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Abstract

While neutrophil elastase (NE), released by activated neutrophils, is a key mediator of secondary
pathogenesis in adult models of brain ischemia and spinal cord injury, no studies to date have
examined this protease in the context of the injured immature brain, where there is notable
vulnerability resulting from inadequate antioxidant reserves and prolonged exposure to infiltrating
neutrophils. We thus reasoned that NE may be a key determinant of secondary pathogenesis, and
as such, adversely influence long-term neurological recovery. To address this hypothesis, wild-
type (WT) and NE knockout (KO) mice were subjected to a controlled cortical impact at post-
natal day 21, approximating a toddler-aged child. To determine if NE is required for neutrophil
infiltration into the injured brain, and whether this protease contributes to vasogenic edema, we
quantified neutrophil numbers and measured water content in the brains of each of these
genotypes. While leukocyte trafficking was indistinguishable between genotypes, vasogenic
edema was markedly attenuated in the NE KO. To determine if early pathogenesis is dependent on
NE, indices of cell death (TUNEL and activated caspase-3) were quantified across genotypes. NE
KO mice showed a reduction in these markers of cell death in the injured hippocampus, which
corresponded to greater preservation of neuronal integrity as well as reduced expression of heme
oxygenase-1, a marker of oxidative stress. WT mice, treated with a competitive inhibitor of NE at
2, 6 and 12 h post-injury, likewise showed a reduction in cell death and oxidative stress compared
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to vehicle-treated controls. We next examined the long-term behavioral and structural
consequences of NE deficiency. NE KO mice showed an improvement in long-term spatial
memory retention and amelioration of injury-induced hyperactivity. However, volumetric and
stereological analyses found comparable tissue loss in the injured cortex and hippocampus
independent of genotype. Further, WT mice treated acutely with the NE inhibitor showed no long-
term behavioral or structural improvements. Together, these findings validate the central role of
NE in both acute pathogenesis and chronic functional recovery, and support future exploration of
the therapeutic window, taking into account the prolonged period of neutrophil trafficking into the
injured immature brain.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of childhood morbidity worldwide
(Langlois, 2000; Faul et al., 2010). The developing brain is particularly vulnerable to injury,
with long-term cognitive deficits becoming apparent over time alongside brain maturation
(Anderson et al., 2005; Anderson et al., 2012). These impairments include persistent
cognitive deficits and hyperactivity which emerge alongside progressive atrophy of key
neuroanatomical structures, features which are paralleled in our model of TBI to the
immature mouse brain (Tong et al., 2002; Pullela et al., 2006).

Behavioral consequences of injury are preceded by early pathogenic events including acute
neuronal cell death, which coincides with the influx of polymorphonuclear neutrophils from
the peripheral circulation into the injured brain (Clark et al., 1994). Previously, we have
found that neutrophil infiltration into the immature injured mouse brain is more prominent
compared to the adult and protracted over an extended period of time, indicating an
exacerbated inflammatory response in the young brain which may in part underlie age-
dependent vulnerability to injury (Claus et al., 2010).

Lining the blood vessels and subarachnoid spaces within hours post-injury, neutrophils are
typically the first innate immune cells to transmigrate across the vasculature and infiltrate
the parenchyma of the injured brain, peaking in numbers by 12-48 hours (Clark et al., 1994;
Holmin et al., 1995; Hausmann et al., 1999). These leukocytes then assume an activated,
neurotoxic phenotype (Allen et al., 2012) and are capable of releasing a plethora of agents
including myeloperoxidase, matrix metalloproteinases (MMPs), pro-inflammatory cytokines
and reactive oxygen species, all of which contribute to pathogenesis secondary to the initial
insult (Dinkel et al., 2004; Nguyen et al., 2007). Neutrophil depletion (Kenne et al., 2012),
as well as strategies to reduce neutrophil adhesion and infiltration (Knoblach and Faden,
2002; Semple et al., 2010a; Bao et al., 2012), affords varying degrees of neuroprotection in
adult models of TBI, providing evidence of a biologically significant role for neutrophils in
acute brain injury.
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Neutrophil elastase (NE), perhaps most studied in acute and chronic lung disease, is
recognized as one of the most destructive proteolytic enzymes. At the vascular interface it
mediates cellular damage and dysfunction, and when released by infiltrating neutrophils into
the adjacent parenchyma, NE promotes degradation of the extracellular matrix and triggers
pathways leading to cell death (Kawabata et al., 2002; Zhou et al., 2012). A chymotrypsin-
like serine protease with potent catalytic activity, biologically active NE is stored in
neutrophil azurophilic granules at high concentrations and released into the extracellular
space upon activation (Shapiro, 2002; Korkmaz et al., 2008). In addition to elastin, NE is
known to degrade almost all components of the extracellular matrix (including collagen
types I-1V, proteoglycan, fibronectin and cadherins), as well as key plasma proteins such as
immunoglobulin, coagulation and complement factors, and other proteases including
MMP-9 (Weiss, 1989; Delclaux et al., 1996; Kawabata et al., 2002; Korkmaz et al., 2008).
By cleavage to enhance or abolish the function of the cytokines interleukin-6 and -8, NE is
also thought to play a role in exacerbating ongoing inflammation (Bank and Ansorge, 2001;
Meyer-Hoffert and Wiedow, 2011). Further, by facilitating the conversion of xanthine
dehydrogenase to xanthine oxidase, NE activity likely promotes the generation of oxidative
stress (Phan et al., 1992; Aoshiba et al., 2001).

Accumulating evidence implicates neutrophil-mediated NE in pathogenesis and
neurovascular dysfunction in adult models of brain ischemia and spinal cord injury. That is,
specific targeting of NE by genetic deletion or pharmacological inhibition is acutely
neuroprotective in rodent and rabbit models of transient focal ischemia (Shimakura et al.,
2000; Matayoshi et al., 2009; Stowe et al., 2009; Ikegame et al., 2010), as well as traumatic
and ischemic spinal cord injury (Tonai et al., 2001; lwamoto et al., 2009). This is the first
study to define the role of NE in the unique setting of the developing brain, where injury
produces an age-specific pro-inflammatory state superimposed on an environment that is
rapidly undergoing both structural and behavioral maturation. The immature brain may be
particularly sensitive to NE exposure, due to inherently lower anti-oxidant levels, which
renders a reduced capacity to deal with the consequences of NE proteolytic activity (Fan et
al., 2003; Potts et al., 2006). We therefore hypothesized that NE, released by activated
neutrophils, defines an environment that is toxic to early neuronal survival and unfavorable
to long-term neurological recovery. Here, we aimed to define the contribution of NE to
acute secondary pathogenesis in a murine model of TBI at postnatal day 21, using
complementary genetic and pharmacological approaches, and then determine whether
modulation of NE activity influences long-term brain development in terms of structure and
function after injury.

MATERIALS AND METHODS

Animals

B6.129X1-Elane™LS4s/) mice (henceforth referred to as ‘NE KO?) are a targeted mutant
strain with the selective knockout of exon 2 of the neutrophil elastase Ela2 gene (Belaaouaj
et al., 1998). Homozygote breeders were kindly provided by Dr. M. Looney (Department of
Medicine, University of California San Francisco; UCSF) and backcrossed with C57BI1/6J
mice for multiple generations (The Jackson Laboratory, Bar Harbor, ME) to obtain
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heterozygotes. These heterozygotes were bred to obtain NE KO and wild-type (WT)
littermate pups for experiments. Genotyping was performed on tail snips using
FINNZYMES Phire® Animal Tissue Direct PCR Kit (Thermo Fisher Scientific, Rockford,
IL) and primers as specified by The Jackson Laboratory (strain #006112). NE KO mice are
viable and fertile, do not present as immuno-compromised, and produce litters at normal
Mendelian ratios (Belaaouaj et al., 1998; Shapiro, 2002). They have normal numbers of
circulating neutrophils (Grenda et al., 2002), and express normal levels of adhesion
molecules including alpha and beta integrins, L-selectin and PECAM (Young et al 2004).

In addition, for studies involving the pharmacological inhibition of NE, male C57BI/6J pups
at p17 with an accompanying lactating mother were purchased from The Jackson Laboratory
and housed in the Laboratory Animal Resource Center at UCSF Parnassus. ZN200,355
(AstraZeneca, London, UK; henceforth referred to as the “NE inhibitor’), a selective
trifluoromethyl ketone-based competitive peptide inhibitor of human and mouse NE, was
dissolved in sterile isotonic saline to a concentration of 0.5 mg/ml. 10 mg/kg body weight
was injected intra-peritoneal at 2, 6 and 12 h post-surgery, with sterile saline only used as
the vehicle-control. Dosage and timing were based upon published pharmacokinetics
(Williams et al., 1991; Mehta et al., 1994; Tiefenbacher et al., 1997), demonstrated
efficiency in a murine model of ischemic stroke (Stowe et al., 2009), and the time course of
NE activity in the injured immature brain (figure 1a). ZN200,355 has been established as a
potent inhibitor of human and mouse neutrophil elastase without affecting other proteolytic
enzymes such as chymotrypsin, thrombin or cathepsin G (Sommerhoff et al., 1991; Starcher
etal., 1996).

Standard rodent chow and water were available ad libitum, and the housing room was
maintained on a 12 hour light/dark cycle. All surgical and behavioral procedures were
conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals and approved by the UCSF Institutional Animal Care and Use Committee. 175
mice were used in total for this study, and all experiments including histology and
behavioral analyses were conducted blinding to injury and genotype or treatment group. One
mouse (vehicle-treated TBI) was excluded at day 4 post-injury due to critical weight loss
(>15%), and one mouse (WT TBI) died acutely post-surgery.

Controlled cortical impact model

The controlled cortical impact model of TBI was induced as previously described (Tong et
al., 2002; Pullela et al., 2006) at postnatal day (p) 21, an age that approximates a toddler-
aged child based upon structural, biochemical and behavioral characteristics (Semple et al.,
2013). At p21, pups were weaned and anesthetized with 1.25 % 2, 2, 2-tribromoethanol
(“Awvertin;” St. Louis, MO) in isotonic saline i.p. at 0.02 ml/g body weight. In brief, the skull
was exposed by a midline skin incision and a 5.0 mm circular craniotomy was made mid-
way between bregma and lambda, with the medial edge 0.5 mm lateral to the midline. Mice
were randomly allocated for brain injury or sham-operation. The injury was generated at 4.5
m/s velocity to 1.73 mm depth of penetration, for a sustained depression of 150 ms using a
3.0 mm convex impactor tip. Sham-operated mice underwent identical surgical procedures,
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including craniotomy, without receiving the cortical impact. Anesthesia for tissue collection
was by overdose with Avertin (1.25% in saline for juveniles and 2.5% for adults).

