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Abstract

Traumatic brain injury (TBI) produces axotomy, deafferentation and reactive synaptogenesis.
Inflammation influences synaptic repair, and the novel brain cytokine osteopontin (OPN) has
potential to support axon regeneration through exposure of its integrin receptor binding sites. This
study explored whether OPN secretion and proteolysis by matrix metalloproteinases (MMPs)
mediate the initial degenerative phase of synaptogenesis, targeting reactive neuroglia to affect
successful repair. Adult rats received unilateral entorhinal cortex lesion (UEC) modeling adaptive
synaptic plasticity. Over the first week postinjury, hippocampal OPN protein and mMRNA were
assayed and histology performed. At 1-2d, OPN protein increased up to 51 fold, and was localized
within activated, mobilized glia. OPN transcript also increased over 50 fold, predominantly within
reactive microglia. OPN fragments known to be derived from MMP proteolysis were elevated at
1d, consistent with prior reports of UEC glial activation and enzyme production. Postinjury
minocycline immunosuppression attenuated MMP-9 gelatinase activity, which was correlated with
reduction of neutrophil gelatinase-associated lipocalin (LCN2) expression, and reduced OPN
fragment generation. The antibiotic also attenuated removal of synapsin-1 positive axons from the
deafferented zone. OPN KO mice subjected to UEC had similar reduction of hippocampal MMP-9
activity, as well as lower synapsin-1 breakdown over the deafferented zone. MAP1B and N-
cadherin, surrogates of cytoarchitecture and synaptic adhesion, were not affected. OPN KO mice
with UEC exhibited time dependent cognitive deficits during the synaptogenic phase of recovery.
This study demonstrates that OPN can mediate immune response during TBI synaptic repair,
positively influencing synapse reorganization and functional recovery.

Introduction

Axotomy is a principal pathology generated by traumatic brain injury (TBI), resulting in
synaptic deafferentation (Povlishock and Katz, 2005), and inducing synapse reorganization
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at sites of terminal loss (Steward, 1989). Two mechanisms controlling reinnervation are
acute inflammation (Correale and Villa, 2004; Lucas et al., 2006 ), and activation of
extracellular matrix (ECM) molecules surrounding synapses (Venstrom and Reichardt,
1993; Dityatev and Schachner, 2003). Acute postinjury inflammation activates local glia to
remove degenerated axons, as well as provides growth factors for axon sprouting and
repopulation of postsynaptic sites. Surrounding ECM forms the environment where immune
molecules operate, and stabilizes synaptic structure (Ruoslahti, 1996; Dityatev and
Schachner, 2006). Matrix metalloproteinases (MMPs) are secreted into this space, targeting
both structural and immune proteins during reactive synaptogenesis, and influencing
synapse regeneration (Ethel and Ethell, 2007; Verslegers et al, 2013).

Among immune mediators of synaptogenic onset, both chemokines and cytokines are
critical (Shohami et al., 1994; Morganti-Kossmann et al., 2002). Interleukins are prominent,
and garner significant investigation, both in experimental TBI and clinically (Knoblach and
Faden, 1998; Shohami et al., 1997; Rothwell and Luheshi, 2000; Csuka et al., 1999).
Recently, a novel cytokine, osteopontin (OPN), was localized in traumatized cortex (Shin et
al., 2005; Plantman, 2012), and found upregulated postinjury (von Gertten et al., 2005;
Cernak et al., 2011). OPN is relevant to synaptogenesis because it contains RGD and
SVVYGLR integrin receptor binding sequences, consistent with a chemotactic role in
microglial activation. Such activation includes cell migration, shifts in functional status, and
the synthesis of cytokines and MMPs capable of further stimulating neuroglia during
synapse reformation (Kumar et al., 2013; Hanisch, 2002; del Zoppo et al., 2012; Lively and
Schlichter, 2013). Importantly, MMP lysis exposes these RGD/SVVYGLR sequences,
generating integrin binding OPN fragments which stimulate reactive microglia and
astrocytes (Ellison et al., 1998; Shin et al., 2005; Kang et al., 2008). While MMPs alter CNS
plasticity in a time dependent fashion (Goussev et al., 2003; Falo et al., 2006; Warren et al.,
2012), the significance of such OPN fragment production during synaptogenesis is not
understood. This interaction suggests that MMP OPN processing within the synaptogenic
environment supports cell signaling for ECM boundary formation, guiding debris clearance
and axonal-dendritic regeneration.

The present study examined time dependent OPN/MMP response during deafferentation
induced synaptogenesis in the unilateral entorhinal cortical lesion (UEC) model of adaptive
synaptic recovery, (Phillips et al., 1994). It was hypothesized that deafferentation acutely
elevates OPN, stimulating increase in MMP-generated fragments and targeted effects on
surrounding glia mediating the onset of synaptogenesis. OPN protein and mMRNA
expression, histological localization, and MMP enzyme activity, were assessed during the
first week postinjury to determine whether OPN response is related to glial and synaptic
change in initial phase of the recovery process. The immunosuppressant minocycline was
applied to attenuate this glial response, measuring OPN expression and assessing synaptic
reorganization. Using OPN KO mice, we explored if OPN loss affected structural or
functional recovery after UEC. Our results support OPN as an important mediator of cell
response during the early stages of reactive synaptogenesis.
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Materials and Methods

Experimental Animals

All procedures met national guidelines for care and use of laboratory animals, and all
experimental protocols were approved by the VCU Institutional Animal Care and Use
Committee. Both rats and mice subjects were utilized. Male Sprague Dawley rats (300-350
g; Harlan Laboratories) were housed in pairs under a temperature (22°C) and humidity
controlled environment with food and water ad libitum, and subjected to a 12 hour dark-light
cycle. Rats were subjected to unilateral entorhinal lesioned (UEC; n=62) and randomly
assigned to subgroups which were evaluated at 1-7d postinjury by either Western Blot
(WB), immunohistochemistry (IHC), qRT-PCR, in situ hybridization (ISH) or gelatin
zymography methods. For the minocycline experiments, rats were randomly assigned to
lesioned saline-treated or lesioned drug-treated groups, and evaluated at 2d postinjury by
either WB or IHC (n=16). For all analyses, the matched contralateral uninjured brain region
served as control.

A second set of experiments used male WT C57BL/6J or OPN KO mice (B6.129S6 (Cg)-
Spp1tm1BI/g) (20-30 g; 8-11 weeks old; The Jackson Laboratory, Bar Harbor, ME) housed
under the same environmental conditions as rat subjects. For molecular assessments, WT or
OPN KO mice were randomly selected, subjected to UEC, and evaluated at 2d postinjury by
WB, IHC, or gelatin zymography (n=40 each strain; total n= 80). For behavioral analysis,
WT and OPN KO mice were randomly assigned to an uninjured or UEC group and
evaluated using the novel object recognition (NOR) task at 4, 7, 14, 21, and 28d postinjury
before being sacrificed (n=48). For molecular analyses, the matched contralateral uninjured
brain region served as control for UEC lesion effects, and WT versus OPN KO compared
for experimental effect. Uninjured mice served as controls for NOR behavioral analyses.

