
sham surgery (n=9 for each group). One day after injury or
sham surgery, animals were anesthetized with 5% isoflurane
at induction, followed by maintenance at 2% isoflurane for
placement of right carotid artery tunneled catheters. Once
completely recovered and awake, animals underwent 30 min-
utes of low inspired oxygen (8% O,,) and arterial blood sam-
ples were drawn at the end of the 30 minutes. Arterial blood
gas analysis was performed on a Bayer Rapidlab 845 blood
gas analyzer (Siemens Medical Diagnostics, Bayer, Tarry-
town, NY). Initial screening was performed on 1 sham and 1
injured mouse at each of the following CO2 concentrations:
0.5%, 2%, 4%, and 6%. The conditions that produced normo-
carbia were then repeated with the 10 remaining mice (n=35
for each group).

Immunohistochemistry

Mice were killed under isoflurane anesthesia by trans-
cardial perfusion with 0.3% heparin in phosphate-buffered
saline. Whole brains were removed and fixed in 4% parafor-
maldehyde for 48 hours, followed by equilibration in 30%
sucrose for at least 48 hours prior to sectioning. Serial 50-pm-
thick coronal slices were cut on a freezing microtome starting
with the appearance of a complete corpus callosum and cau-
dally to bregma —3.08 mm. Sets of 12 sections spaced every
300 pm were mounted on glass slides and used for immuno-
histochemical studies.
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Staining was performed on free-floating sections
washed in Tris-buffered saline (TBS) between applications of
primary and secondary antibodies. Endogenous peroxidase
was blocked by incubating the tissue in TBS 4 3% hydrogen
peroxide for 10 minutes. Normal goat serum (3%) in TBS with
0.25% Triton X (Tris-buffered saline (TBS)-X) was used to
block nonspecific staining for all antibodies. Slices were then
incubated at 4 °C overnight with one of the following primary
antibodies: polyclonal rabbit anti-B-APP (Invitrogen, Carls-
bad, CA) at a concentration of 1:1000; polyclonal rabbit anti-
neurofilament-200 (Sigma, St. Louis, MO) at a concentration
of 1:8000; polyclonal rabbit anti-Ibal (Wako Chemicals USA,
Richmond, VA) at a concentration of 1:1000; or polyclonal
rabbit anti-glial fibrillary acidic protein (GFAP) (Dako North
America, Carpinteria, CA) at a concentration of 1:1000. Bioti-
nylated goat anti-rabbit secondary antibodies (Vector Labora-
tories, Burlingame, CA) in TBS-X were used at a 1:1000 con-
centration to detect bound primary antibodies. Colorization
was achieved using the Vectastain ABC Elite Kit (Vector Lab-
oratories) followed by the application of 3-3' diaminobenzi-
dine (DAB).

Detection of Brain Tissue Hypoxia

To determine if brain tissue hypoxia was occurring dur-
ing delayed hypoxemia in regions where TAI was occurring,
we utilized Hypoxyprobe™-omni kit (Hypoxyprobe, Burling-
ton, Massachusetts) (pimonidazole) to quantify white matter
tissue hypoxia (31-33). Pimonidazole selectively adducts with
thiol groups in proteins, peptides, and amino acids under hyp-
oxic conditions (PO, <10mm Hg) (34). Twenty mice (CCI,
n=12, sham, n=_8) were administered 60 mg/kg of pimoni-
dazole intraperitoneally and then immediately randomized to
either 30 minutes of hypoxemia or room air. Seventy-five min-
utes after injection of pimonidazole, mice were killed and
brains were prepared for immunohistochemistry as described
above. Affinity purified anti-pimonidazole rabbit antiserum
(PAb2627AP, Hypoxyprobe) at a concentration of 1:1000 was
utilized as the primary antibody.

Quantification of Immunohistochemistry

The extent of tissue loss of the ipsilateral hemisphere for
each animal was quantified using images of -APP stained sli-
ces acquired using Hamamatsu NanoZoomer 2.0-HT System
(Hamamatsu Corporation, Middlesex, New Jersey). Tissue
loss in the injured hemisphere was calculated as a percentage
of the tissue volume in the contralateral hemisphere as de-
scribed by others (35). Stereological analysis was performed
using Stereolnvestigator software version 8.2 (MBF Bio-
science, Williston, Vermont). Assessments were made by an
investigator blinded to group assignment. The optical fraction-
ator function was used to quantify target markers per cubic
millimeter of tissue. For quantification of axonal injury, a grid
size of 250 x 250 pm, a counting frame of 40 x 40 pm, and a
dissector height of 15 pm with a guard zone of 5 pm were
used for all quantifications, resulting in 3% of the regions of
interest (ROI) being randomly sampled. All ROIs were
traced at 4x magnification and markers were counted at

