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Abstract

Traumatic brain injury (TBI) is the leading cause of death and disability due to injury

worldwide. Extracellular matrix (ECM) remodeling is known to significantly contribute to TBI
pathophysiology. Glycosaminoglycans, which are long-chain, variably sulfated polysaccharides
abundant within the ECM, have previously been shown to be substantially altered after TBI.

In this study, we sought to delineate the dynamics of glycosaminoglycan alterations after TBI

and discover the precise biologic processes responsible for observed glycosaminoglycan changes
after injury. We performed state-of-the art mass spectrometry on brain tissues isolated from

mice after TBI or craniotomy-alone. We observed dynamic changes in glycosaminoglycans at
Day 1 and 7 post-TBI, with heparan sulfate, chondroitin sulfate, and hyaluronan remaining
significantly increased after a week vis-a-vis craniotomy-alone tissues. We did not observe
appreciable changes in circulating glycosaminoglycans in mice after experimental TBI compared
to craniotomy-alone nor in patients with TBI and severe polytrauma compared to control patients
with mild injuries, suggesting increases in injury site glycosaminoglycans are driven by local
synthesis. We subsequently performed an unbiased whole genome transcriptomics analysis on
mouse brain tissues 7 days post-TBI and discovered a significant induction of hyaluronan synthase
2, glypican-3, and decorin. The functional role of decorin after injury was further examined
through multimodal behavioral testing comparing wild-type and Dcr7/~ mice. We discovered
that genetic ablation of Dcn led to an overall negative effect of TBI on function, exacerbating
motor impairments after TBI. Collectively, our results provide a spatiotemporal characterization of
post-TBI glycosaminoglycan alterations in the brain ECM and support an important adaptive role
for decorin upregulation after TBI.
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Introduction

Traumatic brain injury (TBI) affects approximately 25 million people worldwide annually!
and is the leading cause of death and disability due to injury2. While there have been
significant efforts to ameliorate the impact of TBI via prevention programs, its societal
importance continues to grow; between 2006 and 2014, TBI-related emergency department
visits increased by greater than 50% in the United States?. Despite this burden, no
pharmacologic therapies exist for the treatment of post-TBI brain dysfunction3.

Extracellular matrix (ECM) remodeling is a hallmark of the biologic response to TBI

4.5, Glycosaminoglycans (GAGs) are a unique molecular family of variably sulfated
polysaccharides that are a prevalent component of the ECM and highly bioactive. There
are several classes of GAGs including heparan sulfate, chondroitin sulfate, and hyaluronan,
which are defined by their specific constituent repeating disaccharide subunits. Heparan
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sulfate and chondroitin sulfate disaccharide residues are variably sulfated and are typically
covalently attached to a protein core—molecules referred to collectively as proteoglycans®.
In contrast, the GAG hyaluronan is neither sulfated nor covalently bound to a protein.
Substantial alterations in GAG and proteoglycan composition of the ECM have been
reported to occur after TBI4. Our group has performed detailed analyses of GAG structure
and function in healthy and injured biologic tissues (including blood and brain) through
application of state-of-the-art mass spectrometry techniques’~11.

GAG levels have previously been quantified in a stab wound model of brain injury using
mass spectrometry. This prior work demonstrated increases in both chondroitin sulfatel2
and heparan sulfatel3 although the direct relevance of these findings to TBI has not been
validated. Furthermore, several groups have measured chondroitin sulfate in translationally
relevant pre-clinical TBI models using indirect quantification methods (e.g., non-specific
immunoassays)1# 15 and provided insights into relative disaccharide sulfation percentages
using mass spectrometry6, yet absolute quantification of chondroitin sulfate has not been
performed in these models. This is significant as a growing body of evidence suggests
targeting chondroitin sulfate is therapeutically promising after TBI17. Additionally, while
there is indirect evidence that hyaluronan synthesis increases at the site of injury after TBI18,
to our knowledge, quantitative methods have not been applied to directly measure levels at
the site of injury. Similarly, quantification of heparan sulfate levels have not been reported in
translationally relevant models of TBI.