NE activity assay

Neutrophil elastase activity was determined by a kinetic assay, using a fluorogenic substrate
to quantify the proteolytic activity of NE over an acute time course. Brains were collected at
2, 6,12 and 24 h post-injury and 2 h post-sham operation, for rapid dissection of the injured
cortex and hippocampus, which were immediately weighed and frozen on dry ice. Tissue
samples were pulverized in liquid nitrogen, followed by homogenization of the powdered
tissue in lysis buffer (0.25 M sucrose in 5 mM Tris, pH 7.5). The supernatant was collected
and stored at —80 °C for subsequent gelatin zymography (see below). The pellet was washed
then re-suspended in extraction buffer (10 mM Bis-Tris pH 6.1, 2 M NaCl), and the
resulting supernatant stored at —80 °C for the NE activity assay. Protein concentrations were
determined using a BCA Protein Assay (Pierce, Rockford, IL).

Fifty micrograms of tissue lysate was loaded into a black 96-well microplate in triplicate,
followed by addition of assay buffer (50 mM NaOAc pH 7.8, 200 mM NaCl). Human NE
(10 nM) and a-1 antitrypsin from human plasma (LuM) were loaded as positive and
negative controls, respectively (Calbiochem/Millipore, Billerica, MA). A selective
fluorogenic probe MEOSuc-AAPV-AMC (Calbiochem) was added to each well (240 uM/
well) immediately prior to loading the plate into a Spectramax Gemini XS microplate
spectrofluorometer (Molecular Devices, Sunnyvale, CA). The fluorescent arbitrary units
were read every 2 min over a 3 h period at 460 nm after excitation at 380 nm. Data were
reduced to Vmay (milli-units/min) and analysis was restricted to the time interval which
displayed linear dependence (5000 to 10,000 sec) using Softmax Pro v5.0 (Molecular
Devices). Data were acquired as relative fluorescent units (RFU) per min relative to the
protein concentration, and expressed as % sham values.

Gelatin Zymography

Ten micrograms of lysate was analyzed by gel zymography, on a 10% SDS-polyacrylamide
gel copolymerized with 1 mg/ml gelatin substrate, as described previously (Noble et al.,
2002). Following electrophoresis, proteins were incubated with renaturing buffer (Biorad
Life Science, Hercules, CA) followed by incubation with a developing buffer (Biorad) at 37
°C. After 72 h, gels were stained with Coomassie blue (0.5% in 40% methanol and 10%
acetic acid) and de-stained (40% methanol and 10% acetic acid). Negative staining is
indicative of the location of active gelatinases which have cleaved the gelatin substrate.
Purified human MMP-9 protein was loaded as a positive control (Abcam, Cambridge, MA).
The identity of MMP’s was based upon molecular weights. Samples were run on duplicate
gels (4 samples per group). To avoid potential variability arising from comparison across
different gels, comparisons were only made between sham versus WT TBI, or TBI samples
from different genotypes/treatments, whereby all samples included in the analysis were run
simultaneously side-by-side on the same gel. Gels were scanned for digitalization, and band
intensity was quantified using ImageJ Analysis Software (NIH).
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Western blotting

Cortical and hippocampal tissue samples were dissected fresh, weighed and snap frozen on
dry ice for storage at —80°C. Samples were homogenized in Glo Lysis buffer (Promega,
Madison, WI) containing a Complete protease inhibitor cocktail tablet (Roche Applied
Sciences, Indianapolis, IN), and protein concentrations were determined by a BCA protein
assay (Pierce). Samples (50 ug protein) were boiled in Laemmli buffer containing 5% [3-
mercaptoethanol, then separated in a 10% SDS-polyacrylamide gel and transferred onto an
activated PVDF Immobilon-FL membrane (Millipore). Membranes were incubated with
Odyssey blocking buffer (Li-Cor Biosciences, Lincoln, NE) for 1 hour, followed by
overnight incubation at 4 °C with antibodies against NeuN (monoclonal anti-mouse, 1:5000,
clone A60; Chemicon/Millipore) and p-actin (polyclonal rabbit, 1:20,000; Sigma Aldrich, St
Louis, MO). Secondary antibodies were next applied for 1 h (IRDye800-conjugated goat
anti-mouse I1gG at 1:20,000, and IRDye680-conjugated goat anti-rabbit 1gG at 1:10,000; Li-
Cor Biosciences). Signal was detected with an Odyssey Infrared Imager at wavelengths of
700 and 800 nm, and band analysis was performed using Odyssey v1.2 software (Li-Cor
Biosciences). The intensity of NeuN bands are expressed relative to each samples’ level of
j-actin, as a loading control.

Edema measurements

Vasogenic edema as a result of TBI was determined using the wet weight-dry weight
method (Elliott et al., 2008; Kenne et al., 2012). After terminal anesthesia, mice were
decapitated and brains rapidly collected. The olfactory bulbs, brain stem and cerebellum
were removed and discarded, and each hemisphere was immediately weighed on a small
square of aluminum foil (‘wet weight”). Samples were dehydrated in an oven at 70 °C for 72
h, and then re-weighed (“dry weight”). Percentage water content in each hemisphere sample
was calculated as [(wet weight — dry weight)/wet weight] x 100.

Immunohistochemistry

Anesthetized mice were perfused transcardially with ice-cold saline followed by 4%
paraformaldehyde (PFA) in 0.1M phosphate-buffered saline. Brains were removed and post-
fixed overnight in 4% PFA, then transferred into a 30% sucrose solution for 72 h. Brains
were then embedded in Neg50™ (Richard-Allan Scientific, Thermo Fisher Scientific, MI)
for storage at =80 °C. Coronal sections spanning the entire cortex were cut at 20 pm or 40
um (for 24 h and 2 month time points, respectively) and collected serially onto Fisherbrand
Superfrost* Plus slides (Thermo Fisher Scientific).

Immunohistochemistry was performed on 20 pm coronal sections to detect infiltrated
neutrophils (Gr-1+), apoptosis (active caspase-3+) or the oxidative stress response (heme-
oxygenase; HO-1+). Briefly, sections were thawed and immersed in hydrogen peroxide
(either 3% in methanol or 0.3% in phosphate buffered saline), followed by 1 h incubation in
blocking solution containing 10% species-appropriate serum, 0.2% Triton-X100 and 0.1%
bovine serum albumin. Sections were then incubated overnight at 4 °C in serum-containing
blocking solution with the following antibodies: monoclonal rat anti-mouse Gr-1 (Ly6G and
Ly6C, 1:50; clone RB6-8C5, BD Biosciences, San Jose, CA)(Stirling et al., 2009); rabbit
polyclonal anti-cleaved (active) caspase-3 (1:500, Millipore); or rabbit polyclonal HO-1
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(1:5000; Enzo Life Sciences, Farmingdale, NY). Negative controls were adjacent sections
on which the same procedure was performed in the absence of primary antibody.

A subsequent 1 h incubation with the biotinylated secondary antibodies rabbit anti-rat 1gG
(mouse pre-absorbed; 1:200) or goat anti-rabbit 1gG (1:500, Vector Laboratories Inc.,
Burlingame, CA), was followed by detection with the Vectastain ABC kit (Vector
Laboratories Inc.) and nickel-enhanced 3, 3’-diaminobenzidine tetrahydrochloride, localized
Gr-1 and active caspase-3, respectively. Although the Gr-1 antibody may label monocytes in
addition to infiltrated neutrophils, adjacent sections stained with cresyl violet revealed poly-
lobulated nuclei, confirming the identity of these cells as neutrophils (Claus et al., 2010). In
addition, very few monocytes are present in the brain at the time point assessed (24 h
postinjury), which are typically recruited to the injured brain from 72 h onwards (Clark et
al., 1994; Semple et al., 2010b).

Staining was quantified by a blinded investigator on 5 equally-spaced coronal sections per
brain, spanning 2000 um to encapsulate the entire lesioned area, with the first section taken
from the same anatomical plane for all brains (~Bregma —1.0 mm). A contour of the
ipsilateral cortex and ipsilateral hippocampus was outlined using Stereolnvestigator software
(MicroBrightField Inc, Williston, VT), and all positively stained cells were counted within
these boundaries (summed per animal, averaged per group). There was minimal positive
staining on the contralateral side (data not shown). A cell was considered positively stained
when it had a clearly defined membrane or nuclear staining, for Gr-1 and caspase-3,
respectively (Claus et al., 2010).

Binding of the HO-1 primary antibody was detected by application of a FITC-conjugated
goat anti-rabbit IgG (1:200, Jackson Immuno Research) and nuclei were counter-stained
with 4',6-diamidino-2-phenylindole (DAPI). HO-1/DAPI staining was visualized using a
Nikon Optiphot light microscope and Spot™ Imaging Solutions software to overlay images
captured under green and blue filters. Three non-overlapping images were captured at 20 x
of both the injured cortex and hippocampus of each section (3 sections per brain; total of 18
images per brain). Immuno-fluorescent cells with a glial-like morphology and DAPI-
positive nucleus were counted as HO-1 positive cells, using Metamorph analysis software
(Molecular Devices, Sunnyvale, CA) (Weinzierl et al., 2004).

Detection of cell death by TUNEL

Terminal deoxynucleotidyl transferase-mediated dUTP nick 3’-end labeling (TUNEL) was
performed on sections collected 24 h post-injury to quantify dying cells, using the in situ
Cell Death Detection kit according to the manufacturer’s instructions (Roche Diagnostics).
TUNEL-positive cells were counted within the contoured ipsilateral cortex and
hippocampus as described for Gr-1 and caspase-3 immunohistochemistry, on five sections
per brain.

Cortical and hippocampal volume measurements

An estimation of intact cortical and hippocampal volumes was performed on 40 um cresyl
violet-stained coronal sections collected at 2 months post-injury. The unbiased Cavalieri
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method (Schmitz and Hof, 2005) was performed using Stereo Investigator
(MicroBrightField v10.21.1, Williston, VT), with a Nikon E600W microscope configured
with a motorized stage, MAC 5000 controller and Retiga 2000R color digital camera
(Qlmaging, Surrey, BC, Canada). An average of 15 sections were measured per brain,
between Bregma 1.5 to —3.8 mm, using a sampling interval of 8 and a grid size of 200 um or
75 pm, for the cortex and hippocampus respectively. Measurements were confined to the
dorsal hemispheres which contained the impacted region. The inferior boundary for cortical
measurements was defined by a horizontal line underlining the most ventromedial point of
the corpus callosum. For hippocampal measurements, the inferior boundary was defined
anteriorly by a horizontal line from the most ventral point of the 3™ ventricle at the midline,
and posteriorly by the most dorsal point of the posterior commissure. The Gundersen mean
coefficient of error (m=1) for individual estimates maintained <0.10, and group means are
expressed as estimated volume (mm3).