Unilateral Entorhinal Cortex Lesion: Rat and Mouse

The rat UEC protocol was a modification of that described by Loesche and Steward (1977).
Rats were anesthetized with 4% isoflurane in carrier gas of 70% N,O, 30% O, for 4 min,
heads shaved, then maintained on 2% isoflurane in carrier gas of 70% N0, 30% O,
delivered via nose cone during surgery. Body temperature was maintained at 37°C by
heating pad (Harvard Apparatus, Holliston, MA), and heart rate (bpm), arterial oxygen
saturation (percent O,), breath rate (brpm), pulse/breath distention (um) were monitored by
pulse oximetry (MouseOx; Starr Life Sciences, Oakmont, PA). Anesthetized rats were
secured in a stereotaxic device, a midline incision and 2 mm craniectomy performed to
visualize intact dura mater above the right entorhinal cortex (EC). Electrolytic lesions were
delivered through Teflon®-coated wire penetrating the dura and transmitting 1.5 mA for 40
s to 8 stereotaxic coordinates: 10° lateral to perpendicular; 1.5 mm rostral to the transverse
sinus; 3 and 4 mm lateral to the midline at 6, 4, and 2 mm ventral to the brain surface; and a
third, 5 mm lateral at 4 and 2 mm ventral to the brain surface. After lesion, electrode was
removed, incision sutured and topical anesthetic/antibiotic applied. Animals were housed
singly in a warm chamber during post-operative recovery and monitored for discomfort or
distress before being returned to home cages.
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The mouse UEC protocol was a modification of the Hardman et al., method (1997). Mice
were anesthetized, body temperature maintained and vital physiology monitored as
described for rat subjects. Under anesthesia, mice were secured in a stereotaxic device and
dura mater above the right EC exposed. Electrolytic lesions were delivered by Teflon®-
coated wire penetrating the dura and transmitting 2.0 mA for 15 s to 3 coordinates: 10°
lateral to perpendicular; 0.5 mm rostral to the lamdoidal suture; 2 and 3 mm lateral to the
midline at 3.5 mm ventral to the brain surface; and 3.5 mm lateral at 3.0 mm ventral to the
brain surface. As for rats, electrode was removed, incision closed, anesthetic/antibiotic
applied, and mice monitored prior to returning to home cages.

Administration of Minocycline

Postinjury immune response was blunted using the tricyclic antibiotic minocycline. Selected
rats received two acute minocycline doses (Sigma-Aldrich, Co., St. Louis, MO) of 45 mg/kg
i.p., administered at 30 min and 6 h after UEC, a paradigm previously shown to induce
immunosuppression (Homsi et al., 2009). Control animals underwent the same procedure
but received saline vehicle.

Protein Extraction

Selected animals were anaesthetized with 4% isoflurane in carrier gas of 70% N0, 30% O,
for 4 min, then sacrificed by decapitation at 1, 2, 4, or 7d after UEC, with whole
hippocampus and molecular layer (ML) dissected (n=4/group) for assessment of protein
expression. In the minocycline experiments, rats were sacrificed at 2d postinjury and
hippocampi dissected (n=4 each saline and minocycline treated). Tissue samples were
homogenized on ice in 125 pl of T-PER (Thermo Scientific, Rockford, IL), and centrifuged
at 8,000 x g for 5 min at 4°C. Supernatant was aliquoted and stored at —80°C. Prior to
Western blot (WB), or zymography analysis, protein concentration was determined using
Thermo Scientific Pierce Protein Assay Reagent (Rockford, IL) and the FLUOstar Optima
plate reader (BMG Labtech, Inc., Durham, NC).

Western Blot

WB analysis was carried out utilizing Bio-Rad products (Hercules, CA). Twenty ug of
protein were prepared for WB with XT sample buffer and reducing buffer, then denatured.
Samples were electrophoresed on 4-12% Bis-Tris Criterion XT gels (200 V x 45 min) and
protein transferred to polyvinylidene fluoride (PVDF) membranes. Post-blot gels were
stained with 0.1% coomassie brilliant blue (40% methanol (MeOH), 10% glacial acetic
acid), then destained at RT to confirm even transfer. To prevent non-specific binding,
membranes were blocked in 5% milk Tris-Buffered Saline with 0.05% Tween 20 (nTBST).
Blots were then incubated overnight at 4°C in mTBST with individual primary antibodies
(goat anti-OPN 1:200, R&D Systems, Minneapolis, MN; rabbit anti-OPN 1:500, Rockland
Immunochemicals Inc., Gilbertsville, PA; rabbit anti-MAP1b 1:200, Santa Cruz
Biotechnology, Dallas, TX; mouse anti-N-cadherin 1:1000, B D Transduction Labs, San
Jose, CA; goat anti-synapsin-1a/b 1:200, Santa Cruz Biotechnology, Inc., Dallas, TX; rabbit
anti-LCN2 1:200, Santa Cruz Biotechnology, Inc., Dallas, TX). The region of each blot
below 25kD was probed with rabbit anti-cyclophilin A (1:2,500, Millipore, Billerica, MA)
as loading control. Blots were next washed with mTBST and incubated with appropriate
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secondary in mTBST (1:10,000 goat anti-mouse, Rockland Immunochemicals, Gilbertsville,
PA; 1:20,000 bovine anti-rabbit, 1:20,000 bovine anti-goat Santa Cruz Biotechnology Inc.,
Dallas, TX) at RT for 1 h. Finally, blots were TBST washed and incubated with Super
Signal Dura West chemiluminescent substrate (Thermo Scientific, Rockford, IL) for signal
detection. WB images were captured with Syngene G:Box and positive band signal
subjected to densitometric analysis (relative optical density, ROD) with Gene Tools
software (Syngene, Frederick, MD). Protein data were expressed as either fold change over
controls or percent change relative to paired control cases run on same blot membrane.

Gelatin Zymography

Twenty g of protein from 2d hippocampal extracts described above were prepared with 2x
Tris-glycine SDS sample buffer then separated by gelatin electrophoresis at 4°C on Novex®
10% zymogram gels (Life Technologies, Grand Island, NY). Gels were renatured in
Novex® Zymogram Renaturing Buffer (Life Technologies, Grand Island, NY) at RT before
development in Novex® Zymogram Developing Buffer over 6 d at 37°C. Gelatin lysis was
visualized with coomassie brilliant blue and purified enzyme run as positive control.
Zymogram signal was inverted and captured on Syngene G:Box, and densitometry analyzed
as ROD with Gene Tools software (Syngene, Frederick, MD). Enzyme activity was
expressed as percent change relative to paired controls run on the same gel.

Immunohistochemistry

qRT-PCR

At 1 and 2d after UEC (n=4/group), rats were prepared for fluorescent
immunohistochemical (IHC) analysis according to published protocol (Warren et al., 2012).
Animals were anaesthetized with sodium pentobarbital (90 mg/kg, i.p.), transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1M NaHPO,, pH=7.4,
after which brains were extracted and placed in fixative for 24 h before transfer to 0.03%
NaNs3 in 1.0 M phosphate buffered saline (PBS). For IHC, brains were blocked at the dentate
gyrus and 40 um coronal sections were sliced using the VT1000S microtome (Leica, Buffalo
Grove, IL). To prevent non-specific binding, sections were blocked in Blotto (5% Cold
Water Fish Skin Gelatin, Aurion, Netherlands, 0.5% Triton in 1.0 M PBS) for 30 min prior
to overnight incubation with Blotto containing primary antibody (mouse anti-OPN
MPI11B10 1:300, lowa Hybridoma, lowa City, IA; rabbit anti-IBA1 1:300, Wako
Chemicals, Richmond, VA; rabbit anti-GFAP 1:20,000, Dako, Carpinteria, CA; goat anti-
synapsin-la/b 1:250, Santa Cruz Biotechnology, Inc., Dallas, TX). The next day, free
floating tissue sections were washed with PBS, blocked in Blotto at RT, then incubated with
the appropriate secondary antibody (Alexa Fluor® 488 or 594, 1:1,000, Life Technologies,
Grand Island, NYY) in Blotto for 1 h at RT. Sections were then PBS washed, equilibrated in
phosphate buffer, and mounted on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA)
with Vectashield (Vector Laboratories, Burlingame, CA). IHC signal was visualized on the
TCS-SP2 AOBS (Leica, Buffalo Grove, IL) or LSM 700 (Carl Zeiss, Thornwood, NY)
confocal microscope.