While a local inflammatory response to injury is a major contributor to dynamics of

ECM and GAG remodeling after brain injury, TBI can also elicit an exuberant systemic
inflammatory response, particularly when coincident with severe bodily injury in the form
of polytraumal®-24, Recently, we discovered that systemic inflammation like sepsis leads
to release of GAGs into the bloodstream from the endothelial glycocalyx of systemic
vasculature® 2526 These GAGs selectively penetrate the brain barrier, where they inhibit

a key neurotrophic pathway, and negatively affect cognition’: 8. Interestingly, there is
compelling evidence that extracranial injury, such as polytrauma, can directly aggravate
functional outcomes in TBI survivors24 27, TBI accompanied by polytrauma has also

been associated with significant endothelial injury28: 29, Accordingly, observed associations
between polytrauma and worsened TBI outcomes could be driven by pathogenic, brain-
penetrating circulating factors released from injured endothelial cells, including glycocalyx-
derived GAGs.

Based upon the known roles of both dynamic GAG remodeling of the ECM and systemic
inflammation in the pathophysiology of TBI with and without concomitant traumatic injury,
we hypothesized that, similar to sepsis, endothelial glycocalyx-derived GAGs are released
into the circulation early in TBI, deposit within the brain, and contribute to compositional
ECM changes. We tested this hypothesis by pairing quantification of GAGs via high
performance liquid chromatography tandem mass spectrometry multiple reaction monitoring
(HPLC-MS/MS) with bulk transcriptomic analyses of brain tissues and plasma collected
from a murine model of TBI. Our pre-clinical findings were corroborated with quantification
of GAGs in human plasma samples, comparing levels in patients affected by polytrauma and
TBI—those at highest risk for systemic inflammation and resultant endothelial injury—to
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those with mild traumatic injury without TBI. Lastly, we tested the functional significance of
glycobiological changes at the site of brain injury utilizing transgenic mice in a multimodal
behavioral model.

Results

Experimental traumatic brain injury significantly alters GAG content at the damaged site

We subjected mice to either craniotomy followed by controlled-cortical impact (TBI) or
craniotomy alone (control). One or seven days later, we explanted the whole brains under
terminal anesthesia (Fig. 1). One day after surgery, brain injury was grossly apparent after
TBI and, to a lesser extent, after craniotomy alone. The TBI group had large sites of
hemorrhage and minor tissue defects at the site of cortical impact, whereas the craniotomy
group had mild erythema without an accompanying tissue defect. Observed injury in

the craniotomy “control” group early after surgery demonstrates the susceptibility of the
ipsilateral brain to “sham” insults, consistent with previous reports3%: 31, After 7 days,
TBI-treated brains remained erythematous with approximately 1 mm of tissue destruction at
the site of cortical impact, whereas the craniotomy group appeared grossly normal.

One or seven days after surgery, several brain regions were isolated from mice. Two layers
(superficial and deep) were isolated from the brain ipsilateral to injury and compared to
intact tissues contralateral to the site of injury. “Superficial ipsilateral” tissue was harvested
from a location at the site of injury that corresponded to the depth of cortex prior to injury;
contralateral cortical tissue was also isolated from these animals and designated “superficial
contralateral”. “Deep ipsilateral” tissues were harvested from an area that corresponded to
the location of the hippocampus prior to injury (although its typical structure was no longer
intact in TBI tissue); contralateral hippocampal tissue was also harvested from these animals
and designated “deep contralateral”. Cortical (superficial) and hippocampal (deep) tissue
were collected from animals after craniotomy from both ipsilateral (directly adjacent to
craniotomy site) and contralateral hemispheres. We measured GAG content (heparan sulfate,
chondroitin sulfate, and hyaluronan) and disaccharide sulfation patterns via HPLC-MS/MS
in all collected samples. These analyses revealed temporally dynamic changes in GAG
subtypes after TBI, but no significant changes after craniotomy alone. There were no
significant changes in heparan sulfate levels at day 1 in superficial (Fig 2a) nor deep tissues
(Fig 2b) in either TBI or craniotomy alone groups. We observed significant increases in
hyaluronan in both superficial (Fig 2a) and deep tissue (Fig 2b) ipsilateral to injury one day
after TBI. In contrast, there was a decrease in chondroitin sulfate levels in deep tissue one
day after TBI (Fig 2b). These offsetting differences contributed to a lack of overall change in
total GAG content one day after TBI in either superficial or deep tissue (Fig 2a, b).