Hippocampal cell counts

Neuronal numbers in the ipsilateral hilus and dentate gyrus (DG) were estimated using the
optical fractionator method on Stereolnvestigator (Gundersen et al., 1988, West et al., 1991).
This design-based stereological method is widely used to obtain unbiased estimations of
hippocampal neuronal numbers (Schmitz and Hof, 2005). Briefly, the regions of interest
(ipsilateral upper DG blade, lower DG blade and hilus) were contoured on 40 pum cresyl
violet-stained sections using a 4x objective. The sectioning interval was 4, with an average
of 14 sections spanning the hippocampus measured per brain. A 60x oil immersion objective
was used for cell counting. Systematic random sampling was achieved by counting cells at a
regular pre-determined interval (grid size of 80 x 80 um) within a dissector counting frame
(20 x 20 um) superimposed upon the contoured region of interest. A dissector height of 10
pum with a top guard zone of 1 pm allowed for quantification of cells in a three-dimensional
manner, and only cells that fell within the inclusion borders of the dissector were counted.
The Gundersen mean coefficient of error (m=1) for individual estimates was maintained at
<0.10 for the DG blades and <0.20 for the hilus. The total number of cells per contoured
region was estimated by the following equation: N=Q - (t/h)(1/asf)(1/ssf); where Q is the
number of cells counted, t is the measured section thickness, h is the dissector height, asf is
the area sampling fraction, and ssf is the section sampling fraction (Schmitz and Hof, 2005).

Behavioral assessment

All behavioral testing and housing during this period was conducted within the
Neurobehavioral Core for Rehabilitation Research at UCSF. An extensive battery of
behavioral assessments was performed in the following order: open field, rotarod, elevated
plus maze, elevated zero maze, three-chamber social task and Morris water maze (n=10-13
per group). Mice were separated into individual clean cages 24 h prior to commencement of
testing for overnight isolation and habituation. All testing was conducted between 9:00 am
and 6:00 pm daily.

Rotarod—The accelerating rotarod (Ugo Basile 7650, Comerio VA) was used to assess
general motor function, coordination and motor learning. The latency to fall was recorded in
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sec, and mice were tested across three consecutive days, three times per session with an
inter-session interval of approximately 1 h (Pullela et al., 2006).

Open field—Exploratory behaviors were assessed over a 10 min session in an automated
open field arena (40.64 cm x 60.64 cm; Kinder Scientific, Poway, CA). Interfaced Motor
Monitor software allowed for calculation of parameters including total distance travelled,
and relative time spent in the center versus the periphery (Pullela et al., 2006).

Elevated plus maze and zero mazes—The elevated plus maze and elevated zero
mazes (Kinder Scientific) assess anxiety based upon the natural tendency of rodents to avoid
the open arms in preference for enclosed areas (Gould et al., 2009). For both tasks, mice
were placed individually on the apparatus and allowed free access for a 10 min period.
Times spent in the open versus closed arms/areas, and total distance moved, were assessed
as previously described (Pullela et al., 2006).

Three-chamber social approach task—The three-chamber paradigm allows for the
evaluation of social affiliation and social recognition in mice (Yang et al., 2011). The task
was performed as described in detail previously (Semple et al., 2012). In brief, three
consecutive stages of 10 min each allow for (1) habituation in an empty 3-chambered box;
(2) a choice between an empty cup and a cup containing a novel stimulus mouse; and (3)
choice between a second novel stimulus mouse and the first, now familiar mouse. Stages 2
and 3 are measures of the test mouse’s preference for sociability and social recognition,
respectively. ‘Stimulus’ mice used for the three-chamber task were age-matched naive male
C57BI/6J mice. Data was expressed as time spent in each chamber (% of total time). This
task was implemented in our laboratory after the behavioral assessments were completed for
the NE inhibitor study, thus data was only obtained for the NE KO versus WT experiments.

Morris water maze—The Morris water maze was used to assess spatial learning and
memory as previously described (Pullela et al., 2006; Davis et al., 2012), using a 140 cm-
diameter circular pool filled with opaque water. Mice underwent two daily sessions for 5
consecutive days, and each session consisted of three 60 sec trials with a 10-15 min inter-
trial interval. During days 1 and 2, the platform was raised above the water surface and
clearly labeled with a flag (‘visible platform®). The platform location was rotated to different
quadrants during this training stage, and mice that failed to reach the platform within 60 sec
were led there by the investigator. During days 3, 4 and 5 (“hidden platform’), the platform
was hidden just below the water surface and maintained in a constant location, such that
mice were required to use spatial cues from the room to locate it. Movements were tracked
with an overhead mounted video camera interfaced with Noldus EthoVision software, for
quantification of the latency to locate the platform, as well as swim velocity (cm/s). At the
conclusion of days 3, 4 and 5, the platform was removed from the pool and a 60 sec ‘probe
trial” was conducted for each mouse. A final probe trial was performed one week later, to
further assess spatial memory retention. Only probe trials conducted at the end of the hidden
trials (day 5) and one week later are presented, quantified as the time spent in the target
quadrant (where the platform was previously located) compared to the other quadrants.

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Semple et al. Page 10

Statistical analysis

Statistical analyses were performed using Prism v.5.0 (GraphPad Software, Inc, La Jolla,
CA), with a significance level of p<0.05. An a priori analysis strategy was applied, to
address specific questions regarding (2) the effect of injury on outcome measures, and (b)
the effect of NE deficiency or drug treatment in brain-injured mice. To determine whether
NE deficiency or drug treatment differentially affected brain-injured mice, planned unpaired
two-tailed t-tests were used for direct comparisons of the two TBI-injured groups (WT
versus NE KO, or vehicle versus inhibitor-treated), e.g. for regional cell counts. Mann-
Whitney tests were applied for non-parametric data (e.g. MMP-9 activity). One-way
analysis of variance (ANOVA) was used to examine NE activity, followed by Dunnett’s
post-hoc analyses to directly compare the time course of NE activity to sham values
(baseline). 2-way ANOVA'’s were used to compare 2 or more groups or factors (injury x
genotype, drug treatment and/or time). If a significant interaction was detected, the main
effects were disregarded and multiple comparison analyses were considered in isolation. If
the interaction was not statistically significant but both main effects did reject the null
hypothesis, we next conducted planned comparisons between our specific groups of interest
(TBI WT versus TBI NE KO; or TBI saline versus TBI NE inhibitor-treated). Repeated
measures (RM) were used for the rotarod and three-chamber tasks, with a between-subjects
factor of group (injury/drug or genotype) and a within-subjects factor of session or chamber,
respectively. Analysis of the MWM was conducted using the nlme package in the statistical
program R (Pinheiro et al., 2012; Team, 2012). A linear mixed model was fitted to the
visible and hidden sessions separately, with predictors of session, genotype (or drug) and
injury. This mixed model approach provides greater sensitivity and statistical power to
identifying real main effects compared to the traditionally-used analyses for this task
(Young et al., 2009). A 2-way ANOVA was also conducted specifically at session 4 (final
visible platform session), to determine whether acquisition of this task was equivalent
between groups. Relative time spent in each quadrant during probe trials were compared by
1-way RM ANOVAs within each group, with Dunnett’s multiple-comparisons analyses to
detect a potential preference for the target quadrant. P-values are reported to 4 decimal
points, and results are expressed as mean * standard error of the mean (sem).

RESULTS

Neutrophil infiltration, NE and MMP-9 activity in the immature injured brain

NE activity in the injured immature brain was first determined by cleavage of a fluorogenic
substrate. In the injured cortex, NE activity was elevated compared to levels in sham-
operated mice, peaking at 6 and 24 h post-injury (figure 1a; 1-way ANOVA Fs5 15=4.51,
p=0.0104; Dunnett’s multiple comparisons, p<0.05; n=4/group). NE levels in the injured
hippocampus (figure 1b) tended to be slightly elevated in samples from injured mice;
however, this was not significantly different from sham (1-way ANOVA F5 15=1.72,
p=0.1902). In both cortex and hippocampus, NE activity in samples from NE KO mice at 24
h post-injury was equivalent to levels in WT sham control mice, at or below the minimal
detection level of the assay, confirming a lack of NE activity in this strain.
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As the contribution of NE activity to neutrophil recruitment remains controversial
(Woodman et al., 1993; Belaaouaj et al., 1998; Hirche et al., 2004), we quantified Gr-1-
labeled neutrophils in the injured brain during the peak of infiltration (24 h post-injury). A
pronounced accumulation of Gr-1 positive cells was evident in the injured hemisphere of
both WT and NE KO mice, distributed throughout the core lesion site and peri-contusional
parenchyma (figures 1c). Absence of NE did not impair neutrophil influx, as a similar
number of Gr-1 positive cells was seen in WT and NE KO mice in both the injured cortex
(unpaired t-test, t19=0.34, p=0.7443) and underlying hippocampus (t10=0.81, p=0.4360; n=6/
group; figure 1d-e).

The activity of MMP-9, a potent metalloproteinase released by infiltrating neutrophils
whose activity may be dependent upon NE cleavage, was next examined by gelatin
zymography. Pro-MMP-9 was elevated in the injured cortex of WT mice at 24 h post-injury
compared to minimally detectable levels in sham controls (figure 1h and i; Mann-Whitney
test p=0.0286), as previously described by our group and others (Hadass et al., 2013).
However, direct comparison between pro-MMP-9 levels in WT and NE KO mice revealed a
similar level regardless of the presence of NE (figure 1j, Mann-Whitney test p=0.2000; n=4/

group).

Vasogenic edema is attenuated in brain-injured NE KO mice

Neutrophils, and neutrophil-derived NE in particular, have been implicated in edema
formation in the ischemic brain (Stowe et al., 2009; Ikegame et al., 2010). We therefore
examined the effect of genetic deficiency of NE on vasogenic edema in the immature
injured brain. Although the interaction between injury and genotype was not signficant

(F1 25=2.64, p=0.1170), edema was evident in the ipsilateral hemisphere at 24 h post-injury
compared to sham controls as expected (figure 1f; 2-way ANOVA effect of injury,

F1, 25=34.62, p<0.0001). In addition, there was a significant effect of genotype (F1, 24=5.13,
p=0.0324). Planned comparisons analysis between TBI WT and TBI NE KO mice was
performed to better understand these effects; here, we found that NE KO mice had lower
ipsilateral water content after injury compared to WT injured mice (Bonferroni’s test
p<0.05), similar to sham controls, indicative of reduced injury-mediated vasogenic edema
post-injury. In the contralateral hemisphere (figure 1g), although there was a non-significant
trend towards an overall effect of genotype (F1, 25=3.99, p=0.0568), TBI did not induce a
change in water content (effect of injury Fq 25=0.26, p=0.6137) nor was there an injury x
genotype interaction (F1 25=0.08, p=0.7799).