At 1 or 2d after UEC, selected rats were anesthetized, decapitated, and whole hippocampi or
ML fractions dissected (n=10/group). Total RNA was extracted with TRIzol® (Life
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Technologies, Grand Island, NY) then processed for OPN gene assessment utilizing Qc
analysis and gRT-PCR with TagMan® Assay Reagents (Life Technologies, Grand Island,
NY). Probes and primer sets for detection of OPN (Rn00582114m1) were obtained from
Inventoried Assays (Life Technologies, Grand Island, NY). Probes were labeled at the 5’
end with 6-carboxyfluorescein and with a dark quencher at the 3’ end. Efficiency was
determined with 10-fold serial dilutions of template and cyclophilin A was used as an
endogenous control (Pre-developed TagMan® Assay Reagents; Life Technologies, Grand
Island, NY). Experiments were performed in the ABI Prism 7500 Sequence Detection
System using the TagMan® One-Step PCR Master Mix Reagents Kit (Life Technologies,
Grand Island, NY). Samples were tested in triplicate under cycling conditions (48°C/30min,
95°C/10 min; 40 cycles 95°C/15 sec, and 60°C/1 min). Fold change in OPN mRNA was
calculated by the 2-AACt method (Dumur et al., 2009).

In Situ Hybridization

Sense and antisense probes were generated against full length OPN (Spp1,
MRN1768-202780755) and synaptobrevin (Vampl, MRN1768-202782932), the latter used
as a positive control (Thermo Scientific, Rockford, IL). Riboprobes were synthesized using
digoxigenin (DIG)-tagged dNTPs (Roche, Mannheim, Germany) and the MAXIscript® in
Vitro Transcription Kit (Life Technologies, Grand Island, NY), after which they were
hydrolyzed to ~500nt as previously described (Su et al., 2010). Selected 40 um coronal
sections from 2d postinjury animals and controls (n=3/group) used for IHC studies were
again mounted on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), then hybridized
at 65°C as previously described (Yamagata et al., 2002). Bound riboprobes were detected by
horseradish peroxidase (POD)-conjugated anti-DIG and fluorescent Cy3 staining with
Tyramide Signal Amplification (TSA) systems (PerkinElmer, Shelton, CT). For fluorescent
ISH and antibody co-labeling, standard IHC was performed following the TSA step.
ISH/IHC signal was visualized using the TCS-SP2 AOBS (Leica, Buffalo Grove, IL)
confocal microscope.

Genotype Confirmation and Protein Ablation Verification for KO Mice

Confirmation of transgenic OPN KO was assessed utilizing the PCR-verification method of
the Jackson laboratory to test for presence of the neo'cassette replacing exons 4-7 of the
OPN gene, responsible for creating a null mutation, and rendering the animal incapable of
producing an OPN transcript in B6.129S6 (Cg)-Spp1™M!BIh/J mice (Liaw et al., 1998).
Genomic DNA was isolated from 1cm of tail snips, and genotyping confirmed utilizing the
0IMR8444 primer ‘5GCC TGA AGA ACG AGA TCA GC3’ for OPN and HotSHOT
method (Truett et al., 2000; Su et al., 2010). To confirm the absence of OPN gene product in
these animals, protein expression in the injured hippocampus was assessed. OPN KO and
WT hippocampal protein extracts from mice subjected to UEC were analyzed by WB as
described above, using goat anti-OPN (0.25 ug/ml, R&D Systems, Minneapolis, MN).

Novel Object Recognition

Cognitive performance was assessed using a modified novel object recognition (NOR) test
based on previous studies (Ennaceur and Delacour, 1988; Han et al., 2011; Baratz et al.,
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2011; Siopi et al., 2012). The NOR apparatus consists of a 42 x 42 x 30 cm? open field
arena under red light illumination (1 lux at mouse height) in a sound-isolated room (Fuller et
al., 2012). The NOR task consists of three phases: habituation, familiarization, and testing.
During habituation (3, 6, 13, 20, 27d postinjury), UEC (C57BL/6 n=12, OPN KO n=9) or
uninjured (C57BL/6 n=12, OPN KO n=12) mice were acquainted with the black opaque
plastic testing chamber for two nonconsecutive 5 min intervals. Twenty four hours later,
animals started the familiarization phase in the same chamber and were allowed to explore
two identical objects: 50-mL conical plastic tubes affixed to the floor with Velcro® tape in
symmetrical positions within the chamber. After a 1h delay, the animals entered the testing
phase (4, 7, 14, 21, 28d postinjury) and returned to the chamber where one of the objects
was replaced by a new object: a Lego® DUPLO® configuration of similar material and
dimensions (h x w), but differing in shape from that of the conical tube. Time spent
exploring each object during both the familiarization and testing phases was recorded at one
min periods with an overhead video camera, and later scored. Object exploration was
operationally defined as object touching, or orienting behaviors (sniffing, rearing, or head
orientation) occurring within 2 cm of the object. Sitting on top of or circling was not
counted. To prevent olfaction distraction or bias, the chamber and objects were thoroughly
cleaned with 70% ethanol between trials. To avoid confounding effects of long term
memory, a different novel object configuration was presented during each progressive trial.
Results of the testing phase are represented by recognition index (RI=time spent with novel
object/(time spent with familiar object+time spent with novel object) x 100). RI score of 50
represents a chance level of performance (no object preference) and RI significantly greater
than 50 indicates an intact memory capacity for this task. Similar to previous reports
(Meunier et al., 2013); a small percentage of mice did not explore either object, but engaged
in unrelated behaviors (e.g., grooming or freezing). As determined with these earlier studies,
no RI can be calculated from such behavior and mice which exhibited the non explorer
pattern for greater than 50% of the recorded time (n=2 WT and n=5 OPN KO) were
excluded prior to data analysis.

Statistical Analyses

Changes in rat protein or RNA levels, due to injury or minocycline treatment, were
evaluated using the General Linear Model (GLM) in SPSS v.11. The time course of changes
in OPN protein and transcript after UEC injury was assessed using a mixed model analysis
of variance (ANOVA) with hemisphere (contralateral vs. ipsilateral to injury) as a within-
subjects variable, and day postinjury as a between-subjects measure. The significance of
changes at specific postinjury days was evaluated as a priori planned comparisons using
simple-main effects based on marginal means, and implemented using multivariate ANOVA
(MANOVA) routines in SPSS.

For the mice studies, changes in protein levels or enzyme activity, induced by injury or
associated with genetic strain, were evaluated using GLM in SPSS v.11. These alterations
were assessed using a mixed model ANOVA with hemisphere (contralateral vs. ipsilateral to
injury) as a within-subjects variable, and strain as a between-subjects measure, and specific
pairwise comparisons evaluated as simple main effects. The effects of strain and UEC injury
on NOR behavioral performance, was evaluated with a completely randomized ANOVA
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design followed by Duncan post-hoc tests. Both rat and mouse results are reported as mean
+/- SEM. An alpha level of 0.05 was used in all analyses.

Osteopontin Expression Is Time Dependent Following UEC

We first examined the postinjury time course of OPN protein expression during UEC
adaptive synaptogenesis, focusing on acute survival intervals of initial immune response
(1d) and onset of presynaptic degeneration (2d). These time points were contrasted with the
pre-regenerative interval (4d) and a time point matching onset of presynaptic terminal
sprouting (7d). In hippocampal extracts we performed routine WB using an OPN antibody
(R&D Systems) which identified full length OPN (66 kD) as the principal signal, with low
affinity for OPN fragments. In contralateral control hippocampi, signal was detected, but
close to background, supporting the reported low constitutive expression of full length OPN
in brain (Choi et al., 2004; Iczkiewicz et al., 2004). In the deafferented hippocampi, results
showed a significant time-dependent change in full length 66 kD OPN protein
(F(3,12)=54.94; p<0.001), with increases initiated by 1d (29.4 + 1.4 fold, p<0.001), peaking
at 2d (51.6 £ 2.6 fold, p<0.001), and no longer significantly different from control level at
4d (3.4 £ 0.5 fold, p=0.522) (Fig. 1A). At the 7d onset of sprouting, OPN protein returned to
control level (1.2 £ 0.2 fold, p=0.955). Given these WB results, hippocampal tissue sections
were subjected to OPN IHC at 1 and 2d postinjury, probing for change in protein
distribution within the deafferented ML. Here we applied a second OPN antibody (lowa
Hybridoma) raised against bone protein fractions which is used to identify OPN in situ.
Interestingly, OPN signal was present within granule cell bodies of the dentate gyrus (Fig.
1B), with a diffuse, low level label over the dentate ML. At 1d following UEC, only modest
differences in OPN staining were observed between injured and control ML, however, at 2d
there was a prominent increase over the deafferented zone, appearing as both punctate and
cellular labeling, consistent with OPN localization around and within reactive glia. Granule
cell OPN signal did not show remarkable change at either postinjury interval. This acute
increase in full length OPN 1-2d after UEC matches that reported for other models of CNS
trauma (Ellison et al., 1998; Hashimoto et al., 2003; Shin et al., 2005), where onset of OPN
elevation occurs within 24 hours after injury. Focal elevation of OPN over regions of
synaptic reorganization is also consistent with the fact that MMP-3, one matrix enzyme
which cleaves OPN to expose integrin binding epitopes, shows similar spatial and temporal
increase after UEC (Falo et al., 2006).