60x magnification. The ipsilateral corpus callosum and exter-
nal capsule spanning 12 sections starting with the appearance
of a complete corpus callosum and caudally to bregma
—3.08mm were used as the ROI for the B-APP and
neurofilament-200 (NF200). This region was defined as the
white matter area between midline and the lateral edge of the
cingulum in rostral sections; in caudal sections, a horizontal
line drawn laterally from the end of the fimbria served as
the end boundary of the ROI. Injured axons were identified by
B-APP-positive varicosities greater than 5 pm. Similarly,
NF200-positive axonal varicosities greater than 5 pm in diam-
eter were counted as injured axons during stereological assess-
ment. For stereological quantification of Ibal-positive cells,
the optical fractionator function was again used, with a grid
size of 180 x 180 um and a counting frame of 80 x 80 um.
The ROI began with the most anterior slice containing hippo-
campal dentate gyrus and ended with the most posterior sec-
tion containing corpus callosum fibers that cross midline
which yielded 3—4 sections for analysis per animal. The mid-
line served as the medial boundary for the ROI, whereas the
lateral boundary was formed by drawing a horizontal line be-
tween the ventral hippocampus and dorsal thalamus in each
coronal section. Gunderson’s coefficients of error were <0.1
for all stereological quantifications.

Automated quantification of axonal injury was per-
formed with Visiopharm software version 4.3.1.0 (Visio-
pharm, Broomfield, Colorado) on images acquired using Ha-
mamatsu NanoZoomer 2.0-HT System. Using the same ROI
described above, 3 labels were generated for B-APP stained
slices: 2 labels for positively stained axons (APP puncta, for
cross sectional and APP axons for longitudinal), and 1 label
for background white matter. The classification method used
was threshold, and the ranges for the 2 stained axon labels
were 0-7, and 7.01-190 for background white matter. The
post process parameters were as follows, in order: APP puncta
with an area <12 pm? and APP axons with an area <30 pm?
were transformed to background tissue, APP puncta were sep-
arated into discreet objects, APP puncta with an area greater
than 50 pm? were transformed into APP axons, APP axons
were separated into discreet objects, APP axons label with an
area greater than 120 um?* were transformed to background tis-
sue, and APP puncta labeled areas with an irregularity greater
than 3 were transformed to background tissue. For NF200
staining, the classification method used was threshold, and the
ranges for NF-200 puncta, NF200 axons, and tissue were 0—
30, 0-30, and 30.01-200, respectively. The post processes ap-
plied were as follows, in order: NF200 puncta were separated
into discreet objects, NF200 puncta with an area <15 pm?
were transformed into background tissue, NF200 puncta with
an irregularity greater than 4 were transformed into NF200
axons, NF200 axons with an area <25 pm? were transformed
into tissue, NF200 axons were then separated into discrete ob-
jects, and NF-200 axons with an area greater than 200 pm?
were transformed into background tissue.

Quantification of brain tissue hypoxia staining was per-
formed in the same ROI for axonal injury. Two labels, 1 for
hypoxic cells and 1 for background white matter tissue were
utilized. Threshold was again used as the classification
method, and the ranges for hypoxic cells and background

733


Deleted Text: -
Deleted Text:  CA
Deleted Text: MO
Deleted Text: VA
Deleted Text: CA
Deleted Text: CA
Deleted Text: '
Deleted Text: traumatic axonal injury (
Deleted Text: )
Deleted Text: MA
Deleted Text: NJ
Deleted Text: VT
Deleted Text: &micro;m x
Deleted Text:  &micro;m
Deleted Text: x
Deleted Text: x
Deleted Text: x
Deleted Text: -
Deleted Text:  &micro;m
Deleted Text: x
Deleted Text:  &micro;m x
Deleted Text: -
Deleted Text: -
Deleted Text: CO
Deleted Text: -
Deleted Text: -
Deleted Text: less than
Deleted Text:  
Deleted Text: less than 
Deleted Text: less than 
Deleted Text: less than 
Deleted Text: one 
Deleted Text: one 

Parikh et al

J Neuropathol Exp Neurol ® Volume 75, Number 8, August 2016

tissue were 0-90 and 90.01-210, respectively. The post pro-
cesses were as follows: Separate objects for h%/poxic cells and
change hypoxic cells with an area of <6 um~ to background
tissue. Test—retest reliability was evaluated by staining a sec-
ond set of 12 slices from each brain analyzed and having the
same blinded operator repeat the image analysis on these
stained slices. Interrater reliability was assessed by having a
second blinded operator perform the image analysis on the
same set of images.

For GFAP measurements, 5x images of the ipsilateral
corpus callosum and external capsule were obtained using the
Nanozoomer. Using ImagelJ, files were converted to 32-bit im-
ages and positive signal on each image was selected using the
Max Entropy auto thresholding method. ROIs were selected
and drawn as described for stereological assessment of micro-
glia in ipsilateral white matter. Total area of ROIs and area of
positive thresholding from each slice were calculated and
summed to determine total percent area of positive GFAP
staining.