Hippocampal cell death is reduced in NE KO mice

Cell death and neuronal integrity were assessed at 24 h post-injury, to determine the
contribution of NE to acute pathogenesis in the injured immature brain. TUNEL staining, as
a measure of DNA fragmentation, was abundant throughout the injured cortex and
hippocampus at this time, particularly evident within the granule cell layer (GCL) of the
hippocampus dentate gyrus (figure 2a). Quantification revealed similar numbers in the
injured cortex in both genotypes (unpaired t-test t15=1.50, p=0.1647; n=6/group). In
contrast, fewer TUNEL-positive cells were found in the injured hippocampus of NE KO
mice, at ~ 60% of WT levels (unpaired t-test t15=2.24, p=0.0492).
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TUNEL staining does not allow for the differentiation of necrotic versus apoptotic cell death
(Kraupp et al., 1995). Thus, the presence of activated (cleaved) caspase-3, a key protease
involved in apoptotic cell death pathways, was also assessed on adjacent sections (figure 2b;
n=6/group). Immuno-reactivity for caspase-3 appeared to be most abundant in the
hippocampus with fewer cells scattered throughout the injured cortex, suggesting that
necrosis rather than apoptosis primarily contributes to cell death in the cortex. Caspase-3+
cell numbers in the injured cortex were similar in WT and NE KO mice (unpaired t-test,
t10=0.62, p=0.5475). In the injured hippocampus, in parallel with TUNEL staining, we noted
a large number of caspase-3-positive cells within the dentate gyrus, confirming the
vulnerability of this region to apoptotic cell death. Quantification revealed a 30% reduction
in caspase-3-positive cells within the injured hippocampus of NE KO mice compared to WT
mice (unpaired t-test, t10=2.56, p=0.0284).

Thirdly, we sought to confirm whether reduced cell death within the NE KO hippocampus
corresponded with changes in acute neuronal loss, by Western blotting for the mature
neuronal marker NeuN (figure 2c—€) (Bao et al., 2012). In homogenates of the cortex and
hippocampus from sham and injured mouse brains, we found three distinct bands at 46, 48
and 75 kDa for NeuN, as previously reported (Dredge and Jensen, 2011). For unknown
reasons, the 75 kDa band was the only band whose intensity was found to be injury-
dependent and thus was quantified (n=4/group). Densitometry demonstrated that 75 kDa
NeuN decreased in cortical TBI samples by ~50 % compared to sham controls (2-way
ANOVA effect of injury, Fq 15=28.82, p=0.0002), which was consistent in both WT and NE
KO mice (effect of genotype F1 15=0.003, p=0.9551, interaction F1 1,5=0.18, p=0.6824). In
the hippocampus, we again saw a reduction in NeuN in response to injury (F1 12=11.96,
p=0.0047), in the absence of either an overall effect of genotype (F; 1o=2.61, p=0.1325) or
an injury x genotype interaction (F1 1o=1.44, p=0.2530). Although not statistically
significant, brain-injured NE KO mice appeared to show greater preservation of NeuN in the
hippocampus (mean 37 % reduction versus to their sham controls), compared to an 81 %
reduction of NeuN in WT TBI mice compared to WT controls.

Induction of heme-oxygenase, a marker of oxidative stress, is reduced in NE KO mice

Based upon evidence that NE activity generates reactive oxygen species (Aoshiba et al.,
2001; Fischer and Voynow, 2002) - for example, by facilitating xanthine dehydrogenase
production of superoxide anions and hydrogen peroxide (Phan et al., 1992) - we
hypothesized that NE may also contribute to the initiation and propagation of oxidative
stress in the injured brain. The inducible form of heme-oxygenase (HO-1), the rate-limiting
enzyme required for heme catabolism, is elevated in the rodent and human brain after injury
in response to oxidative stress (Fukuda et al., 1996; Cousar et al., 2006). We thus quantified
HO-1 by immunofluorescence at 24 h post-injury as an indirect marker of the oxidative
stress response. HO-1 was primarily localized to glial-like cells with processes, distributed
throughout the injured cortex and hippocampus. In the dentate gyrus, a region that showed
pronounced vulnerability to cell death, HO-1-positive cells were most abundant within the
hilus (figure 2f). Quantification found a significant difference between WT and NE KO in
the injured hippocampus (unpaired t-test t1g=3.06, p=0.0121), but similar numbers in the
injured cortex of both genotypes (unpaired t-test t10=1.33, p=0.2148). These data indicate a
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reduced oxidative stress response in the NE KO hippocampus after injury (figure 2g; n=6/
group).

Long-term loss of cortical and hippocampal tissue in both WT and NE KO mice

To determine whether NE contributes to progressive tissue loss after injury, histopathology
was examined in the brains of NE KO and WT mice at 2 months post-injury (~3 months of
age). Injury induced a large cavity in the dorsal parietal lobe cortex, and deformation of the
underlying dorsal hippocampus (figure 3a). Volumetric analyses confirmed this loss (figure
3b), with a 30 % reduction of the ipsilateral dorsal cortex compared to the contralateral side
(2-way ANOVA effect of injury Fq 40=65.58, p<0.0001). However, cortical volumes were
similar in brain-injured WT and NE KO mice (effect of genotype, F1 4o=0.58, p=0.4493;
injury x genotype interaction F1, 4,=0.13, p=0.7188). The volume of the contralateral dorsal
cortex (figure 3c) was unchanged by either injury (Fq, 4>=1.61, p=0.2121) or genotype

(F1, 42=1.64, p=0.2077; injury x genotype interaction F1 4,=3.12, p=0.0848).

The dorsal hippocampus, ipsilateral to the injury site, was also considerably affected by TBI
(figure 3d), showing an injury-related volume reduction of 57 % compared to the
contralateral hippocampus (2-way ANOVA effect of injury F1 4=97.78, p<0.0001).
However, volumetric loss after injury was similar in both WT and NE KO mice (effect of
genotype F1 42=0.43, p=0.5149; injury x genotype interaction F1 45=0.86, p=0.3586).
Interestingly, the unilateral traumatic impact also influenced the contralateral dorsal
hippocampus (figure 3e), which showed a volumetric reduction of ~10 % compared to
sham-operated controls (figure 3c, 2-way ANOVA effect of injury F1 4=6.74, p=0.0130).
This atrophy was not affected by genotype (F1, 4p=1.15, p=0.2907; interaction F1 4,=0.02,
p=0.8902). Lastly, volumetric changes in the dorsal dentate gyrus (DG) specifically were
measured. Injury significantly reduced the DG ipsilateral to the impact site by 53 %
compared to the contralateral DG (2-way ANOVA effect of injury F; 4,=81.91,
p=0<0.0001), to a similar extent in both WT and NE KO mice (effect of genotype

F1 42=0.49, p=0.4881; injury x genotype interaction F1 4,=0.58, p=0.4513). The volume of
the contralateral DG was unaffected by either injury or genotype (data not shown).

Complementary to volumetric analysis, we conducted stereological quantification using the
optical fractionator method on cresyl violet-stained coronal sections to estimate the number
of surviving GCL cells in the hippocampal DG (figure 3f). Comparing brain-injured WT and
NE KO mice, no differences were found in the number of surviving cells in the lower DG
blade (unpaired t-test t1g=0.59, p=0.5618), upper DG blade (t1g=0.18, p=0.8554) or the hilus
(t1g=1.12, p=0.2784).

Injury-induced hyperactivity is attenuated in NE KO mice

An extensive battery of behavioral assays was conducted at 2 months post-injury to
determine whether NE deficiency afforded an improvement in long-term outcomes after
TBI. Using the open field paradigm, we detected an overall increase in the distance moved
after injury (2-way ANOVA effect of injury, Fq 43=6.23, p=0.0165), indicative of a robust
hyperactivity phenotype in this model which is consistent with previous studies (figure 4a)
(Pullela et al., 2006). Analysis also revealed an effect of genotype (F1 43=15.44, p=0.0003),
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although the interaction between injury and genotype did not quite reach statistical
significance (F1 43=3.33, p=0.0749). We proceeded with planned comparison analyses
between our key groups of interest, and found that the distance moved was lower for brain-
injured NE KO mice (at a level similar to sham-operated controls) compared to WT TBI
mice (Bonferroni’s test, p<0.001), suggesting a rescue of this hyperactive phenotype. In
accordance with this finding, the time spent at rest was altered by both injury and genotype
(2-way ANOVA injury x genotype interaction F1 43=7.75, p=0.0080). Compared to sham-
operated controls of both genotypes (mean WT sham = 10.8 %; NE KO sham = 10.2 % time
at rest), WT TBI mice spent half as much time immobile (5.1 %). In comparison, time at rest
by brain-injured NE KO mice was significantly higher than WT TBI mice (Bonferroni’s
test, p<0.01; 10.4 % time at rest), at levels comparable to sham-operated controls (data not
shown).

Sensorimotor function and anxiety are unchanged by either TBI or NE deficiency

Rotarod performance across three consecutive days was quantified as a measure of
sensorimotor function (figure 4b). All mice showed improvement over time (2-way RM
ANOVA effect of time, F, gg=41.70, p<0.0001), however, neither injury nor genotype
affected rotarod performance (effect of group F3 44=0.68, p=0.5700; time x group
interaction Fg gg=2.11, p=0.0597).

Anxiety was quantified as percentage of time spent in the open arms of the elevated plus and
zero mazes (figure 4c—d). Consistent with previous studies (Pullela et al., 2006), TBI did not
alter the percentage time spent in the open areas in either the plus or zero maze when mice
were tested at adulthood after injury at p21 (2-way ANOVA effect of injury, F1 44=0.88,
p=0.3543 and F1 44=0.62, p=0.4354, respectively). In addition, genetic absence of NE did
not alter anxiety in either task (effect of genotype Fq 44=0.39, p=0.5334 for plus maze;

F1, 44=0.46, p=0.4998 for zero maze; injury x genotype interaction F1 44=0.84, p=0.3644
for plus maze; F1 44=1.85, p=0.1806).

Sociability deficits after TBI are not altered in NE KO mice

Preferences for sociability and social novelty were evaluated by the three-chamber social
approach task. When offered a choice between an empty outer chamber or one containing a
novel stimulus mouse, both sham WT and NE KO mice showed a preference for social
proximity to the novel stimulus mouse (2-way RM ANOVA effect of stimulus, F3 44=13.63,
p=0.0006; Bonferroni’s test, p<0.001; figure 4e). In contrast, brain-injured mice, regardless
of genotype, did not show a preference for either chamber (effect of group, F3 44=1.66,
p=0.1902; interaction F3 44=1.38, p=0.2602). The next stage of the test offers mice a choice
between the first (now familiar) novel mouse compared to a second novel mouse, as a
measure of social novelty and social recognition (figure 4f). Both WT and NE KO sham-
operated mice again showed a strong preference for the chamber containing the second
novel mouse (2-way RM ANOVA effect of stimulus F1_44=7.45, p=0.0091; Bonferroni’s
test, p<0.001 and p<0.05, for WT sham and NE KO sham, respectively). In contrast, brain-
injured mice of both genotypes spent equivalent time in each chamber, indicating a lack of
preference for social novelty. No differences were noted between groups (F3 44=0.52,

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Semple et al. Page 15

p=0.6679) nor was there an interaction between stimulus preference and group (F3 44=2.15,
p=0.1074), thus NE deficiency did not rescue TBI-induced social deficits.