Since OPN proteolytic fragments can potentially signal glial reactivity, we utilized a third
OPN antibody (Rockland) that recognizes a 32 kD MMP-cleaved OPN fragment, probing
for potential MMP processing on the lesioned side. In extracts of the deafferented dentate,
32 kD OPN expression was significantly altered relative to control (F(1,)=8.05; p<0.05).
Analyses at specific postinjury days revealed 1d elevation of the 32 kD band (128.8 +
12.4%, p<0.05), which was no longer different from controls at 2d. We also observed an
intermediate OPN fragment, migrating at approximately 48kD, which was significantly
altered after UEC (F(1,8)=12.83; p<0.01). At 1d postinjury, its expression was similarly
increased over controls (166.2 + 24.1%, p<0.01). This higher kD band is detected by the
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Rockland antibody after in vitro MMP lysis of purified OPN, and may result from MMP
cleavage at C-terminal loci downstream of the Rockland antigenic site (Scatena et al., 2007).
Together, these observations suggest that OPN contributes to acute cell-mediated immune
response after deafferentation, and supports a role for OPN in reactive synaptogenesis.

Reactive Glia Express Osteopontin During Synaptogenesis

To determine the identity of OPN labeled cells within the deafferented ML, we performed
IHC double label co-localization of OPN with antibodies specific for microglia (IBA1) and
astrocytes (GFAP). After UEC, increased OPN staining in the deafferented zone was
associated with reactive microglia and astrocytes (Fig. 2), where a low level of OPN signal
was seen in paired contralateral controls. Overall, OPN in the deafferented ML increased
between 1 and 2d postinjury, with microglia exhibiting greater labeling. A subset of reactive
microglia was found along the boundary of outer deafferented dendrites and the inner non-
deafferented ML, marking the interface between intact and damaged synapses. Such
alignment was present but not as striking for OPN positive astrocytes. These results suggest
that acute OPN increase during deafferentation-induced synaptogenesis is principally glial in
nature, and that early OPN role may be mediated through inflammation and reactive
microglia. Similar OPN localization within reactive glia was reported for CNS cortical
injury (Shin et al., 2005; von Gertten et al., 2005; Plantman, 2012), and following both
stroke and ischemia (Ellison et al., 1998; Choi et al., 2007). Prior UEC studies also show
that activated microglia position themselves along dendritic boundaries. At these sites they
have the potential to interact with matrix proteins such as agrin to direct synaptic
reconstruction (Falo et al., 2008), and secrete MMP-3 (Falo et al., 2006), providing a glial
pathway for generating OPN/integrin signals.

Osteopontin Transcript Elevated in Microglia of Deafferented Zone

Given that OPN protein was significantly elevated during the acute phase of reactive
synaptogenesis, and that this elevation was largely cellular in the ML, we applied gRT-PCR
and ISH to assay OPN transcription. Preliminary microarray screening revealed a 13.6 fold
increase in whole hippocampal OPN mRNA with UEC, while the deafferented ML showed
a 21.1 fold elevation. We performed gRT-PCR on RNA extracts from either whole
hippocampi or dentate ML at 1 and 2d after UEC lesion. Results showed multifold
elevations of OPN mRNA, which were highly significant for both whole hippocampus
(F(1,7)=192.30; p<0.001) and ML (F(y 6)=50.82; p<0.001) relative to levels in paired
contralateral control hemispheres (Fig. 3A). Significant injury-induced elevation of
hippocampal OPN transcript was seen at each time point (75.0 + 23.3 fold for 1d; 79.3 £
31.1 fold for 2d; p<0.001). ML extracts showed an even greater magnitude of change in
OPN transcript compared with control levels (126.6 + 55.7 fold for 1d; 150.1 + 44.2 fold for
2d, p<0.001). When 2d postinjury UEC cases were subjected to ISH with digoxigenin
(DIG)-tagged riboprobe for OPN transcript (Su et al., 2010), antisense binding was localized
within IBA1 positive reactive microglia of the deafferented zone (Fig. 3B). Parallel post
hybridization sections were stained with GFAP antibody and no mRNA signal was observed
in ML reactive astrocytes (Fig. 3C). Sense control binding was negative (Fig. 3D),
confirming signal specificity. These results suggest reactive microglia as a principal source
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of OPN production within deafferented ML during the acute phases of reactive
synaptogenesis.

Immunosuppression Alters OPN Response and Terminal Degeneration Following UEC

Collectively, the present data support induction of an acute OPN response with
deafferentation, likely through microglial activation to facilitate early stages of synaptic
reorganization. Since OPN is elevated under conditions of inflammation (Patarca et al.,
1989; Hwang et al., 1994; Weber and Cantor, 1996; Chabas et al., 2001), and can direct the
migration of macrophages and microglia to sites of brain injury (Ellison et al., 1998; Shin et
al., 2011; Hashimoto et al., 2003), it is possible that manipulation of inflammation will
affect OPN role in these processes during early synaptogenesis. To test this possibility, we
used the tricyclic antibiotic minocycline (delivered acutely at 30 min and 6 h post-UEC
lesion) to attenuate inflammatory response, as well as reduce microglial activation
(Yrjanheikki et al., 1998; Yrjanheikki et al., 1999). We then examined the effect of
minocycline on hippocampal OPN expression by WB, and found that the drug significantly
attenuated injury-induced elevation of full length OPN at 2d postinjury by about 53%
(F(1,6=77.83; p<0.001), from 48.6 fold to 22.6 fold. Next, we assessed whether the
antibiotic affected OPN lysis, utilizing gelatin zymography and WB to evaluate MMP
activity and the presence of OPN fragments, respectively. Consistent with prior studies
documenting increased MMP activity during the acute postinjury debris clearance (Kim et
al., 2005; Falo et al., 2006), we observed significant elevations in the activity of
hippocampal MMP-2 (F (1 4y=260.39; p<0.001) and MMP-9 (F (1 4)=14.55; p<0.05) at 2d
following UEC (Fig 4A). Acute administration of minocycline did not alter injury-induced
MMP-2 activity relative to the control hemisphere (374.1 £+ 34.0% in vehicle versus 351.8 +
39.5% in treated), but significantly reduced MMP-9 proteolysis by more than 41%
(F(1,4=23.19; p<0.01), from 370.4 + 35.5% to 152.5 + 28.1% (Fig. 4A). This result is
consistent with minocycline inhibition of MMPs in models of CNS trauma and stroke
(Machado et al., 2006; Cayabyab et al., 2013). We also evaluated the effect of minocycline
on MMP-generated OPN fragments, using the Rockland antibody to probe for differences in
their generation compared with saline-treated controls at 2d postinjury (Fig. 4B).
Minocycline treatment did not alter 32 kD OPN fragment expression (F(; 6)=1.07; p=0.340),
however, injury-induced elevation of the 48 kD OPN signal (123.1 £+ 15.4%) was
significantly reduced by 54% after drug treatment to 56.7 + 16.0% (F(1,5)=8.66; p<0.05).
These observations suggest that postinjury MMP-9/OPN interaction contributes to the
generation of OPN fragments with exposed integrin binding sequences. Such integrin-
mediated signals could promote removal of debris and degenerating terminals in the early
stages of synaptic repair.