Notably, at day 7, we observed increases in all GAG subtypes in superficial ipsilateral

tissue after TBI (Fig 2c). There were no significant changes in GAG levels in superficial

or deep tissues 7 days after craniotomy (Fig. 2c, d) nor deep tissues 7 days after TBI (Fig.
2d). A summary of significant changes in GAG content after TBI is provided in Table 1.
These observations suggest ECM scaffolding modifications at the site of injury occur rapidly
after TBI as evidenced by increased hyaluronan in both superficial and deep ipsilateral

tissue within 24h. The deep tissue decreases in chondroitin sulfate at 24 h may reflect
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acute downregulation of chondroitin sulfate containing proteoglycans 32 and could serve to
temper the local inflammatory response. The superficial increases in all GAG subtypes at 7d
coincides with timing of glial scar formation expected in this injury model 33,

Traumatic brain injury evokes changes in sulfation of heparan and chondroitin sulfate

It is well established that the precise sulfation sequences of sulfated GAGs play a major role
in their biological activity?3: 3436, Accordingly, we next assessed changes in constituent
disaccharide subtype percentages of heparan and chondroitin sulfate after TBI (Table

2). Specifically, we compared the proportion of disaccharide subtypes of heparan and
chondroitin sulfate between ipsilateral and contralateral tissues post-TBI, allowing for paired
comparisons within groups. We found a significant decrease of N-sulfated heparan sulfate

in ipsilateral tissue at day one, the acute phase of the traumatic injury, with no significant
changes at day 7. We also observed in ipsilateral compared to contralateral superficial tissue
significant decreases in 45, 25/4S, and increases in 0S chondroitin sulfate one day after TBI
and decreases in 25/4S chondroitin sulfate at day 7 post-TBI. While shifts in chondroitin
sulfate sulfation at early time points were generally subtle, we observed a substantial
increase in unsulfated chondroitin sulfate within one day of injury that counterbalanced the
loss of the sulfated disaccharide subtypes. Collectively, our results suggest two non-mutually
exclusive conclusions: [1] rapid de novo synthesis of unsulfated chondroitin sulfate may
replace degraded 4Sand 25/45-enriched chondroitin sulfate, and/or [11] local upregulation
of the chondroitin sulfate-specific sulfatases, arylsulfatase B and iduronate-2-sulfatase3’.
Interestingly, the disaccharide content of both heparan and chondroitin sulfate normalized
by day 7, suggesting a homeostatic pressure to reestablish a basal GAG environment after
injury.

Circulating GAG levels are not affected by either traumatic brain injury or polytrauma

We previously discovered that systemic endothelial glycocalyx-derived GAGs directly
penetrate the brain barrier and impact cognition after recovery from sepsis’: 8. Furthermore,
there is substantial evidence for significant endothelial injury during TBI with polytrauma
28,29,38,39 Thus, we next evaluated whether GAG levels increase in the bloodstream in
mice after TBI or humans after combined TBI and severe polytrauma. Surprisingly, we

did not observe changes in plasma levels of GAGs in our murine model of TBI (Fig. 3a)

nor in humans with severe polytrauma and TBI (Fig. 3b) compared to respective controls.
These observations suggest that local upregulation of GAG synthesis, rather than direct brain
penetration of circulating GAGs, is likely responsible for observed GAG increases in injured
tissue after TBI.

Post-traumatic transcriptional changes associated with GAG alterations

To further investigate the mechanisms responsible for increases in GAG content after injury
(as summarized in Table 1), we performed bulk transcriptomic analysis on superficial

tissue collected 7 days post-TBI. Comparisons were made between ipsilateral (injured)