Long-term spatial memory retention is improved in NE KO mice

Spatial learning and memory were assessed in the MWM at 2 months post-injury,
comparing sham and brain-injured WT and NE KO mice. Swim velocity (m/s) was firstly
quantified across the visible platform trials; however, this measure was not affected by
either injury or genotype (data not shown). Latency to find the platform during the visible
sessions is a test of task learning based on spatial orientation (figure 4g). All mice showed
improvement over time, with a reduction in latency to the visible platform over the four
visible sessions (linear mixed effects ANOVA effect of time, F1, 508=164.97, p<0.0001).
Braininjured mice were slower to reach the platform compared to sham-operated mice
(effect of injury F1 526=5.44, p=0.0201), indicating poorer learning of the task. By session
4, however, TBI mice were able to locate the visible platform within a comparable latency to
sham-operated controls (2-way ANOVA of session 4 only; no effect of injury, F1 140=2.96,
p=0.0877). No differences were observed between WT and NE KO mice overall (effect of
genotype F1 528=0.11, p=0.7444; injury x genotype interaction F1 5»g=0.14, p=0.7109).

The platform was hidden from view for the subsequent MWM sessions (sessions 5-10),
providing a test of short-term spatial memory (figure 4h). Brain-injured mice showed an
increased latency in the hidden sessions compared to sham-operated mice overall (linear
mixed effects ANOVA effect of injury Fq g13=5.21, p=0.0228). Surprisingly, there was little
improvement across time (effect of session F4 g13=2.98, p=0.0846), and performance by
WT and NE KO mice was indistinguishable overall (effect of genotype, F1 528=0.36,
p=0.5488; injury x genotype interaction F1 g13=1.73, p=0.1887).

At the end of the MWM testing period we removed the platform completely for a probe trial,
and examined time spent in the target quadrant (where the platform was previously located)
compared to the other quadrants (figure 4i). WT sham-operated mice spent more time in the
target quadrant (1-way RM ANOVA F1g 30=14.60, p=0.0004; Dunnett’s multiple
comparisons test p<0.001 vs. target quadrant). Sham-operated NE KO mice also showed
memory retention at this time (F12, 36=3.28, p=0.0289; Dunnett’s test p<0.05). In contrast,
brain-injured mice of both genotypes failed to show a preference for the target quadrant (1-
way RM ANOVA FlO, 30=0.35, p=0.6365 and F12’ 36=1.66, p=0.1989 for WT and NE KO,
respectively).

When tested again one week later (figure 4j), both WT and NE KO sham-operated mice
maintained a strong preference for the target quadrant (1-way RM ANOVA, F1g 30=9.02,
p=0.0035 for WT; F1 36=4.40, p=0.0248 for NE KO; Dunnett’s tests p<0.05, p<0.001 and
p<0.0001 vs. target quadrant, as shown graphically). Brain-injured WT mice showed a
persistent deficit in memory retention, with no preference between quadrants at this time
(F10, 30=0.17, p=0.8548). In comparison, brain-injured NE KO mice showed memory
retention, with a preference for the target quadrant which was similar to shamoperated
controls (F12, 36=3.75, p=0.0169; Dunnett’s test p<0.05).
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Treatment with an NE inhibitor protects the acutely injured hippocampus

A separate cohort of WT mice were subjected to TBI or sham-operation at p21, followed by
acute treatment at 2, 6 and 12 h post-surgery with either vehicle-control or the competitive
NE inhibitor ZN200,355. In line with the NE KO study described above, neutrophil
infiltration into the acutely injured brain (24 h) was not altered by inhibition of NE, with
similar numbers of Gr-1+ neutrophils identified in NE inhibitor-treated and vehicle-control
mice in the injured cortex (unpaired t-test tg=1.42, p=0.1979; 1206 + 124 and 976 + 106
cells, respectively) and hippocampus (unpaired t-test tg=0.88, p=0.4076; 825 + 238 and 584
+ 155 cells, respectively; n=5/group). The ability of these neutrophils to release the potent
gelatinase pro-MMP-9 at this time was also unchanged by treatment with the NE inhibitor
(Mann-Whitney test p=0.2000), with a median band density of 1.69 and 1.52 for vehicle and
NE inhibitor-treated samples, respectively (n=4/group).

Cell death was quantified by TUNEL (figure 5a) and activated caspase-3 immuno-labeling
(figure 5b) at 24 h post-injury. TUNEL-positive cells in the injured cortex was similar in
vehicle and NE inhibitor-treated mice (unpaired t-test tg=0.68, p=0.5205). In contrast, the
number of TUNEL-positive cells in the injured hippocampus was reduced by 47% after
treatment with the NE inhibitor compared to vehicle controls (unpaired t-test tg=4.36,
p=0.0033; n=5/group). Consistent with these observations, the number of cells stained
positive for activated caspase-3 was comparable in the injured cortex (unpaired t-test
tg=0.37, p=0.7207), but reduced by 53% in the injured hippocampus of NE inhibitor-treated
mice compared to saline controls (unpaired t-test tg=3.93, p=0.0057; n=5/group). Acute
treatment with the NE inhibitor also reduced the numbers of glial-like cells expressing HO-1
in the cortex compared to saline controls (figure 5¢; unpaired t-test tg=3.09, p=0.0214). In
the hippocampus, however, the number of HO-1+ cells was not significantly affected by NE
inhibition (tg=1.70, p=0.1397).

In contrast to the NE KO study described above, quantification of NeuN density by Western
Blot at 24 h post-injury did not reflect the observed treatment effect on cell death, as NeuN
intensity in vehicle and NE inhibitor-treated homogenates from either injured cortex or
hippocampus were comparable (data not shown; n=4/group). Further, vasogenic edema was
unaffected by NE inhibition, with both vehicle-control and NE inhibitor-treated mice
showing equivalent water content in the ipsilateral hemisphere at 24 h post-injury (unpaired
t-test, t190=0.61, p=0.5535; n=7-8/group).

Early treatment with an NE inhibitor does not alter long-term loss of cortical and
hippocampal structures

Long-term tissue integrity was assessed by volumetric and stereological analyses at 2
months post-injury (figure 5d—f). A significant loss of dorsal cortex volume was evident at
this time relative to sham-operated mice (2-way ANOVA effect of injury F1 33=85.11,
p<0.0001), which was comparable in both vehicle-control and NE inhibitor-treated mice
(effect of drug F4, 33=1.01, p=0.3226; injury x drug interaction F1 33=2.11, p=0.1556).
Volumetric loss of dorsal hippocampal tissue was also considerable after injury (2-way
ANOVA interaction F1, 33=6.79, p=0.0135), with Bonferroni’s multiple comparison
analyses revealing a loss of hippocampal volume in TBI animals compared to sham controls
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in both vehicle and NE inhibitor-treated mice (p<0.0001 and p<0.01 sham versus TBI, for
vehicle and NE inhibitor-treated mice, respectively). Contralateral to the injury site, both
cortex and hippocampus also showed modest evidence of injury-induced volumetric loss (2-
way ANOVA effect of injury, F1 33=5.17, p=0.0296 for cortex; F1 33=6.49, p=0.0155 for
hippocampus; data not shown). However, acute NE inhibition did not alleviate contralateral
volume loss in either region (n.s. effect of drug; n.s. injury x drug interaction). Lastly,
surviving cells within the ipsilateral DG (granule cell layer) were quantified in brain-injured
mice (figure 5f). Acute treatment with the NE inhibitor or vehicle-control resulted in similar
cell numbers in the upper blade (unpaired t-test t17=0.62, p=0.5456), lower blade (t;7=0.61,
p=0.5484) and hilus (t17=1.27, p=0.2226).

Treatment with an NE inhibitor does not ameliorate hyperactivity or long-term spatial
memory retention

Hyperactivity, as measured by an increase in distance traveled in the open field arena (figure
6a), was detected at 2 months after TBI at p21 in this cohort (2-way ANOVA effect of
injury, F1 34=15.12, p=0.0004), consistent with previous reports (Pullela et al., 2006).
However, contrary to TBI NE KO mice which showed an amelioration of this phenotype
compared to WT brain-injured controls (figure 4a), treatment with the NE inhibitor did not
alter distance traveled compared to vehicle-treated mice (effect of drug, F1 34=0.10,
p=0.7586; injury x drug interaction Fq 34=0.35, p=0.5604).

Sensorimotor behavior was assessed by the rotarod (figure 6b). All groups showed
improvement across repeated testing (2-way RM ANOVA effect of time Fp g=49.02,
p<0.0001), but neither injury nor treatment with the NE inhibitor influenced rotarod
performance (effect of group F3 34=1.14, p=0.3463; injury x drug interaction Fg 5g=0.48,
p=0.8205). Also consistent with the NE KO and WT cohorts, neither injury nor NE inhibitor
treatment had an impact on anxiety behaviors in the elevated plus and zero mazes (data not
shown).

Next, we tested mice for spatial learning and memory in the MWM task. Neither injury nor
drug administration altered swimming velocity in the visible platform sessions (data not
shown), indicating a lack of visual or motor deficits in this task. All groups showed
improvement over time in both the visible (effect of time F1 417=220.97, p<0.0001) and
hidden sessions (effect of time, F; g45=38.50, p<0.0001; figure 6¢-d). However, brain-
injured mice showed significant impairments in the MWM task, with TBI mice taking a
longer latency to reach the platform during both visible and hidden sessions (linear mixed
effects ANOVA effect of injury Fq 34=10.57, p=0.0026, and F 34=15.50, p=0.0004; drug x
injury interaction Fq 34=1.04, p=0.3148, and F, 34=0.07, p=0.7883; for visible and hidden,
respectively). In contrast, no differences were found between vehicle and inhibitor-treated
mice in either the visible (effect of drug F1 34=1.20, p=0.2810) or hidden sessions
(F1,34=0.91, p=0.3460), indicating that administration of the NE inhibitor acutely after
injury did not alter spatial learning and memory.

Probe trials were conducted following hidden platform testing. At the end of the testing
week (figure 6e), sham-operated mice treated with either NE inhibitor or vehicle showed a
strong preference for the target quadrant over all other quadrants (1-way RM ANOVA
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Fg, 24=3.23, p<0.0001 and Fg 24=1.01, p=0.0003, respectively; Dunnett’s multiple
comparison analyses for comparisons with target quadrant, as annotated graphically). TBI
impaired memory retention at this time, with a lack of preference for the target quadrant
displayed by brain-injured mice treated with either vehicle (1-way RM ANOVA,

Fg, 24=1.16, p=0.0524) or the NE inhibitor (Fg 24=4.05, p=0.1416). An additional probe trial
was conducted one week after MWM testing (figure 6f). At this time, sham-operated mice
treated with either the NE inhibitor or vehicle retained a strong preference for the target
quadrant over other quadrants (1-way RM ANOVA Fg 24=9.67, p=0.0005 and Fg 4=4.81,
p=0.0384, respectively). Surprisingly, in contrast to WT TBI mice in the previous
experiment (figure 4), vehicle-treated TBI mice also showed memory retention (1-way RM
ANOVA Fg 24=4.66, p=0.0177). However, brain injured mice that received acute treatment
with the NE inhibitor failed to show preference for the target quadrant (1-way RM ANOVA
Fg 24=2.10, p=0.1495).