In order to document cellular distribution of OPN with minocycline treatment, we performed
double label IHC with OPN and the microglial marker IBA1 (Fig. 5). Results suggested that
OPN positive microglia were more randomly distributed after minocycline. This cellular
change was tested for correlation with extent of presynaptic terminal removal during the
early phases of reactive synaptogenesis. Notably, minocycline effect on microglia was
associated with abnormal presynaptic terminal loss at 2d after UEC (Fig. 5). Vehicle treated
animals show predicted clear loss of presynaptic marker synapsin-1 over deafferented ML
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(Lund and Lund, 1971; Greif and Trenchard, 1988); however, minocycline treatment
resulted in an altered synapsin-1 distribution. Synapsin-1 signal at the inner/outer ML zone
boundary was less crisp and the presynaptic terminal marker mapped a diffuse, irregular
pattern, extending into the deafferented neuropil. Together, these results suggest that partial
inhibition of OPN is correlated in space and time with altered pre-synaptic terminal loss and
microglial response, likely attenuating the critical early degenerative phase of reactive
synaptogenesis.

Osteopontin Knockout Differentially Affects Markers of Synaptic Reorganization After UEC

In order to specifically test OPN role during reorganization of synaptic structure, we
generated UEC lesions in homozygous OPN KO mice (Liaw et al., 1998) and examined
whether the loss of OPN affected expression of molecular markers of dendritic, synaptic and
axonal plasticity. First we confirmed genotype of these mice by performing PCR-
verification according to published protocol (The Jackson Laboratory), and verifying the
presence of the neo'cassette replacing OPN exons 4-7, which creates a null mutation,
rendering the gene incapable of producing functional OPN protein in B6.129S6(Cg)-
Spp1™1BIh/J mice (Fig. 6A). In addition, we showed that 2d postinjury elevation in OPN
protein observed for rat samples was reproduced in WT mice subjected to UEC, an effect
ablated with OPN KO. WT C57BL/6 mice showed robust increase in hippocampal OPN
compared to contralateral controls (88.38 + 0.67 fold, p<0.001). This was in contrast to a
null OPN response ipsilateral to lesion for OPN KOs, whose blot signal was no longer
detectable above background. These data confirmed knockout of the OPN gene and protein
for our population.

Next we explored the relationship between OPN and dendritic cytoskeletal reorganization
during synaptogenesis, using microtubule associated protein (MAP) as a surrogate marker.
Given that intracellular OPN interacts with the cytoskeleton through MAP1B binding (Long
et al., 2012), we investigated the potential for OPN to affect postinjury reshaping of
dendritic structure by looking for differences in MAP1B expression between OPN KO and
WT animals subjected to UEC. Here we utilized WB methods to assess 2d hippocampal
MAP1B expression, detecting three principal bands at 220, 80, and 35 kD (Fig. 6B). The
220 kD signal reflects full length MAP1B, while 80 and 35 kD represent fragments
generated by calpain- or caspase-mediated cleavage, pathways important for cytoskeletal
reorganization after neural injury (Fifre et al., 2006). Results showed an overall significant
decrease within the deafferented hippocampus in the 80 kD band (F(; 5=151.28; p<0.001),
while UEC-induced changes were not significant for the 220 kD (F(1,5)=5.15; p=0.073) or
the 35 kD (F(1,5=0.977; p=0.368) bands. Notably, no significant difference in MAP1B
expression was detected between the two mouse strains. In WT, MAP1B levels were
significantly lower for the 80 kD fragment (51.6 = 3.1%, p<0.001), whereas decreases in the
220 kD full length form (76.9 £10.7%, p=0.251) and the 35 kD fragment (91.2 £ 2.9%,
p=0.079) did not reach significance. For OPN KO mice, hippocampi showed changes
similar to those of WT MAP1B, with a significant decrease in the 80 kD form (46.8 + 7.1%,
p<0.001), and no significant changes for 220 kD (82.9 + 10.7%, p=0.106) and 35 kD (104.1
+ 8.0%, p=0.574). While WB data fail to identify WT and OPN KO differences in MAP1B
expression, significant reduction of 80 kD MAP1B within both strains suggests processing
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of MAP1B plays an important role during cytoskeletal reorganization in the deafferented
mouse model.

In a second experiment, we examined WT and OPN KO changes in N-cadherin expression
after UEC, utilizing the molecule as a marker of acute synapse destabilization and morphing.
N-cadherin, a transmembrane adhesion protein exhibits homologous binding to stabilize the
synaptic junction. Hippocampal N-cadherin protein was assessed using WB analysis, again
focusing on 2d postinjury, matching the interval of maximal OPN response previously
shown in the rat model (Fig. 6C). Here we evaluated full length 115 kD N-cadherin, and a
35 kD cleaved fragment. In the deafferented hemisphere, we observed a significant overall
decrease in the 115 kD band (F (1 6)=37.26; p<0.001), suggesting that N-cadherin breakdown
was correlated with synapse destabilization during acute degeneration. As with MAP1B, no
strain differences were detected. Relative to contralateral controls, injured WT hippocampi
had lower expression of both 115 and 35 kD N-cadherin (73.9 £ 2.1%, p<0.01; 73.2 £
14.5%, p=0.168), however, only the full length reached significance. For OPN KOs, 115 kD
N-cadherin level was significantly reduced (82.9 £5.7%; p<0.05), and the 35 kD fragment
was highly variable, not different from control levels (105.2 + 25.4%; p=0.535). Since N-
cadherin localizes within ML reactive astrocytes after UEC (Warren et al., 2012), these
results are consistent with the hypothesis that reactive glia can mediate the proteolysis of full
length N-cadherin to facilitate synaptic reshaping during reactive synaptogenesis.

As a third approach, we used synaptic vesicle protein synapsin-1 to explore the effect of
OPN loss on extent of presynaptic terminal degradation during acute degenerative phase of
synaptogenesis. Given the correlation between OPN reduction and degree of synapsin-1
clearance in UEC rats treated with minocycline, we predicted that WB profile of
hippocampal synapsin-1 expression in WT and OPN KO mice would differ after UEC. As
assessed at 2d postinjury, UEC induced highly significant overall decreases in full length 80
kD synapsin-1 (F1,5=60.69; p<0.001), and in a cysteine protease-cleaved 55 kD product
(F(1,5=146.41; p<0.001) (Fig. 6D). Assessments of full length synapsin-1 showed similar
reductions in the deafferented hemisphere for WT (66.6 + 5.4%; p<0.01) and KO (73.6 +
1.4%, p<0.01). Like MAP1B and N-cadherin, a reduction would be predicted given the
overall proteolysis occurring in the deafferented zone. However, in contrast to MAP1B and
N-cadherin, analysis of the 55kD synapsin-1 cleavage fragment showed a significantly
greater decrease in WT (52.6 + 4.7%; p<0.001) than in KO (83.2 £ 3.6%; p<0.05)
(F@1,5=23.20; p<0.01). With OPN KO, breakdown of this synapsin-1 fragment was
approximately 30% less than in WT animals, a result consistent with the incomplete removal
of synapsin-1 in the rat UEC model when OPN expression was attenuated by minocycline.
In order to confirm altered synapsin-1 processing in vivo, we used IHC to document
synapsin-1 distribution in OPN KO animals. Here we observed immunobinding differences
between WT and KO strains at 2d after UEC (Fig. 7). In WT cases the deafferented outer
ML synapsin-1 labeling was notably reduced, reflecting early removal of degenerating
presynaptic terminals (Fig. 7B). By contrast, in OPNKO animals, significant synapsin-1
signal remained over the middle ML, consistent with abnormal synaptic reorganization
during this early phase of reactive synaptogenesis (Fig. 7D). Collectively, these results
suggest that loss of OPN impairs removal of degenerating presynaptic terminals.
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Lipocalin 2 Regulation of UEC-Induced MMP-9 Activity Changes With Osteopontin