and contralateral (uninjured) tissue. A total of 1657 genes were found to be differentially
regulated (Fig. 4; microarray data is available with GEO accession number GSE242025). We
performed Gene Set Enrichment Analysis (GSEA) using GSEA software (gsea-msigdb.org/
gsea/index.jsp)40: 41 to identify molecular pathways that were differentially regulated in
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ipsilateral compared to contralateral tissue (Table 3). This analysis revealed that of 1039
total gene sets analyzed, 31 were significantly upregulated and 6 downregulated in ipsilateral
compared to contralateral tissue based upon a strict Family-Wise Error Rate (FWER) cutoff
of 0.05. “Extracellular Matrix Organization” and “Extracellular Matrix Proteoglycans”
were two of the most significantly upregulated gene sets (both FWER p-value < 0.001)
ranked by Normalized Enrichment Scores (NES). Based upon these GSEA results, we

next compared genes associated with GAG biosynthesis (list aggregated from the Kyoto
Encyclopedia of Genes and Genomes database entries for biosynthesis and degradation
pathways of heparan sulfate, chondroitin sulfate, and hyaluronan; http://www.genome.jp/
kegg; Table 4). We found a modest, yet significant upregulation of hyaluronan synthase 2
(Has2) in injured tissue, consistent with increases in hyaluronan content at the site of TBI
(Table 4). We also observed a nearly 500% increase in N-deacetylase/N-sulfotransferase

4 (Ndst4), an enzyme known to catalyze N-deacetylation and N-sulfation of intracellular
unsulfated heparan sulfate chains#? (Table 4). There were no other transcriptional changes
in biosynthesis or degradation genes that could account for observed increases in heparan
sulfate nor chondroitin sulfate 7 days post-TBI. (see Supplementary Table 1 for full list of
GAG bhiosynthesis and degradation enzymes included in our analyses).

As transcriptional changes in neither GAG biosynthesis nor degradation genes could
account for the observed elevation in heparan sulfate or chondroitin sulfate, we next
evaluated changes in the transcription of proteoglycans*3. We found significant changes in
injured brain tissue in heparan sulfate-containing glypican-3 (231% increase), chondroitin/
dermatan sulfate containing decorin (731% increase), and the chondroitin sulfate-containing
proteoglycan Plexin domain containing 1 gene (49% decrease; see Table 5).

No other proteoglycans were significantly up- nor downregulated (see Supplementary Table
1 for full proteoglycan gene list). Increases in decorin and glypican-3 transcription at

the site of TBI were confirmed via immunofluorescence microscopy 7 days post-TBI.

(Fig. 5, representative images; see Supplementary Figs. 1,2 for all images). These results
suggest that upregulation of decorin and glypican-3 may be mechanistically responsible for
increased GAG content within superficial tissue 7d after TBI.

A genetic background lacking decorin worsens motor deficits after traumatic brain injury

We next sought to determine whether observed proteoglycan changes at the site of injury
affect function after TBI. It has previously been reported that decorin upregulation and
treatment with recombinant decorin can mitigate scar formation and positively impact
functional recovery after TBI144-46. To address this possibility, we performed multimodal
behavioral assessment in Dcn*’* and Der/~ mice 7 days post-TBI or post-craniotomy. In
open field testing, there were no changes in total mobility in any group, but following

TBI, mice of both genotypes demonstrated a significant increase in anxiety-like behavior
(represented by decreased time in the center of the arena); this effect was not modified by
genotype (Fig. 6a). In a balance beam task, we found that gross motor coordination was
impaired after TBI and was exacerbated in Dcr™/~ mice (Fig. 6b). In contrast, rotarod testing
demonstrated deficits in motor learning after TBI that was consistent in both genotypes (Fig.
6c, see Supplementary Table 2 for complete statistics).
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Together these findings suggest that TBI may promote anxiety-like behavior and deficits
in both motor learning and fine-motor ability. However, local upregulation of decorin may
decrease severity of fine-motor deficits without an impact on anxiety-like behavior nor
motor learning.
Discussion

We sought to delineate the complexity and functional impact of brain ECM GAG
remodeling after TBI. We observed substantial tissue injury and robust functional deficits in
mice after CCI, which is consistent with human studies of severe TBI demonstrating volume
reductions in deep brain structures and persistent motor deficits#’~4°. Due to the severity

of injury in our murine model, it is important to acknowledge that our results may not be
generalizable to mild forms of TBI associated with limited radiographic tissue injury.