Long-term, selective neurological improvement is replicated in NE KO mice, treated
acutely with an NE inhibitor

This last finding, of poorer memory retention in brain-injured NE inhibitor-treated mice
compared to vehicle-treated controls, raised the question of whether acute treatment with the
NE inhibitor potentially had off-target effects which might, inadvertently, be detrimental to
spatial memory retention. To address this, we induced TBI in a cohort of NE KO mice and
treated with either saline-vehicle or ZN200,355 (n=12-14/group) using the same dosing
protocol as previously described (10 mg/kg administered i.p. at 2, 6 and 12 h post-injury),
and tested their performance in the MWM and open field at 2 months post-injury. In the
open field task (figure 7a), the distance traveled was compared between groups by 1-way
ANOVA (Fs, 63=10.85, p<0.0001). All brain-injured NE KO groups [NE KO with no
treatment (as shown previously — figure 5a), NE KO treated with vehicle, and NE KO
treated with the NE inhibitor] showed a reduction in activity compared to the hyperactivity
exhibited by WT TBI mice (Dunnett’s multiple comparison analyses annotated graphically),
confirming rescue of the hyperactive phenotype which typically results after TBI in WT
mice. No confounding effects were observed in NE KO mice treated with or without the NE
inhibitor.

Brain-injured NE KO mice showed a preference for the target quadrant, indicating memory
retention, in the MWM probe trials at the end of the MWM testing week (figure 7b). This
was somewhat in contrast to the equivalently-timed probe trial in earlier experiments,
whereby preference for the target quadrant failed to reach statistical significance for TBI NE
KO mice at this time (figure 4i). In the probe trial conducted one week later (figure 7c),
brain-injured NE KO mice treated with either vehicle or the NE inhibitor both showed a
preference of the target quadrant, consistent with the preservation of memory retention in
brain-injured NE KO mice as shown previously (figure 4j).Further, this effect was evident
independent of treatment with the NE inhibitor (1-way RM ANOVA'’s with Dunnett’s
analyses annotated graphically). Of note, despite showing a preference for the target
quadrant, these mice also appeared to spend a considerable amount of time in the opposite
quadrant (where they first entered the pool), such that it is unclear whether quadrant
preferences are strictly dependent upon spatial memory retention or confounded by quadrant
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biases due to unknown external cues. Regardless, together these results from the open field
and MWM confirm the long-term functional benefits afforded by NE deficiency, and the
lack of effect of the NE inhibitor on these outcome measures.

DISCUSSION

Here we have investigated the role of neutrophil-mediated NE in both acute and chronic
outcomes after TBI, in the context of the developing brain, using a two-armed approach of
genetic deletion and pharmacological inhibition. Activated neutrophils are known
contributors to oxidative stress, releasing proteases that collectively create an environment
that is hostile to cell survival (Meyer-Hoffert and Wiedow, 2011; Allen et al., 2012).
However, strategies to systemically deplete these leukocytes or minimize their trafficking
into the parenchyma of the injured brain have had limited success in terms of
neuroprotection (Rhodes, 2011). It has been hypothesized that the blunt inhibition of the
inflammatory response may be too simplistic of an approach, and that potential neutrophil
subtypes, duration of inhibition, and specific mechanisms underlying the consequences of
inflammatory cell accumulation (e.qg. roles in tissue destruction and would healing) are
likely determinants of treatment efficacy. Therefore, we here focused on NE as a specific
potent mediator released by activated neutrophils, which is reputed to be a critical
determinant of vascular tissue injury in peripheral inflammatory conditions (Zeiher et al.,
2002; Meyer-Hoffert and Wiedow, 2011). For the first time, we have demonstrated that
deleting the NE gene or inhibiting NE activity results in robust alleviation of acute cell
death, strongly implicating NE in early post-injury pathogenesis. While the long-term loss of
cortical and hippocampal volumes were not rescued in brain-injured NE KO mice, deficits
in cognitive memory and hyperactivity were markedly attenuated. A similar long-term
neurobehavioral benefit was not seen in WT mice treated acutely with an NE inhibitor, an
outcome that may reflect a suboptimal dosing regime and/or therapeutic window.

NE mediates acute pathogenesis in the injured immature brain

To assess the pathogenicity of NE in the acutely injured brain, we evaluated cell death,
neuronal integrity, vasogenic edema, and induction of HO-1, a sensitive indicator of
oxidative stress. Acute cell death was clearly reduced by NE gene deficiency in our model,
which led to a non-significant trend towards the preservation of neuronal integrity at 24 h
post-injury. Although each of these methods in isolation have their limitations (immuno-
labeling of TUNEL and caspase-3, and NeuN measured by Western Blot), it is hoteworthy
that all three measures indicate a lesser degree of cell death in the brains of NE KO mice. Of
note, the benefits afforded by NE deficiency were greatest in the hippocampus, contrary to
evidence of relatively higher neutrophil numbers accumulating into the injured cortex.
Regional specificity of neuroprotection has also been reported after neutrophil depletion in
ischemic-reperfusion injury (Beray-Berthat et al., 2003), however, the underlying
mechanisms are unclear. This spatial susceptibility may relate to distance from the impact
site; the cortex contains the irreversibly damaged lesion core, which is likely beyond
possible rescue by therapeutic interventions. In contrast, the more distally located
hippocampus may represent the peri-contusional penumbra, a region of microvascular
disruption where cells are stressed but potentially salvageable (Liu et al., 2010; Newcombe
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etal., 2013). In support of this theory, we detected greater numbers of cells positive for
activated caspase-3 in the injured hippocampus compared to the cortex, suggesting that
hippocampal cell death at this time is largely apoptotic secondary to the initial impact.

Acute post-injury treatment with a specific NE inhibitor also afforded a degree of
neuroprotection, with a reduction in cell death and oxidative stress. Consistent with our
results, treatment with the same NE inhibitor at 0 and 4 h during reperfusion after transient
middle cerebral artery occlusion in mice reduced infarct volume, BBB disruption and edema
by 24 h (Stowe et al., 2009). Other inhibitors of NE (ONO-5046 or sivelestat) have also
shown efficacy at reducing neuronal loss, edema and vascular permeability after focal
ischemia in rats or rabbits (Shimakura et al., 2000; Matayoshi et al., 2009; Ikegame et al.,
2010).

It has been proposed that NE activity may promote the ongoing extravasation of neutrophils,
by regulating leukocyte adhesion and transmigration (Woodman et al., 1993), “clearing the
path’ via the degradation of matrix proteins, and jeopardizing BBB integrity (Nagy et al.,
1998). While there is some evidence to support this function under tissue-specific and
stimulus-specific conditions (Young et al., 2004; Young et al., 2007), NE gene-deficient
neutrophils show a normal capacity for transmigration both in vivo and in vitro (Belaaouaj et
al., 1998; Tkalcevic et al., 2000; Allport et al., 2002; Hirche et al., 2004), suggesting a
largely redundant role for this protease in leukocyte infiltration into tissues. This hypothesis
is supported by our current data, as we saw no effect on neutrophil infiltration after TBI in
either NE KO or NE inhibitor-treated mice.

Amelioration of brain water content in NE KO mice, despite normal neutrophil infiltration,
provides evidence that NE rather than neutrophils per se directly mediates edema formation.
Data from ischemic stroke models support this hypothesis, as treatment with an NE inhibitor
was shown to reduce brain edema, postulated to result from the preservation of endothelial
cell integrity and survival (Ikegame et al., 2010). In contrast, in the current study,
pharmacological inhibition of NE did not protect against vasogenic edema in brain-injured
mice. This raises a question about the degree to which NE activity was restricted by
pharmacological inhibition in our paradigm, and the possibility that incomplete inhibition
may account for less robust findings in drug-treated mice compared to NE deficient animals.
Unfortunately, it was not technically feasible to directly measure the degree of NE inhibition
in this study, as binding between the inhibitor and substrate molecules is voided during
assay sample preparation (unpublished observations). Regardless, given that genetic NE
deficiency resulted in selective sparing of long-term functional deficits but acute NE
inhibition did not, we postulate that the presence or absence of NE-mediated edema may be
a critical determinant of long-term outcomes.

Neither NE deficiency nor acute NE inhibition altered the level of MMP-9 activity at 24 h
post-injury. One limitation here is that only pro-MMP-9 could be detected by gelatin
zymography, suggesting that active MMP-9 levels may be below the detection limits of this
assay (Frankowski et al., 2012). In the context of robust neutrophil infiltration which was
independent of NE manipulation in this study, the finding that pro-MMP-9 levels are also
unaffected is consistent with previous evidence identifying neutrophils as a key contributor
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to MMP-9 production (Nguyen et al., 2007). However, NE is known to activate MMP-9 and
can cleave its natural inhibitor, suggesting that NE may enhance MMP-9 activity (Delclaux
et al., 1996; Jackson et al., 2010). That the absence of NE did not alter pro-MMP-9 levels is
consistent with results from Stowe and colleagues (2009), who showed additional
neuroprotective effects of pharmacological NE inhibition when administered to MMP-9 KO
mice after ischemic brain injury (Stowe et al., 2009); together, these findings suggest that
NE contributes to pathogenesis in the injured brain by mechanisms that are independent of
interactions with MMP-9.

Lastly, we examined the intracellular expression of HO-1 in the acutely injured brain. The
robust activation of HO-1 is a ubiquitous cellular response to oxidative stressors including
free heme released from the hydrolysis of heme-proteins, as well as signaling by NF«B and
heat shock proteins (Ryter and Tyrrell, 2000; Chang et al., 2005). After TBI, HO-1
expression is primarily localized to astrocytes, macrophages and microglia (Fukuda et al.,
1995; Fukuda et al., 1996). An increase in HO-1 is a reflection of the pathological state of
the tissue, thus the reduction in HO-1 levels seen in NE KO and NE inhibitortreated mice
compared to their respective controls indicates a shift towards reduced pathogenesis.
Together, these findings implicate NE as an important mediator of cellular stress in the
injured brain.

NE deficiency provides long-term functional benefits in the absence of tissue sparing

Given that injury to the developing brain has long-term functional consequences, we
investigated whether manipulation of neutrophil-mediated pathogenesis early post-injury
influenced long-term outcomes when animals had matured to adulthood. Consistent with
previous studies (Pullela et al., 2006), this model of experimental TBI to the p21 mouse did
not produce any motor deficits or an anxiety phenotype, and these characteristics were not
altered by NE manipulation.

In accordance with acute neuroprotection, NE gene deficiency resulted in long-term benefit
on behavioral outcomes, with NE KO mice showing a restoration of TBI-induced
hyperactivity and time spent at rest to sham levels, as well as preserved spatial memory
retention at adulthood. This may be a reflection of NE KO mice showing functional
improvement over time post-injury to a ‘normal’ acquisition of age-appropriate skills; or
alternatively, that they never exhibited TBI-induced deficits afforded by acute
neuroprotection. Further experiments involving repeated behavioral assessments across the
time course of development after injury may address this question.