Knockout

Given that MMP-9 activity and production of OPN fragments with integrin signaling
properties were correlated after rat UEC, we wanted to determine the extent to which injury-
induced MMP-9 activation would be altered under conditions of OPN KO. It was
hypothesized that if OPN is a principal substrate of MMP-9 in the deafferented
hippocampus, then loss of OPN would attenuate both the enzyme activity and potential
MMP-9 regulatory molecules. The secreted siderocalin LCN2 binds and persistently
activates MMP-9 (Tschesche et al., 2001), offering an ECM mechanism for MMP-9
regulation after UEC. To test this possibility we used zymography to assay MMP-9 activity
and WB to measure LCN2 expression in OPN KO mice subjected to UEC. As for the rat
model, we found UEC to induce significant overall increases in MMP-2 (F(y 7y=43.53;
p<0.001) and MMP-9 (F(1 6)=78.82; p<0.001) activity (Fig. 8A). Activity increases in
MMP-2 were not significantly different between WT (248.2 + 31.6%, p<0.01) and KO
(215.6 £ 36.0%, p<0.01) mice. However, elevation of MMP-9 activity in the deafferented
hemisphere of WT (1385.3 + 196.2%, p<0.001) was significantly greater than that observed
in KO mice (650.4 + 215.5%, p<0.01) (F(1,6)=6.36; p<0.05). In parallel LCN2 WB
experiments, we found UEC to induce overall significant increases in the predicted 130 kD
MMP-9 bound form (Park et al., 2009) (F(;,6=2604; p<0.01) and a second 55 kD band
(F(1,6y=203.09; p<0.001) (Fig. 8B). UEC induced significant LCNZ2 increases in WT (775.99
+ 170.4%, p<0.01), whereas the LCN2 elevation in the deafferented hemisphere of KO mice
(271.8 + 54.1%; p=0.075) was not significantly different from the control hemisphere. This
strain difference in LCN2 level was significant (F(1,6)=7.95; p<0.05). Regarding the 55 kD
LCN2 band, UEC resulted in significant increases for both WT (237 + 17.7%; p<0.001) and
KO (183.4 + 13.5%; p<0.001), although these changes narrowly missed demonstrating a
significant difference between the two strains (F;,6)=5.92; p=0.051). While correlative, and
limited to one regulatory mechanism, these results suggest that part of UEC-induced MMP-9
activity may be mediated by LCN2 binding, and that enzyme activity is associated with the
presence of OPN.

Absence of Osteopontin Impairs Recovery of Cognitive Function Following UEC

Given that UEC induced hippocampal synaptogenesis in the rat is temporally correlated with
recovery of cognitive function (Steward, 1998), and that our aggregate data support a role
for OPN during the initial phases of synaptic reorganization after brain injury, we tested
whether cognitive function was affected when OPN KO mice were subjected to UEC. The
NOR task was utilized to examine hippocampal-dependent long term memory function (Fig.
9). Naive WT and OPN KO mice were initially evaluated to confirm no behavioral task
differences between strains. Both uninjured WT and OPN KO animals successfully recalled
the familiar object, spending significantly more time exploring the novel object compared to
chance alone (68.5 £ 1.6%, p<0.001; 65.2 + 4.1%, p<0.01). Following UEC, mice were
evaluated over a 28d postinjury window, inclusive of the early collateral sprouting (4d) and
synapse reformation (7d) phases, as well as once a week (14, 21, 28d) during the synapse
maturation and stabilization phases. Interestingly, WT mice successfully recalled the
familiar object after UEC, having RI values significantly above chance throughout the entire
testing period. With UEC, it is possible that WT RI remained above criterion due to
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compensation of intact contralateral hippocampal circuitry. While WT performed similar to
naive mice at 4d (68.5 + 2.4%, p<0.001), their RI values did decline throughout the
subsequent sprouting and maturation periods: 7d (65.3 £ 2.9%, p<0.001), 14d (62.4 + 2.8%,
p<0.01), and 21d postinjury (57.8 £ 2.9%, p<0.05). By 28 d WT RI scores were again
equivalent to those of uninjured mice (66.4 + 1.9%, p<0.001), perhaps due to long term
strengthening of synaptic connections. This time dependent reduction and rebound in NOR
performance is similar to that reported for the same WT strain subjected to concussive TBI
(Han et al., 2011). For the OPN KO group, animals did meet criterion for recognizing the
familiar object at 4d (57.1 £ 3.4%, p<0.05), however, RIs were significantly lower than WT
mice (p<0.05). Notably, OPN KO animals failed to reach task criterion at 7d (55.9 £ 7.0%;
p=0.393), 14d (59.1 + 6.1%; p=0.323), and 21d (60.1 + 4.2%; p=0.082), with highly
variable exploratory behavior. Nevertheless, OPN KO behavior did improve over the testing
period, mice spending more time with the novel object between days 14 and 28. Like WT,
OPN KO behavioral performance was consistent with time-dependent circuit restoration,
achieving RI values above criterion at 28d (62.6 + 4.6%, p<0.01). Overall, WT mice
subjected to UEC performed better than OPN KOs and, while OPN loss did not prevent
NOR recovery, the absence of OPN impaired the time course of that recovery.

Discussion

This study examined time dependent OPN expression following hippocampal
deafferentation. OPN protein rose approximately 50 fold 1-2d postinjury with adaptive
synaptic plasticity, a change mapped to activated glia of the deafferented zone. OPN
transcript increased over 50 fold, and was localized within microglia, a subset of which
aligns along the deafferented zone boundary. Minocycline immunosuppression attenuated
MMP-9 gelatinase activity and 48kD OPN fragment generation. The antibiotic also affected
removal of synapsin-1 positive degenerated axons. UEC in OPN KOs similarly reduced
hippocampal MMP-9 activity and synapsin-1 breakdown, but MAP1B and N-cadherin,
cytoarchitecture and synaptic adhesion surrogates, were not affected. Parallel IHC for
synapsin-1 in OPN KO animals suggests attenuation of degenerating presynaptic terminal
removal over the deafferented zone. Loss of OPN also decreased MMP-9 activity,
concurrent with reduced expression of a predicted LCN2 bound form. OPN KOs subjected
to UEC exhibited time dependent cognitive deficits during synaptogenesis. These results
support the hypothesis that OPN signals glial migration and removal of degenerated axons,
preparing deafferented sites for restored functional input.