While changes in proteoglycans, specific GAG epitopes (measured with chondroitin sulfate-
specific antibodies), and GAG sulfation characteristics have been previously studied14-16.
32 this work is the first to directly quantify GAG content and sulfation patterns via
HPLC-MS/MS in injured and uninjured brain tissues after TBI. Our analyses revealed
dramatic increases in heparan sulfate, chondroitin sulfate, and hyaluronan in the injured
hemisphere (ipsilateral, superficial) when compared to the craniotomy-alone and uninjured
hemispheres (contralateral, both TBI and craniotomy-alone) 7d after TBI. Unlike our
previous observations in sepsis, endothelial glycocalyx-derived GAG fragments were not
found to be released into circulation after TBI in a murine model nor in patients afflicted
with combined severe trauma and TBI (those at high risk for GAG release due to
endothelial injury and glycocalyx degradation). GSEA of bulk transcriptomic analyses
comparing injured (ipsilateral) and uninjured (contralateral) hemispheres in mice after TBI
demonstrated that ECM remodeling and proteoglycan pathways were enriched in injured
tissue. Subsequent analyses of these transcriptomics data revealed GAG increases at the
site of injury are potentially driven by upregulation of GAG biosynthesis machinery (Has2,
hyaluronan) and proteoglycans (glypican-3 and decorin).

Our results diverge from prior work in important ways. Contrary to our a priori hypothesis,
we did not observe an increase in circulating glycosaminoglycans after TBI in mice nor in
humans after TBI with severe polytrauma. This is in contrast to a single pre-clinical study
reporting an increase in serum syndecan-1 (a major heparan sulfate-containing proteoglycan
constituent of the endothelial glycocalyx) after TBI2°. This prior work utilized a murine
model of TBI with significant short-term mortality (nearly 20%) compared to no observed
mortality in our study, suggesting that a difference in severity of illness may have driven
differential endothelial injury. Despite a less severe injury, we did observe significant
increases in all GAGs at the site of TBI after 7 day and relevant functional deficits. Our
work is also inconsistent with prior human studies that have reported an increase in plasma
syndecan-128 and GAGs (measured via ELISA-based assays)38 39 early after polytrauma
and/or TBI. However, they are consistent with a previous report by our group demonstrating
that patients after traumatic injury had significantly lower levels of urinary GAGs than
patients with sepsis?®. Based upon these discordant results, we cannot definitively conclude
that circulating GAGs do not contribute to increased brain ECM GAG levels after TBI.
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While we can conclude that circulating GAGs are not necessary to increase content at the
site of injury, it remains feasible that in a some pre-clinical models and a subset of patients
with both severe endothelial injury and TBI, circulating GAGs released from the endothelial
glycocalyx may worsen functional outcomes as in sepsis’: 8.

While our findings do not support a central role for circulating, endothelial-derived

GAGs in promoting poor outcomes after TBI, our investigations did reveal putative
mechanisms for post-injury GAG changes within the brain that may have functional
consequences. We found that upregulation of Has2 may be responsible for increases

in hyaluronan after TBI, consistent with prior studies focused on the spatiotemporal
dynamics of hyaluronan synthesis during brain injury®. While not measured directly in
this study, distribution of hyaluronan fragment size is known to be central to its biologic
consequences®. Furthermore, post-translational regulation of Has2 is critical to its effects
on hyaluronan biosynthesis, information that was not captured by our transcriptomics
approach®. Accordingly, significant future work will be necessary to fully elucidate the
dynamic changes and consequences of hyaluronan levels we have observed after TBI. We
also observed that transcriptional upregulation of glypican-3 and decorin may be responsible
for increases in heparan sulfate and chondroitin sulfate content, respectively, within the
brain after TBI. While constitutive Has2and Gpc3 deficiency cause mid-gestational or
perinatal death in mice, Dcri/~ mice do survive to maturity and have been shown to be
phenotypically normal aside from skin and tendon fragility52-54. Availability of Dcri/~ mice
allowed us to determine the contribution of decorin upregulation to post-TBI functional
outcomes. Although they have not yet been developed, conditional Has2and Gpc3null
mice could be generated to specifically test their roles in post-TBI recovery. Additionally,
as non-specific hyaluronan synthase inhibitors are available (e.g. 4-methylumbelliferone®®),
the impact of these drugs in pre-clinical models of TBI should be evaluated in future
investigations. Notably, this is the first report to identify Gpc3 upregulation (a proteoglycan
that has primarily been studied in the context of cancer and developmental biology>3 56) in
any form of brain injury.