All postprocessing and automated quantification algo-
rithms are freely available upon request.

Statistical Analysis

All data were analyzed using Statistica version 12 (Dell
Inc., Tulsa, OK). Clinical continuous data is presented as me-
dian and interquartile ranges. The association of variables and
hypoxemia was performed using Kruskal-Wallis for continu-
ous data and Fisher exact test for categorical data. Animal data
results are presented as mean * SD. For all animal data sets
there was no evidence for significant deviations from normal
distribution (p > 0.05 by Shapiro-Wilk tests). Quantitative
histologic data were analyzed with 2-way ANOVA, followed
by Tukey tests for multiple comparisons with a significance
level of p <0.05. Spearman correlations were utilized to as-
sess the correlation between stereological and Visiopharm-
based quantification of axonal injury.

RESULTS

Delayed Hypoxemia After Severe TBI Is
Common

Seventy-four patients met study inclusion criteria and
had complete arterial blood gas and hourly pulse oximetry
data available. Twenty-eight patients (35%) were found to
have experienced hypoxemia (PaO, <60 mm Hg or pulse ox-
imetry <90%) within in the first 7 days of admission. The
length of all hypoxemic episodes was observed to be no
> 1 hour, but their exact length could not be determined due to
the resolution of the physiologic data in the medical record
(hourly recordings). The majority of these episodes occurred
in the first 48 hours (Fig. 1). All patients were observed to be
normocarbic during episodes of hypoxemia. Patients with hyp-
oxemia were more commonly female; otherwise there were no
differences in demographic data or injury severity between the
groups (Table 1). Patients who experienced hypoxemia were
more likely to have a longer PICU stay. Patients with delayed
hypoxemia trended toward poorer outcome (GOS of 3 or less)
at hospital discharge (54% vs 29%) but this did not reach
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FIGURE 1. Delayed hypoxemia (defined as O, saturation
of <90% or PaO, <60 mm Hg) in pediatric patients with severe
traumatic brain injury (TBI). Frequency and timing of
hypoxemia in 74 pediatric patients admitted to the ICU with
severe TBI. Forty-eight discreet episodes of hypoxemia were
observed in 26 (35%) patients.

statistical significance. However, when GOS at hospital dis-
charge was dichotomized, patients with delayed hypoxemia
had poorer outcome (54% vs 29%, p = 0.047).

Mouse Model of Clinical Relevant Delayed
Hypoxemia After TBI

To model delayed normocarbic hypoxemia following
TBI explicitly, we exposed awake, spontaneously breathing
mice 1 day after injury or sham surgery to 8% oxygen. As part
of our experimental design, we avoided the use of inhaled an-
esthetics during delayed hypoxemia because they are not rou-
tinely utilized in the intensive care setting and may in fact be
neuroprotective (36—39). However, allowing mice to breathe
spontaneously in a low oxygen environment results in tachyp-
nea and hypocarbia, which produce decreases in cerebral
blood flow, and would cloud the clinical relevance of our
model. Utilizing mice that had undergone tunneled arterial
cannulation, ambient carbon dioxide concentration was in-
creased stepwise from 0.5% to 6%. We found that 4% carbon
dioxide maintained normocarbia (despite hypoxemia-related
hyperventilation) in awake, spontaneously breathing mice dur-
ing 30 minutes of 8% oxygen (Table 2).

Pericontusional White Matter Hypoxia Is
Worsened by Delayed Hypoxemia

As expected, hypoxemia 24 hours after CCI resulted in
increased white matter immunohistochemical staining in the
ipsilateral corpus callosum and external capsule for a marker
of tissue hypoxia compared with CCI alone (Fig. 2). Minimal
white matter tissue hypoxia was observed in sham or
sham + hypoxemia. Quantification of white matter tissue
hypoxia with Visiopharm software was performed in the ipsi-
lateral corpus callosum and external capsule with strong in-
terrater and test—retest reliability (Fig. 3). Two-way ANOVA
revealed a significant injury (F; ;6=561.8, p<0.0001), hyp-
oxemia (F ;6=26.8 p <0.0001), and injury + hypoxemia in-
teraction effect (Fy 16=17.5, p < 0.0007). Post hoc Tukey tests
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TABLE 1. Demographic Characteristics, Severity of Injury, Injury Mechanisms, and Raw Outcomes