OPN protein and mRNA expression was temporally correlated with cellular processes
directing adaptive synaptogenesis. OPN increased robustly 24 h postinjury, tracking acute
inflammation. Its rapid elevation occurs following toxic insult (Morita et al., 2008), stroke
(Wang et al., 1998), ischemia (Lee et al., 1999; van Velthoven et al., 2011) and spinal cord
injury (SCI) (Hashimoto et al., 2003; Moon et al., 2004). OPN normalization by 7d points to
an inflammatory role supporting acute degeneration. Other cytokines also increase after
human TBI (Helmy et al., 2011), and with rodent impact acceleration (Shohami et al., 1994),
fluid percussion (Vitarbo et al., 2004), cortical impact (Kelso et al., 2011), and blast
neurotrauma (Dalle Lucca et al., 2012). While TBI OPN studies are limited, OPN rise with
inflammation after cortical impact (von Gertten et al., 2005; Israelsson et al., 2006),
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cryolesion (Shin et al., 2005), and stab wound (Plantman, 2012) are documented. Our study
is the first to map OPN during trauma-induced synaptogenesis, providing evidence for acute
MMP cleavage of OPN into fragments with potential to signal glial mobilization and tissue
reorganization. OPN and integrin receptor interaction after facial nerve axotomy (Kloss et
al., 1999), potentially mediates growth factor directed regeneration (Cunningham et al.,
2005; Lu et al., 2008). Similar OPN control of cell activation, mobility and regeneration was
postulated after hemorrhagic lesion (Ellison et al., 1998), cryolesion (Shin et al., 2005), and
stab wound (Plantman, 2012). The present results are consistent with integrin receptor up-
regulation during postinjury reemergence of long term potentiation (LTP), a functional
correlate of synaptogenesis (Milner and Campbell, 2002; Nikonenko et al., 2003). Acute
OPN increase within reactive neuroglia of deafferented hippocampus is consistent with its
rapid elevation in tissue extracts. OPN transcript was also detected at 1d in reactive
microglia, but not astrocytes, similar to its localization 24h after stroke (Ellison et al., 1998).
Notably, the latter study also found 15d OPN mRNA increase within astrocytes at repair
onset. Delayed astrocyte OPN expression was also reported after SCI (Hashimoto et al.,
2003) and ischemia (Choi et al., 2007).

In light of acute OPN fragment rise after UEC, we posit that OPN contributes to glial
paracrine signaling during evolution of TBI synaptic plasticity. OPN could influence
postinjury glia several ways. It binds MAP1A and MAP1B (Long et al., 2012), affecting
cytoskeletal stabilization-destabilization. However, this seems less likely after UEC since
IHC revealed little OPN/MAP1B co-localization (data not shown). More plausible is OPN
activation/mobilization of neuroglia to direct successful synaptic repair, as proposed in the
cellular model presented in Fig. 10. With the activation of local glia, dying axon terminals
can be removed and regenerative terminal sprouting induced (Steward, 1989; Sofroniew,
2000; Belanger and Magistretti, 2009; Hamby and Sofroniew, 2010). MMPs secreted by
reactive glia generate local OPN fragments, capable of directing degenerative/regenerative
shifts during synaptic repair (John et al., 2003; Pellerin and Magistretti, 2004). Increased
LCNZ2 binding/activation of MMP9 likely contributes to this process. OPN fragments can
also stimulate microglial activation, shifting the cells into a pro-inflammatory M1 state, as
well as induce macrophage proliferation to facilitate phagocytosis (Tambuyzer et al., 2012).
OPN producing macrophages participate in debris clearance after stroke (Shin et al., 2011)
and CNS demyelination (Zhao et al., 2008). Acutely, OPN can stimulate reactivity of
astrocytes at sites of deafferentation, enhancing MMP targeting of ECM proteins like agrin,
phosphacan and N-cadherin, whose lysis permits deconstruction of injured synapses prior
their reorganization. During the subsequent regenerative phase, OPN positive microglia
align along the intact/deafferented border, where matrix proteins like agrin can form a
boundary to guide regenerating fibers (Falo et al., 2008). OPN may then act as a microglial-
secreted astrokine, inducing astrocytes to produce molecules which support new synaptic
regrowth (Ellison et al., 1999). Further studies of these later regenerative phases are needed
to confirm OPN astrokine role during TBI synaptogenesis. It should be noted that OPN
expression is not limited to supportive glia, but may also be present within neurons (Ju et al.,
2000; Higo et al., 2010; Misawa et al., 2012). While we did not observe UEC effect on
neuronal OPN, the cytokine has been reported to increase within cortical neurons after CNS
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trauma (Borges et al., 2008; Park et al., 2012; Yamamoto et al., 2013) and with
neurodegenerative disease (Wung et al., 2007; Maetzler et al., 2006).

Immune suppression and genetic KO also support OPN-mediated regulation of
synaptogenesis. Post-UEC minocycline reduced OPN expression, microglial redistribution,
MMP-9 activity and OPN fragment production, all correlated with abnormal removal of
degenerating synapsin-1 positive axons. Such OPN reduction was predicted, given
minocycline attenuation of TBI cytokine elevation (Sanchez Mejia et al., 2001; Crack et al.,
2009). However, the drug also inhibits regeneration (Keilhoff et al., 2007) supporting our
finding that acute OPN reduction slows down recovery. We also found evidence indicating
MMP-9 generation of OPN fragments critical to integrin mediated cell response (Takafuji et
al., 2007). While minocycline effects support MMP-9 OPN processing to signal early
synaptic reorganization, immunosuppression is not ideal for testing this mechanism since it
can alter cell death, free radical generation and MMP activation (Matsukawa et al., 2009;
Zhu et al., 2002; Brundula et al., 2002; Power et al., 2003; Machado et al., 2006).
Interestingly, OPN KO mice subjected to UEC show acute degenerative/regenerative
response similar to that following UEC+minocycline. Lower KO MMP-9 activity and
synapsin-1 degradation supports OPN mediation of axonal clearance. Further, attenuated
KO MMP-9 activity was spatially and temporally correlated with reduction of MMP-9
ligand and activator LCN2, suggesting involvement of a LCN2/MMP-9/OPN pathway. KO
also attenuated microglial reactivity and alignment, like that seen with Parkinsonian
microglial response in OPN KOs subjected to MPTP (Maetzler et al., 2007). OPN appears to
preferentially alter presynaptic sites since breakdown of synapsin-1 in the KO did change,
but MAP1B and N-cadherin, marking dendritic cytoarchitecture and junction adhesion, did
not. Since synapsin supports presynaptic contact (Han et al., 1991; Melloni et al., 1994), its
lysis should accompany axon removal. Interestingly, OPN/synaptic interaction exists in
schizophrenia, where aberrant hypothalamic connectivity maps with altered OPN (Guest et
al., 2012). It should be noted that lack of KO effect on MAP1B and N-cadherin could be due
to survival interval examined, since expression of each protein is more fluid during later
degeneration/regeneration transition (Popa-Wagner et al., 1999; Takeichi and Abe, 2005).

While impaired motor recovery was reported in OPN KOs with SCI (Hashimoto et al.,
2007), our study is the first to document OPN effect on time dependent cognitive recovery, a
functional correlate of synaptogenesis (Steward, 1989). Uninjured OPN KOs performed the
NOR task as efficiently as WT, but after UEC, KOs exhibited deficits 4-21 days after
injury, the period during which functional synapses re-emerge (Reeves and Steward, 1986).
Thus, rapid OPN postinjury elevation appears to be important for progression of the time
dependent tissue changes underlying functional synaptic plasticity. Attenuated KO
synapsin-1 breakdown is also consistent with slower, variable cognitive recovery.
Synapsin-1 and behavioral recovery have been correlated after TBI (Wu et al., 2011;
Griesbach et al., 2009), a reasonable observation since the efficacy of LTP is altered with
persistent presynaptic cleaved synapsin-1 (Sato et al., 2000). Alternatively, OPN could
recruit activated T-lymphocytes, influencing behavioral recovery. T-cells affect memory
acquisition (Ziv et al., 2006), and OPN KO would dampen T-cell response, a marker of
impaired cognition (Derecki et al., 2010). Overall, it appears that when the brain is
challenged by injury, rapid increase in OPN supports functional recovery.
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Interestingly, OPN KOs achieved NOR recovery 28d postinjury, suggesting compensation
in hippocampal circuitry over time. Other cognitive tests (e.g., Barnes Maze, Morris Water
Maze) and longer postinjury intervals are needed to confirm the extent and persistence of
such recovery. In addition, NOR performance did not change for injured WT mice, but
trended toward deficit at 21d. This pattern is likely the result of normal cytokine expression
within intact contralateral hippocampus, consistent with more efficient UEC cognitive
recovery (Steward et al., 1977). Notably, similar 21d reduction in NOR performance was
observed after unilateral cortical impact injury (Han et al., 2011). It is also possible that the
21d shift results from reduced task attention or extensive synaptic pruning at that time.
Synaptic electrophysiology and ultrastructural analysis will be required to identify cell
substrates underlying these behavioral effects.