Decorin has previously been found to reduce scar formation, inflammation, and oxidative
stress after TBI 44 45, Further, selective conditional knockout of decorin within the
amygdala attenuates a post-traumatic stress disorder-like phenotype in mice after TBI 46.
Through our unbiased bulk transcriptomics analysis of the brain after TBI, we similarly
identified decorin as a potential a key player in the biologic response to injury. Further,

the exacerbation of fine-motor motor deficits we observed in Dcri/~ mice after TBI is
concordant with prior reports suggesting its adaptive benefit and supports an overarching
hypothesis that endogenous decorin upregulation attenuates TBI-related injury. As such,
additional studies are warranted to further explore decorin as a potential therapeutic for the
treatment of this devastating condition.

Conclusions

In summary, we provide novel insight into the spatiotemporal dynamics of GAGs in the
brain ECM after TBI and the mechanistic drivers of these changes. Additionally, we
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offer evidence of an adaptive role for decorin upregulation at the sites of traumatic injury
supporting the potential for decorin as a therapy to improve functional outcomes after TBI.

Experimental Procedures

Animal Experiments

All animal experiments were performed with approval from the institutional animal care
and use committee of the University of Colorado Office of Laboratory Animal Resources
in accordance with the /nstitutional Animal Care and Use Committee Guidebook published
by the NIH Office of Laboratory Animal Welfare and the Animal Research Reporting of In
Vivo Experiments (ARRIVE) Guidelines ®. Male and female 8- to 16-week-old C57BL/6
mice purchased from Charles River Laboratories (Wilmington, MA). We utilized a well
characterized Dcri’~ mice, which have a mild skin fragility phenotype that allows their
utilization in various biological settings®*.

Human Subjects

Plasma samples were collected as part of a prospective database, the Trauma Activation
Protocol (TAP). TAP includes all trauma activation patients from 2015 to 2022 at the Ernest
E. Moore Shock Trauma Center at Denver Health, an American College of Surgeons verified
and Colorado state certified academic Level-1 trauma center. TAP was approved by the
Colorado Multiple Institution Review Board (COMIRB# 13-3087 “An Observational Study
of the Causative Factors and Molecular Mechanisms of Trauma-induced Coagulopathy™)
and performed under waiver of consent. Criteria for inclusion in TAP were adult (=18 years
old) trauma activation patients. The criteria for activation are traumatic injury with any

of the following: 1) Glasgow Coma Scale (GCS) < 8 with presumed thoracic, abdominal

or pelvic injury, 2) respiratory compromise with presumed thoracic, abdominal, or pelvic
injury, 3) blunt trauma with systolic blood pressure (SBP) < 90 mm Hg, 4) mechanically
unstable pelvic injury, 5) penetrating injuries to neck and/or torso with SBP < 90 mm Hg

or that require endotracheal intubation, or 6) amputation proximal to the ankle or wrist.
Exclusion criteria include any patient < 18 years, patients whose initial blood sample is

not collected within one hour of injury, infusion of blood products prior to collection of
blood samples, documented chronic liver disease (total bilirubin > 2.0 mg/dL or advanced
cirrhosis discovered on laparotomy), known inherited defects of coagulation function (e.g.,
hemophilia or Von Willebrand’s disease), and patients who are pregnant or incarcerated.

Patients categorized as “no TBI with mild trauma” were defined by an injury severity
score (ISS) of less than 9 with a GCS score of 15 (completely normal cognition) prior to
hospital arrival. Patients categorized as having “TBI and severe trauma” were defined by
an ISS greater than or equal to 9 and a GCS of less than or equal to 6 (severe cognitive
abnormalities) prior to hospital arrival. The ISS is a standard scale used to assess degree of
traumatic injury with mild injury being defined by a score of less than 9 and a maximum
severity score of 758, The GCS ranges from 3 to 15 with scores of 3 to 8 suggestive of
severe injury and maximum score of 15 being consistent with normal cognition 3°.
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Murine Controlled Cortical Impact Injury Model