Hypoxemia Normoxemia p Value
n=26 n=48
Age (months) 121 [55-189] 144 [109-179] 0.31
Sex, male 11 (42%) 28 (58%) 0.14
Post resuscitation GCS 4[3-5] 5 [3-6] 0.25
PRISM III 6 [2-14] 5[2-8] 0.26
ISS 28 [16 41] 28 [21 -35] 0.61
Injury mechanism 0.088
Motor vehicle accident 18 (69%) 34 (71%)
Pedestrian accident 4 (15%) 9 (19%)
Fall 1 (4%) 5 (10%)
Other 3 (12%) 0 (0%)
Marshall CT classification 0.33
Diffuse Injury I 0 1 (2%)
Diffuse Injury II 24 (92%) 38 (79%)
Diffuse Injury III 1 (4%) 6 (13%)
Diffuse Injury IV 0 1 (2%)
Evacuated mass legion 0 2 (4%)
Nonevacuated mass legion 1 (4%) 0
PICU LOS 15.1[12.2-23.0] 12.3 [5.0-15.5] 0.014
PICU free days at 28 days 11.6 [4.0-15.8] 15.1 [11.8-22.7] 0.017
Hospital LOS 45.0 [15.0-89.0] 26.5[16.5-37.5] 0.19
GOS at hospital discharge 0.12
1 death 1 (4%) 2 (4%)
2 persistent vegetative state 0 (0%) 0 (0%)
3 severe disability 13 (50%) 12 (25%)
4 moderate disability 11 (42%) 26 (54%)
5 good recovery 1 (4%) 8 (17%)
Dichotomized GOS at hospital discharge 0.047
Poor (GOS 1-3) 14 (54%) 14 (29%)
Good (GOS 4-5) 12 (46%) 34 (71%)
Destination 0.87
Home, no assistance 18 (69%) 30 (63%)
Rehab facility 7 (27%) 15 (31%)
Acute care hospital 0 (0%) 1 (2%)
Death 1 (4%) 2 (4%)

Data are presented as median and interquartile range.

GCS, Glasgow coma score; PRISM 111, pediatric risk of mortality score; ISS, injury severity score; LOS, length of stay; GOS, Glasgow outcome scale score; PICU,

pediatric intensive care unit, PRISM, pediatric risk of mortality score.

TABLE 2. Arterial Blood Gas Samples From Awake Spontane-
ously Breathing Mice After 30 Minutes of 8% O, and 4% CO,
24 Hours After Controlled Cortical Impact or Sham Surgery

Group pH PaCO, (mm Hg) PaO, (mm Hg)
Sham (n=15) 7.36 = 0.02 40.8 = 2.0 50.1 = 1.4
CCI (n=5) 7.35 =0.03 40.6 = 1.9 498 = 1.1

CCI, controlled cortical impact injury.

demonstrated significantly more extensive tissue hypoxia in
injured mice with hypoxemia compared with injury alone
(p < 0.001) (Fig. 2Q). Interestingly, there was no difference in
Hypoxyprobe staining in the white matter when comparing
sham with sham + hypoxemia. Thus, this moderate degree of

hypoxemia does not appear to cause white matter brain tissue
hypoxia in isolation but substantially worsens tissue hypoxia
in peri-contusional white matter.

Delayed Hypoxemia Following TBI Is Associated
With an Increase in Peri-Contusional White
Matter TAI

Following CCI in rodent models, extensive TAI has
been reported in the peri-contusional white matter (40, 41). To
determine the effects of delayed hypoxemia after TBI on TAI,
we assessed TAI in the ipsilateral corpus callosum and exter-
nal capsule using 2 different markers: -APP and NF200. As
previously reported, we observed increased B-APP-positive
varicosities in the peri-contusional corpus callosum and exter-
nal capsule of injured mice (25, 41). We also noted a reduction
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FIGURE 2. Immunohistochemical staining with the hypoxia marker pimonidazole. (A-D) Pimonidazole staining of white matter
rostral to injury epicenter 24 hours after controlled cortical impact (CCI). Scale bar, 250 um. (E-H) Higher magnification of the
white matter. Scale bar, 50 um. (I-L) Pimonidazole staining white matter at injury epicenter 24 hours after CCl. Scale bar, 250
pm. (M-P) Higher magnification of the white matter. Scale bar, 50 um. (Q) Image quantification of white matter hypoxia of the
ipsilateral corpus callosum and external capsule. *p < 0.0001, ANOVA followed by post hoc Tukey test.
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FIGURE 3. (A) Hypoxyprobe staining of white matter. (B) Overlay of Visiopharm labeling. Green represents hypoxyprobe
staining; blue represents normoxic white matter in the region of interest. Scale bar, 100 um. (C) Interrater reliability. Visomorph
quantification of pimondazole staining of ipsilateral corpus callosum and external capsule by 2 blinded operators. R?=0.9953.
(D) Test-retest reliability. Visiomorph quantification of pimonidazole staining of ipsilateral corpus callosum and external capsule.
Two sets of 12 slices spaced 300 pm apart were stained for pimonidazole binding in the ipsilateral corpus callosum and external
capsule and quantified by blinded operators. R?=0.9597. Each data point in (€) and (D) represents quantification of 12 slices

spaced 300 um apart from a single brain.