Of note, however, this functional benefit did not correspond to long-term sparing of tissue in
either the injured cortex or hippocampus. Interestingly, other investigators have reported
similar discrepancies between functional and structural outcomes in experimental TBI
models. For example, Whalen and colleagues reported a reduction in motor and memory
function in mice deficient in poly(ADP-ribose) despite comparable cortical contusion
volumes (Whalen et al., 1999), while therapeutic hypothermia improved functional
outcomes without altering lesion volumes in brain-injured rats (Dixon et al., 1998). Yet
others have reported histological sparing in the absence of functional benefit (Clark et al.,
2000). While there is no clear explanation for such disparity, it is likely that the pathological
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processes and substrates which lead to irreversible cell loss over time are incompletely
understood. While there is considerable evidence that performance in the MWM relates to
hippocampal integrity (Broadbent et al., 2004), we found no differences in the number of
surviving hippocampal DG cells between genotypes, suggesting that the preservation in
spatial memory retention displayed by NE KO mice is not associated with varying degrees
of DG cell loss. Further, we cannot exclude the possibility that NE deficiency or inhibition
afforded sparing of neurons in brain regions not examined in the current study, such as the
CA1-3 regions of the hippocampus, or neuroanatomical structures which may mediate TBI-
induced hyperactivity.

It is also worth considering the mismatch between tissue integrity acutely and chronically
post-injury. We originally hypothesized that acute neuroprotection afforded by NE gene
deficiency would translate into greater tissue sparing long-term, however, this was not the
case. It is becoming evident that the injured immature brain shows an extended period of
secondary pathogenesis resulting in progressive expansion of the lesion and continuing loss
of hippocampal neurons over time (Pullela et al., 2006; Tsuru-Aoyagi et al., 2009). In the
young brain, this pathogenesis is superimposed upon a dynamic system which is rapidly
developing, with ongoing neurogenesis, synaptic pruning and myelination occurring well
into adolescence (Semple et al., 2013). In line with an emerging role of proteases in synaptic
modulation and subsequent cognitive function (Lee et al., 2008), it is plausible that NE
activity in the immature brain may influence synaptic reorganization after injury, such that
the absence of NE in gene-deficient mice results in improved behavioral outcomes despite
the absence of overt tissue sparing. Evidently, the extent to which neutrophil-dependent and
independent mechanisms participate in acute cell loss, and the relationship between post-
injury tissue disruption and ultimate lesion volumes, requires further elucidation.
Nonetheless, as improving functional outcomes is of primary importance to enhance quality
of life for brain-injured patients, the long-term reduction in hyperactivity and modest
preservation of spatial memory retention in NE KO mice are encouraging.

Acute pharmacological inhibition of NE did not alter long-term outcomes

In contrast to absence of the NE gene, acute NE inhibition failed to alleviate either
behavioral or structural outcomes at adulthood after injury, despite evidence of
neuroprotection acutely post-injury. The NE inhibitor ZN200,355 did not appear to have any
off-target effects, as administration to NE KO mice neither negated nor amplified the
functional benefits afforded by NE deficiency. One potential confound here is that vehicle-
treated C57BI/6J mice used in the inhibitor-treated experiments performed somewhat
differently in the MWM compared to C57BI/6 WT littermates used in the NE KO study.
Despite our best efforts to generate a consistent genetic background by extensive
backcrossing, it is conceivable that phenotypic differences may arise due to residual genetic
material in loci flanking manipulated genes (Eisener-Dorman et al., 2009).

Another possible explanation for discrepancies between the gene deficiency and
pharmacological inhibition studies is the unique, prolonged nature of the inflammatory
response after injury in the developing brain. Neutrophil infiltration into the immature brain
is elevated compared to that seen in the adult brain after injury, and extends up to two weeks

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Semple et al.

Page 23

after injury (Claus et al., 2010). This observation is consistent with others who have
identified age-related differences in how the brain responds to inflammatory signals, for
example, adult mice are more resistant to inflammation, with less leukocyte recruitment and
barrier disruption in response to pro-inflammatory cytokine stimulation compared to 1-3
week old mice (Anthony et al., 1997; Anthony et al., 1998). Despite this, in the current study
we adopted a conservative approach for the drug treatment regime, limiting treatment to the
first 12 h post-injury, with the goal to “first do no harm’ and avoid potential interference
with brain development after injury at this age. We hypothesized that acute reduction of NE
activity would be sufficient to prevent or diminish the propagation of secondary damage
after TBI, potentially with long-term benefit on brain structure and function. In light of our
results, however, the lack of long-term effects after acute NE inhibition in our current study
may relate to drug administration over an insufficient duration to suppress this prolonged
period of neutrophil activity, and subsequent secondary brain damage which occurs. Future
preclinical studies are required to address treatment timing and duration, as well as dissect
signaling pathways responsible for both neutrophil activation and effector functions in the
injured brain.

It is also worth noting here that all of the previous studies examining NE inhibition in the
ischemic injured brain have focused solely on acute outcome measures (Shimakura et al.,
2000; Matayoshi et al., 2009; lkegame et al., 2010). Whether observed neuroprotection in
these studies translates to long-term functional and neuroanatomical benefit was not
determined, and remains unclear. Thus our complex findings in the current study highlight
the necessity of examining chronic outcomes after acute drug treatment, particularly in the
developing brain in which ongoing maturation may interact with lesion progression.

Contribution of different neutrophil phenotypes in CNS injury

Despite abundant preclinical research, the precise contribution of neutrophils to CNS injury
remains controversial (Emerich et al., 2002; Easton, 2013). For example, in the context of
stroke, reducing neutrophil infiltration via CD18 or ICAM-1 inhibition generally improves
outcomes in animal models (Prestigiacomo et al., 1999); on the contrary, stimulation of
neutrophils prior to stroke reduces the burden of disease (Ahmed et al., 2000). Further,
clinical trials do not show benefit in stroke patients by neutrophil blockage (Becker, 2002;
Krams et al., 2003). Conflicting findings such as these suggest that the contribution of
neutrophils to brain injury is likely complex, dependent on cell numbers, timing, stimulus
and brain region, as well as effector functions. There is increasing evidence that neutrophils
show functional heterogeneity in vivo and in vitro, enabling them to respond to different
stimuli in a context-dependent manner (Fridlender et al., 2009). For example, neutrophil
phenotypes are adopted depending upon environmental cues in the context of tumor
metastasis, with ‘N1’ designated as the pro-inflammatory subtype and ‘N2’ being anti-
inflammatory and pro-angiogenic (Piccard et al., 2012). Given its role in promoting
oxidative stress and inflammation, we hypothesize that NE is likely to be produced by N1
neutrophils, however this has not yet been confirmed. Of note, a recent study in ischemic
stroke suggests that polarization of neutrophils from an N1 to N2 phenotype is associated
with neutrophil clearance and resolution of inflammation, and that this transformation can be
modulated by activation of the peroxisome proliferator-activated receptor-y nuclear receptor
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(Cuartero et al., 2013). Future studies are needed to elucidate the contribution of neutrophil
subsets to pathogenesis after TBI, across the time course of parenchyma accumulation post-
injury, and particularly in the context of prolonged and exacerbated neutrophil infiltration as
seen after injury to the immature brain (Claus et al., 2010).

Clinical relevance and translation

Although limited in scope compared to preclinical studies, there is evidence of a robust
neutrophilic response after TBI in humans. In addition to post-mortem evidence of
inflammatory infiltrates in injured brain parenchyma (Holmin et al., 1995; Hausmann et al.,
1999), increased neutrophil activation has been reported in both adults (Rhind et al., 2010;
Junger et al., 2013) and children (Fitrolaki et al., 2013) after severe TBI relative to healthy
controls. Further, neutrophil-derived proteases including NE and MMP-9 are elevated in
patient serum after CNS injury and stroke (Cojocaru et al., 1006; lwatsuki et al., 1998;
Roberts et al., 2013), and patients with severe head trauma (Glasgow Coma Score < 8) also
present with elevated serum NE compared to controls (Mussack et al., 2001). Additional
preclinical studies to fully elucidate the role of neutrophil-mediated NE would thus have
strong clinical relevance.

However, new therapeutic options in pediatric populations must be approached with great
caution, as treatment would be superimposed upon a brain which is still undergoing
considerable maturational changes. Interventions which may prove efficacious in the adult
brain can not necessarily be extrapolated to function similarly or safely in the developing
brain (Natale et al., 2006). Of note, inhibition of human NE using the compound sivelestat
(ONO 5046, Ono Pharmaceuticals Co., Ltd.) has demonstrated safety in a pediatric
population for acute respiratory distress syndrome (Kikuchi et al., 2006; Matsumoto et al.,
2009), as well as efficacy attenuating the post-operative inflammatory response and
improving clinical outcomes after cardiopulmonary surgery in children (Inoue et al., 2013;
Kohira et al., 2013). Although acute NE inhibition failed to improve long-term outcomes in
the current study, these clinical findings suggest that administration of optimized NE
inhibitors to pediatric patients may be a safe and feasible option after pediatric TBI.
Particularly given the uniquely exacerbated neutrophil response to injury which is observed
in the immature brain, targeting this cell population remains an attractive option.

CONCLUSIONS

In summary, reduction of NE by both gene deficiency and drug inhibition mediates robust,
acute neuroprotection after injury to the immature brain, indicating a contribution of NE to
neuropathology. While pharmacological inhibition of NE did not alter the long-term
functional or histological consequences of TBI, NE gene deficiency resulted in improved
behavioral outcomes, validating NE as an important therapeutic target in pediatric TBI.
These findings demonstrate the central role of NE to acute pathogenesis, and support further
exploration of a therapeutic window during the prolonged period of neutrophil trafficking
into the injured immature brain. The lack of tissue sparing chronically, in contrast to acute
neuroprotection, highlights the importance of examining long-term outcomes to thoroughly
evaluate the consequences of experimental manipulations to the developing brain.
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Figure 1. Deficiency of NE protects against vasogenic edema but does not alter neutrophil
infiltration or MMP-9 activity at 24 h post-injury
Neutrophil elastase activity was measured by a fluorogenic kinetic assay, in the cortex (a)

and hippocampus (b) of WT mice across an acute time course following TBI at p21 (n=4/
time point; 1-way ANOVA and Dunnett’s post-hoc, *p<0.05 at 6 h and 24 h post-injury
compared to sham-operated controls). Panel ¢ illustrates representative images of Gr-1+
cells in the cortex and hippocampus of WT and NE KO mice at 24 h post-injury (scale bar
=200 pm), with an insert depicting positively-stained cells at higher magnification (scale bar
=20 pm). Quantification of Gr-1+ cells found similar numbers in the injured cortex (d) and
hippocampus (e) of NE KO mice compared to WT controls (n=6/group). Vasogenic edema
was next measured by the wet weight-dry weight method, at 24 h after sham or TBI at p21
(f, g). Although edema was evident in TBI mice compared to sham controls (2-way
ANOVA effect of injury, ****p<0.0001) water content was significantly lower in the
ipsilateral hemisphere of brain-injured NE KO mice compared to brain-injured WT mice
(n=7-8/group; *p<0.05 from planned comparison analysis). No changes in water content
were observed in the contralateral hemisphere. Lastly, MMP-9 activity was measured by
gelatin zymography at 24 h post-injury or sham (h). MMP-9 was up-regulated at 24 h after
injury (i; t-test *p<0.05), but to a similar level in both brain-injured WT and NE KO mice (j;
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t-test, n.s.). Abbreviations: MMP-9 = matrix metalloproteinase-9; RFU = relative fluorescent
units.
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Figure 2. NE deficiency is acutely neuroprotective in the immature injured brain
TUNEL staining was quantified at 24 h post-injury (a), revealing fewer dying cells in the