In summary, OPN is responsive to CNS deafferentation, a cytokine influencing evolution of
synapse reorganization. OPN likely mediates microglial activation and migration through its
integrin signaling fragments, supporting degeneration/regeneration transition. Generation of
OPN fragments is consistent with MMP-9 activation by LCN2. Since CNS inflammation
can be detrimental and beneficial, and OPN pleiotropic in its action (Suzuki et al., 2010b;
Degos et al., 2013), understanding how OPN affects TBI synaptogenesis will be imperative
for design of immunosuppressant therapies.
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Figure 1. Hippocampal OPN protein expression and distribution during early phases of UEC
adaptive synaptogenesis

A. WB showed robust increase of full length (66 kD) hippocampal OPN protein peaking 2d
postinjury. OPN at 4d was significantly reduced and approached baseline by 7d. B.-D.
Confocal imaging shows OPN localized in dentate granule cell laminae (GCL) and
molecular layer (ML). OPN increased between 1-2d (C.,D.) postinjury in ML, with
pronounced signal in small cell bodies (arrows). WB results displayed as fold change over
control, with representative blot images and cyclophilin A loading controls below (blot
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labels: “‘C’=control; ‘I’=injured). ***p<0.001, relative to paired controls; §p<0.05;
§8p<0.01. Scale bar = 75 um.
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Figure 2. Glial OPN in deafferented dentate gyrus following UEC
Confocal OPN (green) staining is increased over the deafferented ML 1-2d postinjury

relative to contralateral control. A.—C. Injury-induced OPN co-localized (arrows) with
activated microglia (IBA-1 red; OPN green). D.—F. Reactive astrocytes (GFAP red; OPN
green) also contain OPN. Each cell type showed alignment at intact/deafferented boundary
(arrowheads). OPN labeling was most pronounced in 2d reactive microglia. Scale bar = 50
pm.
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Figure 3. OPN transcript elevation in hippocampus after UEC and localization within microglia
of deafferented zone

A. gRT-PCR for hippocampus and ML showed significant OPN transcript elevation 1-2d
postinjury. B. ISH with antisense DIG-tagged OPN riboprobe (green) revealed ML
transcript within activated microglia (red; IBA-1 labeled). C. OPN transcript was not
localized within GFAP positive astrocytes. D. Hybridization validated with sense strand
probe. Results are expressed as fold change over control. *p<0.001, relative to paired control
cases. Scale bar = 10 pm.
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Figure 4. Minocycline attenuation of hippocampal UEC-induced MMP-9 activity and OPN
proteolytic fragment generation

A. Zymography revealed elevation in hippocampal MMP-2 and MMP-9 activity 2d after
UEC. Minocycline administration selectively reduced MMP-9 proteolysis. B. Minocycline-
treated samples showed reversal of UEC-induced 48 kD OPN production, suggesting that
reduced OPN integrin signaling is correlated with attenuated MMP-9 lysis. Results are
displayed as percent change over control with representative blot images and cyclophilin A
loading controls below (‘C’, control; ‘I’, injured). *p<0.05, **p<0.001, relative to paired
controls; §p<0.001.
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Figure 5. Minocycline effect on alignment of OPN positive glia and presynaptic terminal removal
in deafferented molecular layer following UEC

Confocal imaging of minocycline-treated animals 2d after UEC showed a more random
distribution of OPN positive neuroglia (green) within the deafferented ML compared with
saline vehicle cases (*; top panel). With minocycline, OPN containing microglia (IBA-1,
red) were less organized along the intact/deafferented boundary as in controls (arrows). At
2d after UEC, removal of degenerating axon terminals produces a crisp intact/deafferented
zone synapsin-1 boundary (box; bottom saline panel). Minocycline results in loss of this
sharp boundary and shows synapsin-1 signal extending into the deafferented side,
supporting reduced presynaptic terminal clearance (box; bottom minocycline panel). Scale
bar = 20 pm.
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Figure 6. Effect of OPN KO on UEC-induced MAP1B, N-cadherin and synapsin-1 proteolysis
A. RT-PCR confirmation of neo'cassette replacing of exons 4-7 in OPN KOs and OPN

protein loss in 2d UEC hippocampus of KO mice. B. WB of WT hippocampal MAP1B
revealed full length (220 kD) and 80, 35 kD fragments, with significant reduction in the 80
kD fragment 2d after UEC. OPN KO failed to affect postinjury MAP1B expression. C. WT
full length (115 kD) and 35 kD cleaved N-cadherin were also decreased after UEC, but only
the 115 kD reduction reached significance. Similar to MAP1B, OPN KO failed to change N-
cadherin response. D. The 80 kD full length and 55 kD cysteine cleavage product of
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synapsin-1 were reduced for UEC WT, while the injury-induced change in the 55 kD
product was significantly attenuated in OPN KO. Results are displayed as percent of
uninjured paired control, with representative blot images and cyclophilin A loading controls
below (“C’, control; ‘I’, injured). *p<0.05, **p<0.01, ***p<0.001 relative to paired controls;
§p<0.01.
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Figure 7. Effect of OPNKO on synapsin-1 distribution within the UEC deafferented dentate
molecular layer

A-B. Confocal images of synapsin-1 staining show the predicted pronounced decrease over
the WT deafferented zone at 2d postinjury relative to contralateral control ML. C.—D. OPN
KO mice subjected to UEC showed persistent synapsin-1 localization within a significant
portion of the deafferented dentate ML (arrows in D.). Scale bar = 50 pm.
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Figure 8. Effect of OPN KO on UEC-induced MMP-9 activity and neutrophil gelatinase-
associated lipocalin (LCN2) expression

A. Hippocampal zymography 2d after UEC showed predominant change in MMP-9 activity
for both WT and OPN KO. Injury-induced MMP-9 lysis was reduced by 53% in OPN KOs.
B. In tandem, putative 130 kD enzyme bound form of LCN2 protein robustly increased at 2d
postinjury in WT mice. OPN loss attenuated 130 kD LCN2 signal by 65%. Results are
expressed as percent of uninjured paired control, with representative gel images
below.*p<0.01, **p<0.001 relative to paired controls; §p<0.05.
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Figure 9. Effect of OPN KO on novel object recognition (NOR) task
Mean recognition index (RI) for NOR performance is plotted for uninjured mice, and for

mice tested at 4d-28d post-UEC. Asterisks denote significant recognition of the novel object
(RI > 50%): *p<0.05, **p<0.01, ***p<0.001. For WT mice, NOR performance remained
significantly above chance levels at all testing days, although there was a delayed reduction
in RI, with the worst performance at 21d. In contrast, OPN KO mice performed significantly
below WT levels at 4d post-UEC (8p<0.05), and failed to perform significantly above
chance levels during the 7d-21d interval. By 28d, similar Rl values revealed successful NOR
for each strain, suggesting that KO mice had compensated for the earlier signaling deficits.

4d /d 21d
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Figure 10. Cellular model of OPN-mediated effects on dentate glia during synaptogenesis
Neuroglial interactions affecting dendritic and synaptic integrity within the deafferented

outer molecular layer (OML) are depicted for degenerative and regenerative phases. Rapid
postinjury elevation of OPN drives microglial activation from a resting state to a M1 pro-
inflammatory form. With axon degeneration, microglia secrete OPN and MMPs, promoting
local OPN lysis, facilitated by LCN2/MMP-9 interaction. Astrocytes respond to OPN
integrin signaling and elicit ECM-mediated breakdown of synapse stabilizing molecules.
This promotes removal of degenerating presynaptic terminals and modification of
postsynaptic dendrites prior to synapse reconstruction. During early synapse regeneration,
microglia continue to produce OPN and align along the deafferentation boundary, guiding
sprouting axons to sites of reinnervation. OPN fragments can again direct astrocyte
activation, inducing production and delivery of molecules which support re-emerging
synapse structure.
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