in immunohistochemical staining for both markers over time.
Injured mice that experienced hypoxemia 1 day after CCI ap-
peared to have increased B-APP-positive staining compared
with injured mice without hypoxemia (Fig. 4). Hypoxemia did
not affect nonspecific staining characteristics of the tissue
(Fig. 4). We did not observe B-APP stained axonal swellings
in the contralateral white matter of any animals at either time
point (Fig. 5). Additionally, we observed a small but statisti-
cally significant increase in tissue loss in mice that experi-
enced delayed hypoxemia following CCI compared with CCI
alone (Fig. 6).

Our qualitative observations were confirmed by blinded
stereological quantification of B-APP staining in the ipsilateral
corpus callosum and external capsule (Fig. 4M, N). At 2 days
postinjury, 2-way ANOVA revealed a significant injury
(Fl,lf) :2797, p< 0.0001 ), hypoxemia (FI,IG =22.5 Pp<
0.0002), and injury +hypoxemia effect (F;;6=22.6, p<
0.0002). Post hoc Tukey tests demonstrated a significantly
higher number of B-APP positive varicosities in injured mice
with delayed hypoxemia compared with injured mice without
hypoxemia (p < 0.001). Two-way ANOVA at 7 days postin-
jury revealed similar results with significant injury (F; ;6=
104,5, p <0.001), hypoxemia (F 1 16=19.1, p<0.005), and

injury + hypoxemia effect (F, ;6 =19.3, p <0.005). Post hoc
Tukey tests also demonstrated a significantly higher number
of B-APP-positive varicosities in injured mice with hypoxemia
compared with injured mice without hypoxemia at 7 days
postinjury (p < 0.001).

Immunohistochemical staining for NF200 was observed
in injured mice in a more rostral aspect of the ipsilateral cor-
pus callosum and external capsule. There was an increase in
NF200 axonal swellings noted in injured mice with hypox-
emia compared with injured mice without hypoxemia (Fig. 7).
Two-way ANOVA of stereological quantification of NF200-
positive axonal swellings in the ipsilateral corpus callosum
and external capsule at 2 days postinjury revealed a significant
injury (F;;6=481.3, p<0.0001), hypoxemia (F;;6=16.5,
p <0.0009), and injury + hypoxemia interaction effect (F
1.16 =19.6, p < 0.0004). Post hoc Tukey tests demonstrated a
significantly higher number of NF200-positive swellings in in-
jured mice with hypoxemia compared with injured mice alone
(p <0.001). Similarly, 2-way ANOVA at 7 days postinjury re-
vealed a significant injury (F; ;6=199.4, p <0.0001), hypox-
emia (Fy 16 =26.5, p < 0.0001), and injury + hypoxemia effect
(F1.16=24.9, p<0.0001). Post hoc Tukey tests also demon-
strated a significantly higher number of NF200 varicosities in
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FIGURE 4. Controlled cortical impact (CCI) followed by delayed hypoxemia resulted in increased B-APP stained axonal swellings
at both 48 hours and 1 week after CCI. (A-D) B-APP staining of the corpus callosum and external capsule at impact epicenter
48 hours postinjury. Scale bar, 250 pm. Insets in (€) and (D) show no primary antibody nonspecific staining at impact epicenter.
Scale bar, 250 pm. (E-L) Higher magnification (of red squares in corresponding image) of the white matter at 48 hours (E-H)
and 1 week postinjury (I-L). Scale bar, 50 pm. (M, N) Stereological quantification of B-APP-positive swellings per cubic
millimeter of the ipsilateral corpus callosum and external capsule. *p <0.01, **p < 0.001 ANOVA followed by post hoc Tukey
tests.
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Sham

Sham + Hypoxemia
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FIGURE 5. B-APP staining of the contralateral corpus callosum or external capsule did not reveal any axonal swellings at either
48 hours or 1 week after controlled cortical impact (CCl). (A-D) B-APP staining of the contralateral white matter at 48 hours
postinjury. Scale bar, 250 pm. (E-L) Higher magnification of the contralateral white matter at 48 hours (E-H) and 1 week (I-L)

postinjury. Scale bar, 50 pm.

injured mice with hypoxemia compared with injured mice
alone (p < 0.0001).