injured hippocampus of NE KO mice compared to WT mice (n=6/group; t-test *p<0.05;
scale bar=100 pm; insert =20 pum). The contribution of apoptosis to cell death was confirmed
by immuno-staining for activated (cleaved) caspase-3 (b), which was also reduced in the
hippocampus of NE KO compared to WT mice (t-test **p<0.01; scale bar =100 um; insert
=20 pm). The consequence of acute cell death on neuronal viability was measured by
western blot for the neuronal marker NeuN, and the 75 kDa band was quantified. At 24 h
post-injury, NeuN was notably reduced in the cortex (c) of both WT and NE KO mice after
TBI compared to sham controls (2-way ANOVA effect of injury ***p<0.0002). In the
hippocampus (d), NeuN loss was also evident after injury (2-way ANOVA effect of injury
p=0.0047; n=4/group). Representative NeuN bands from hippocampal TBI samples (WT
and NE KO) are presented in panel e. Heme-oxygenase (HO-1) levels were also quantified
at 24 h post-injury, as an indication of the pathological and oxidative state. Representative
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staining in injured hippocampus is illustrated in panel f (scale bar =200 um; insert depicts
higher magnification of HO-1+ cells from the box annotated in the WT merged image).
Fewer HO-1 positive cells were found in the hippocampus of NE KO mice compared to WT
(n=6/group; t-test *p<0.05). Abbreviations: DAPI = 4',6-diamidino-2-phenylindole; HO-1 =
heme-oxygenase 1; TUNEL = terminal deoxynucleotidy! transferase-mediated dUTP nick
3’-end labeling.
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Figure 3. NE gene deficiency does not preserve injury-induced tissue damage long-term
Stereological analysis was performed on cresyl violet stained sections to assess atrophy in

the dorsal cortex and hippocampus at 3 months of age (~ 2 months post-injury).
Representative images are presented from WT and NE KO brains both anteriorly and
posteriorly (a; scale bar =500 pm). Quantification revealed a reduction of cortical volume in
TBI mice compared to sham controls (2-way ANOVA effect of injury, ****p<0.0001),
which was similar in WT and NE KO mice (b). Contralateral cortex volume was not
affected by either injury or genotype (c). Hippocampal volumes were affected by injury both
ipsilateral and contralateral to the impact site (d; 2-way ANOVA effect of injury
****n<0.0001), to a similar extent in both WT and NE KO mice. The surviving neuronal
population in specific regions of the ipsilateral hippocampus DG (e) was calculated using
the optical fractionator method. Consistent with volumetric analyses, no differences were
observed between WT and NE KO mice (t-tests n.s). n=10-12/group.
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Figure 4. NE deficiency ameliorates injury-induced hyperactivity and improves spatial memory
retention, but does not influence measures of anxiety, motor performance or social preference

Behavioral assessments were performed at 3 months of age (~ 2 months post-injury) to
compare functional outcomes in the presence or absence of NE. Although brain-injured mice
overall showed an injury-dependent increase in distance traveled in the open field compared
to sham controls (a; 2-way ANOVA effect of injury *p<0.05), brain-injured NE KO mice
moved less distance compared to brain-injured WT mice (***p<0.001 from planned
Bonferroni’s analysis; n=11-13/group). General motor function as tested on the rotarod
across 3 consecutive days (b) was not affected by either TBI or NE deficiency, although all
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groups showed improvement (increased latency to fall) over time (2-way ANOVA effect of
time, ****p<0.0001). Anxiety levels, measured as the percentage time spent in the open in
the Plus and Zero mazes (c, d), were no different between any of the groups. The three-
chamber task was used to test for sociability and social novelty. Sham mice showed normal
sociability and social novelty, with a preference for the first stimulus mouse over the empty
chamber (e; 2-way ANOVA effect of stimulus p=0.0006; ***p<0.001 from multiple
comparisons analysis), and a preference for the second novel mouse over the first (f; 2-way
ANOVA effect of stimulus p=0.0091; *p<0.05; ***p<0.001 from multiple comparisons
analyses). Brain-injured mice failed to show this preference; however, this was comparable
across both genotypes. The Morris water maze (MWM) was also performed to assess spatial
learning and memory. In this task, all mice showed improvement over time during the
visible platform sessions (g; linear mixed effects ANOVA effect of time ****p<0.0001),
although brain-injured mice showed a longer latency to reach the platform overall compared
to sham controls, indicating impaired task learning after injury (effect of injury *p<0.05).
When the platform was hidden in subsequent sessions (h), brain-injured mice showed again
exhibited a longer latency to reach the platform compared to sham controls (effect of injury
*p<0.05), indicating poorer spatial memory. Performance in both the visible and hidden
platforms of the MWM was not affected by genotype. At the end of the MWM testing
period, both WT and NE KO sham-operated mice showed memory retention in the probe
trial (i), spending more time in the target quadrant compared to other quadrants, whereas
brain-injured mice did not (***p<0.001 and *p<0.05 from Dunnett’s analyses after 1-way
RM ANOVAs within each group). When tested again one week later (j), TBI NE KO mice
showed a preference for the target quadrant, indicating memory retention similar to sham-
operated mice, whereas TBI WT mice spent equivalent time in each quadrant (***p<0.001,
**p<0.01 and *p<0.05). n = 11-13/group.
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Figure 5. Treatment with the NE inhibitor is acutely neuroprotective, but does not alter long-
term neuroanatomical outcomes

NE inhibitor or saline-vehicle was administered i.p. at 2, 6 and 12 h post-injury, for analysis
at 24 h (n=5/group). Cell death assessed by TUNEL (a) was unchanged in the injured cortex
but reduced in the injured hippocampus of NE inhibitor-treated mice compared to vehicle-
treated controls (t-test *p<0.01). Caspase-3 immuno-staining (b) confirmed this region-
specific effect, with a reduction in apoptotic cells in the hippocampus of NE inhibitor-
treated mice compared to saline controls (t-test **p<0.01). In contrast, HO-1+ cells (c) were
significantly reduced in the cortex of NE inhibitor-treated mice compared to vehicle, but not
different in the hippocampus (t-test *p<0.05). Two months post-injury, the volume of intact
ipsilateral dorsal cortex (d) was reduced in brain-injured mice compared to sham controls (2-
way ANOVA effect of injury ****p<0.0001), but comparable in mice treated acutely with
either saline-vehicle or the NE inhibitor. Likewise, the ipsilateral hippocampal volume
differed between sham and injured mice but not saline and NE inhibitor-treated (2-way
ANOVA interaction p=0.0135; ****p<0.0001 and **p<0.01 from multiple comparison
analyses). Likewise, surviving neurons in the ipsilateral DG were similar regardless of drug
treatment (f; t-tests n.s.). n=9-10/group. Abbreviations: HO-1 = heme-oxygenase 1; TUNEL
= terminal deoxynucleotidyl transferase-mediated dUTP nick 3’-end labeling.
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Figure 6. Treatment with the NE inhibitor ZN200,355 does not alter long-term functional
outcomes after TBI at p21

TBI mice show hyperactivity in the open field as compared to sham controls (a; 2-way
ANOVA effect of injury ***p<0.001), however, this was not affected by treatment with the
NE inhibitor. Although all mice showed improvement over time on the accelerating rotarod
(b; 2-way RM ANOVA effect of time ****p<0.0001), none of the groups differed from
each other. Spatial task learning was assessed in the MWM visible sessions (c), revealing an
impairment in TBI mice compared to sham (linear mixed effects ANOVA effect of injury
**p<0.01), although all groups showed improvement (reduced latency to the platform) over
sequential sessions (effect of time ****p<0.0001). Similarly in the MWM hidden platform
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sessions (d), brain-injured mice exhibited a higher latency to reach the platform compared to
sham controls overall (effect of injury ***p<0.001), although all groups again showed
improvement across sessions (effect of time ****p<0.0001). No differences were observed
between vehicle and NE inhibitor-treated mice in either the visible or hidden platform
sessions of the MWM. A probe trial conducted at the end of the testing week (e) revealed a
preference for the target quadrant in both vehicle and NE inhibitor-treated sham control
mice (***p<0.001 and **p<0.01 from Dunnett’s analyses after 1-way RM ANOVAs within
each group), whereas TBI mice did not show such a preference, indicating memaory retention
deficits in brain-injured mice. When tested again one week later (f), vehicle and NE
inhibitor-treated sham groups as well as the vehicle TBI mice showed memory retention,
whereas NE inhibitor-treated TBI mice did not (**p<0.01 and *p<0.05). n=9-10/group.
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Figure 7. Administration of the NE inhibitor ZN200,355 to brain-injured NE KO mice confirms
the functional benefits afforded by NE deficiency, without any confounding effects

Injury-induced hyperactivity in the open field (a) was ameliorated to a similar extent in
brain-injured untreated NE KO mice, brain-injured NE KO mice which received vehicle
treatment, and brain-injured NE KO which received the NE inhibitor (1-way ANOVA
p<0.0001; Dunnett’s analyses ****p<0.0001, ***p<0.001 and **p<0.01). Treatment with
the NE inhibitor did not alter the response seen in untreated or vehicle-treated NE KO mice
alone. WT data in (a) is reproduced from figures 4a and 6a, for comparison. NE inhibitor
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treatment also had no effect on brain-injured NE KO mice in terms of spatial memory
retention in the MWM probe trials at the end of the testing period (b) and one week later (c),
with both vehicle and NE inhibitor-treated NE KO mice showing preference for the target
quadrant (1-way RM ANOVAs with Dunnett’s analyses). n=12-14/group.
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Table 1

Summary of acute and long-term outcomes after pediatric TBI in NE KO and NE inhibitor-treated mice

Measure Marker Gene Pharmacological
deficiency inhibition

Acute outcomes Neutrophil infiltration ~ Gr-1 IHC no difference no difference
Cell death TUNEL, caspase-3  reduced in hpc reduced in hpc
Oxidative stress HO-1 reduced in hpc reduced in ctx
Brain edema water content reduced no difference
Neuronal integrity stereology no difference no difference

Long-term outcomes  Hyperactivity open field reduced no difference
Spatial memory MWM probe trials ~ memory retention  no retention

Change indicated relative to control (WT or saline-vehicle groups, respectively). Ctx = injured cortex only; hpc = injured hippocampus only; HO-1
= heme-oxygenase-1; IHC = immunohistochemistry; MWM = Morris Water Maze; NE = neutrophil elastase.
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