Automated Quantification of Axonal Injury
Quantification of white matter injury immunohisto-
chemistry with stereology is a powerful and accurate method
to assess treatment effects on axonal injury. However, stereo-
logical quantification of axonal injury is laborious, expensive,
and temporally limits experimental throughput (eg, for screen-
ing of candidate therapeutics for efficacy in axonal injury,
assessments of effects of genotype, gender, age, etc.). To
improve experimental efficiency, we developed a higher
throughput image analysis protocol using the Visiopharm Inte-
grator System software for quantification of axonal injury.
Axonal swellings are identified by first thresholding the ROI,
and then further distinguished by user developed parameters
based on size, shape, and object separation (Fig. 8). Using
these parameters, 2 populations of positively stained axonal
swellings can be identified: short axis (green) and long axis
(red) (Fig. 8B, E). The sum of these 2 populations identified

by this method correlated very well with traditional stereologi-
cal quantification for both B-APP and NF200 stained axons
(Fig. 8C, F). Throughput was approximately 7-fold faster than
traditional stereology.

Delayed Hypoxemia Following CCI Does Not
Significantly Alter Microglial Response

To determine if increase microglial activation was asso-
ciated with the increase in axonal injury following delayed
hypoxemia, we examined the peri-contusional white matter
with Ibal immunohistochemical staining at 7 days postinjury.
We selected the 7 day time point as it has been previously re-
ported that microglial activation increases over the first 7 days
after CCI in the mouse (42). Following CCI, we observed in-
creased prominence of Ibal-positive cells in the ipsilateral
corpus callosum and external capsule 7 days after initial injury
(Fig. 9). This injury effect was confirmed by stereological
analysis (Fig. 9I) (F;16=217, p<0.0001). Stereological
quantification of Ibal-positive cells did not demonstrate a sta-
tistically significant effect of delayed hypoxemia (F; 1 =1.51,
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FIGURE 6. Tissue loss 1 week after injury. B-APP staining of whole brain slices. (A-F) TBI alone (A-C) and TBI+ delayed
hypoxemia (D-F). (G) Quantification of tissue loss of the ipsilateral hemisphere. *p < 0.0001 unpaired t-test.
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FIGURE 7. Controlled cortical impact (CCl) followed by delayed hypoxemia resulted in increased neurofilament-200 (NF200)
stained axonal swellings at both 48 hours and 1 week after CCl. (A-D) NF200 staining of the white matter rostral to impact
epicenter at 48 hours postinjury. Scale bar, 250 um. (E-L) Higher magnification (of red squares in corresponding images) of the
white matter at 48 hours (E-H) and 1 week (I-L) postinjury. Scale bar, 50 um. (M, N) Stereological quantification of NF-200-
positive axonal swellings per cubic millimeter of the ipsilateral corpus callosum and external capsule. **p <0.001, ANOVA
followed by post hoc Tukey tests.
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FIGURE 8. Image quantification of axonal injury strongly correlates with stereological quantification. (A) B-APP staining of
ipsilateral corpus callosum and external capsule. (B) Overlay of Visiopharm labeling of B-APP-positive axonal swellings. Green
represents axonal swellings in the short axis; red represents axonal swellings in the long axis. Scale bar, 100 um. (C) Correlation
of stereological quantification and Visiopharm image analysis of ipsilateral corpus callosum and external capsule. R?=0.9502.
Each data point represents quantification of 12 slices spaced 300 um apart from 1 brain 48 hours or 1 week after injury or sham
surgery. (D) NF200 staining of ipsilateral corpus callosum and external capsule. (E) Overlay of Visiopharm labeling of 3-APP-
positive axonal swellings. Green represents axonal swellings in the short axis; red represents axonal swellings in the long axis.
Scale bar, 100 um. (F) Correlation of stereological quantification and Visiopharm image analysis of ipsilateral corpus callosum
and external capsule. R?=0.9227. Each data point represents quantification of 12 slices spaced 300 um apart from 1 brain

48 hours or 1 week after injury or sham surgery.

p=0.24) or the interaction between hypoxemia and injury
(F1.16=1.94, p=0.18). No difference in microglial activation
was observed in sham animals with or without hypoxemia.

Delayed Hypoxemia Augments Astrocyte
Response Following CCI

To assess effects of delayed hypoxemia on astrocytic re-
sponse to TBI, we performed GFAP immunohistochemical
staining. As expected, we observed increased GFAP-positive
cells in the ipsilateral corpus callosum and external capsule in
injured animals compared with shams at 48 hours and 1 week
after CCI (Fig. 10). Hypoxemia alone did not increase GFAP
staining in shams at 48 hours or 1 week postinjury. However,
delayed hypoxemia after CCI did increase GFAP staining in
the ipsilateral corpus callosum and external capsule compared
with CCI alone at 48 hours and 1 week after injury (Fig. 10).
Two-way ANOVA of percent area of GFAP staining in the ip-
silateral corpus callosum and external capsule demonstrated a
significant injury (F; ;6=359.6, p <0.0001), hypoxemia
(Fy.16=8.7, p<0.01), and injury + hypoxemia interaction ef-
fects (F 116=4.8, p<0.05) at 2 days postinjury. Post hoc
Tukey test confirmed a higher percent area of GFAP staining
in mice with delayed hypoxemia and CCI compared with CCI

742

alone (23% vs 18%, p < 0.001). Similarly at 1 week postinjury,
there were significant injury (F; ;6=181.2, p <0.0001), hyp-
oxemia (F; 14=12.7, p<0.003), and injury 4+ hypoxemia in-
teraction effects (F ; ;6 =12.1, p < 0.003). Post hoc Tukey test
demonstrated a higher percent area of GFAP staining with
delayed hypoxemia compared with CCI alone (45% vs 24%,
p <0.01).

DISCUSSION

In summary, hypoxemia was common in children with
severe head injury during the first 7 days of intensive care. To
model this clinical phenomenon, we exposed mice to 30 min-
utes of systemic hypoxemia 24 hours after moderate CCI and
observed increased peri-contusional axonal injury. We de-
tected increased axonal injury in mice experiencing hypox-
emia after TBI utilizing 2 different immunohistochemical
markers of axonal injury, B-APP and NF200, at 48 hours and 1
week postinjury in the ipsilateral corpus callosum and external
capsule. Our findings are further supported by increased white
matter hypoxia and astrogliosis in mice undergoing CCI fol-
lowed by delayed systemic hypoxemia compared with CCI
alone. Together, these data support the hypothesis that delayed
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FIGURE 9. Microglial activation 1 week after traumatic brain injury (TBI). (A-H) Iba-1 stained whole sections (A, C, E, G) and
higher magnification of the ipsilateral corpus callosum (B, D, F, H) at 1 week postinjury. (I) Stereological quantification of Iba-1-
positive microglia in the ipsilateral corpus callosum and external capsule did not demonstrate a statistically significant difference
between the 2 injury groups. **p < 0.001, ANOVA followed by post hoc Tukey tests.
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FIGURE 10. Increased astrocytosis following delayed hypoxemia after traumatic brain injury (TBI). (A-L) Anti-GFAP stained
whole sections 48 hours after TBI (A-D). Higher magnification of the corpus callosum (red squares in corresponding images)
48 hours after TBI (E-H) and 1 week after TBI (I-L). (M, N) Percent area of GFAP staining in the ipsilateral corpus callosum (CC)
and external capsule (EC). *p < 0.01, **p < 0.001 ANOVA followed by post hoc Tukey tests.
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hypoxemia following CCI in mice exacerbates axonal injury
in peri-contusional white matter.

Our model has several strengths. The electromagnetic
CCI device utilized produces precise reproducible injury se-
verity reducing injury variability and the sample size of mice
required (28). It should be noted, however, that modeling hu-
man severe TBI in the rodent is technically challenging.
Unlike in the clinical setting, the animals in this study were
able to feed and care for themselves without medical interven-
tion within 1 hour of injury. We utilized retrospective clinical
data as a foundation for our model design of hypoxemia to en-
sure clinical relevance and maximize the translatability of our
findings. As part of our experimental design, we avoided the
use of inhaled anesthetics during delayed hypoxemia because
they are not routinely utilized in the intensive care setting and
may in fact be neuroprotective, thereby confounding results
(36-39). By adding CO, in a controlled manner to the hypoxia
chamber, we were able to achieve normocarbia, permitting us
to examine the effects of hypoxemia without the confounding
influence of hypocarbia. Because children with TBI and hyp-
oxemia were normocarbic, this approach also supported fidel-
ity between clinical data and our preclinical model.

We assessed white matter axonal injury utilizing 2 dif-
ferent immunohistochemical markers of axonal injury, 3-APP
a marker of impaired axoplasmic transport (IAT) and NF200,
a marker of neurofilament compaction (NFC). IAT and NFC
are thought to occur in different subset of axon populations
following TBI (43-45). IAT detected by anti-B-APP can be
found in both larger and smaller axons whereas NFC is typi-
cally detected by immunohistochemistry in larger axons (19).
Both markers of axonal injury had greater densities in the ipsi-
lateral corpus callosum and external capsule at 48 hours and 1
week after CCI in animals that had experienced delayed hyp-
oxemia versus normoxemia, thereby demonstrating that a de-
layed systemic insult can exacerbate TAI. We also observed
variations in IAT and NFC density based on location. The ma-
jority of NFC detection in our CCI model was observed in
white matter rostral to the impact epicenter with little or no
NF200 staining at the center of the impact. B-APP immunos-
taining was more diffuse with the greatest amount observed in
white matter at the impact epicenter.

Our innovative approach to axonal injury quantification
with a high throughput image analysis protocol using the Vis-
iopharm software correlated well with traditional stereological
quantification (Fig. 8C, F), and had excellent interrater and
test-retest reliability (Fig. 3C, D). However, unlike stereology,
our method does not estimate density of axonal pathology
through the entire thickness of the ROI in each slice. Our
image analysis is also highly dependent on high quality and
consistent immunohistochemistry, DAB colorization, and im-
aging to achieve accurate quantification. Avenues for future
development could include alterations in the histological
approach, such as thinner sections spaced closer together.
Nevertheless, this quantification technique with the stated ca-
veats provides the opportunity for fast and accurate unbiased
quantification of histopathology. This technique is very attrac-
tive as an initial screening tool for future investigations assess-
ing the efficacy of therapeutic candidates targeting axonal
injury.

We also assessed the microglial response in the ipsilat-
eral corpus callosum and external capsule following delayed
hypoxemia after CCI using Iba-1 immunohistochemistry
and observed a strong microglial response 1 week after CCI
(Fig. 9), consistent with previous reports (42, 46). By contrast,
the addition of delayed hypoxemia did not result in a signifi-
cant increase in the microglial response in the ipsilateral cor-
pus callosum and external capsule. It should be noted that our
evaluation of the microglia response was limited to Ibal im-
munohistochemical staining and we did not investigate any in-
fluence of delayed hypoxemia on activations of M1 and M2
phenotypes. Previous investigations in a weight-drop rat
model of TBI with immediate postinjury hypoxemia did not
demonstrate an increase in microglial activation compared
with TBI alone (10). Furthermore, when microglia are reduced
prior to and after injury in a murine repetitive concussion
model, no alterations in axonal injury were observed (47).
These data are most consistent with the hypothesis that micro-
glia do not play a prominent contributory role to the increase
axonal injury observed after delayed hypoxemia following
TBI. Conversely, GFAP immunohistochemistry demonstrated
more prominent astrogliosis following delayed hypoxemia af-
ter CCI versus CCI alone at 48 hours postinjury with further
increases observed at the 1 week postinjury interval. Astrocyte
proliferation after CCI has been reported to peak at 3—4 days
postinjury (46, 48, 49). We observed similar levels of reactive
astrocytes at 2 days and 1 week postinjury in mice experienc-
ing CCI alone but the addition of delayed hypoxemia resulted
in a marked increase in reactive astrocytes at 1 week post-
CCL. It is unclear if this astrocyte response is simply a marker
of the increased axonal injury observed following delayed
hypoxemia, plays a protective role, or contributes in a negative
fashion to injury.

There are many other logical directions for future re-
search on this topic. Our investigations into the effects of de-
layed hypoxemia after TBI were limited to a focal injury
model. It would be of interest to see if similar exacerbations of
axonal injury could be observed in a more diffuse mouse
model of TBI. We have demonstrated axonal susceptibility to
systemic hypoxemia 24 hours after primary TBI but in these
experiments we did not determine the limits of this temporal
window of vulnerability. Future experiments are planned to
investigate how long after the initial TBI can axonal injury be
exacerbated by systemic hypoxemia. Immediate systemic hyp-
oxemia following experimental TBI has been observed to ex-
acerbate hippocampal neuronal injury and we plan to investi-
gate the effects of delayed hypoxemia on hippocampal injury
following CCI. We did not observe any immunohistochemical
evidence of TAI in the contralateral white matter with the
markers described above. However, prominent silver staining
contralateral to the impact site following CCI has been ob-
served by others (40, 50). Further investigations evaluating the
effects of delayed hypoxemia on white matter regions remote
to the impact site are planned. Our evaluation of TAI in white
matter also did not include investigations into the effects of
delayed hypoxemia on myelination of axons or changes in oli-
godendrocytes or their progenitor cells. Future investigations
are planned including the use of electron microscopy to assess
changes in axon myelination and Wallerian degeneration.
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Additional future directions include investigating the effect of
age on the brain’s response to delayed hypoxemia. We utilized
5-week-old male mice, the developmental equivalent of a
school age/adolescent patient to model the median age of our
clinical retrospective data. It is not known whether younger
children would be more or less vulnerable to delayed hypox-
emia following severe TBI. Likewise, it is not known whether
female mice would be affected similarly by delayed hypox-
emia, though males and females are affected similarly by CCI
in isolation (51). Future studies are planned to assess the ef-
fects of delayed hypoxemia on long-term behavioral deficits
and neuropathology such as hippocampal neurons, white mat-
ter atrophy, and microglial activation.

In conclusion, clinically relevant hypoxemia 24 hours
after CCI in mice resulted in white matter tissue hypoxia and
increased axonal injury as determined by 2 different immuno-
histochemical markers. Targeting delayed hypoxemia after
TBI in the ICU setting provides a unique opportunity for thera-
peutic interventions, permitting rapid administration of neuro-
protective agents with short temporal windows of efficacy and
the prospect to administer exceptionally safe neuroprotective
agents prior to episodes of secondary brain hypoxia in high
risk patients with severe TBIL.
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