Surgical procedures for the CClI injury model of TBI were completed as previously
described®0. Briefly, mice were anesthetized with inhaled isoflurane while secured in a
stereotax for the duration of the procedure. A 4mm craniotomy was performed, which was
centered 2mm posterior to the coronal suture and 2.7 mm lateral to the sagittal suture on

the right hemisphere. The dura was exposed, and a rapid impact was delivered via the
Benchmark Stereotaxic Impactor (MyNeurolab, St. Louis, MO, USA) with parameters that
produced an impact depth of 2mm. The craniotomy bone flap was replaced and skin sutured
after active swelling subsided. All mice received 1mL saline subcutaneously immediately
following wound closure. GAG analyses were performed on brain tissues harvested from
mice 1d or 7d after CCI or craniotomy-alone.

For brain tissue harvests, mice were anesthetized with 4% isoflurane. A bilateral
thoracotomy was performed, and animals were perfused with saline at a rate of 2.5 mL/min
via transcardiac puncture. Animals were subsequently decapitated and superficial and deep
tissues were taken from both the surgical site and the contralateral brain. Superficial tissue
in the 1) ipsilateral brain of craniotomy animals and 2) contralateral brain of both CCl

and craniotomy animals was cortical and deep tissue was hippocampal. For ipsilateral
tissue from CCI mice, superficial tissue was taken from the injury site at a depth that
corresponded to the cortex and deep tissue was from a location immediately below the
harvested superficial tissue, approximating the location of the hippocampus. The degree

of destruction after CCI did not allow for precise dissection of cortex and hippocampus
ipsilateral to injury.

GAG Analysis

GAG analysis of brain tissue and plasma was performed by HPLC-MS/MS as previously
described® . These analyses were performed on two distinct brain tissue and plasma
batches: one at Rensselaer Polytechnic Institute (RPI) and a second at the University of
Colorado Anschutz Medical Campus (UC-AMC) using equivalent methods. In Figure 2,
brain tissues analyzed at RPI are indicated in blue and those at UC-AMC are indicated

in black. Specific injection sequences for brain and plasma samples are included in
Supplementary Tables 3 and 4, respectively. Briefly, we first removed lipid from brain
tissues with methanol and dichloromethane. We then digested tissues with actinase E
(Kaken Pharmaceutical Co; Tokyo, Japan) in 10mM sodium acetate and 5mM calcium
acetate at 55°C until complete tissue digestion was achieved. We removed actinase E and
extracted GAGs with ion exchange column (Sartorius Vivapure Q; Géttingen, Germany)

in the presence of 8M urea to facilitate dissociation of GAGs from proteins. We desalted
samples with a 3kDa molecular weight cut-off column and digested extracted GAGs with
heparinase I, 11, I1l and chondroitinase ABC overnight. We collected digested GAGs and
derivatized with 2-aminoacridone in DMSO:AcOH = 17:3 (by volume) solution and sodium
cyanoborohydride. We cleaned samples with C18 resin and analyzed samples with HPLC-
MS/MS. Brain tissue results were normalized to the dry weight of each tissue sample.
Plasma samples were processed equivalently without delipidation and tissue digestion
steps. Results from our murine model were normalized to contralateral craniotomy as two
separate batches of mass spectrometry were performed for these experiments, necessitating
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an internal control for each batch. Contralateral-craniotomy tissue (either cortical or
hippocampal) was chosen for normalization as it was least likely to be affected by surgical
procedures. Concordantly, plasma GAG levels were normalized to day 7 craniotomy-alone
plasma levels, the time point and experimental condition at which plasma GAGs are most
likely to have fully normalized. Notably, previous work by our group has demonstrated that
even in models of severe systemic inflammation, endothelial-derived GAGs only circulate
for approximately 24 to 48h after injury8. GAG quantification in human plasma samples was
performed in a single batch, thus quantitative results are reported.

To mitigate experimental error in our HPLC-MS/MS methods, external standards were
injected every 5 to 15 samples to account for ion suppression by biological matrix and
instrument drift. Reported values were calculated based on the average of those standards
injected immediately before and after the sample block injection. For all analyses at UC-
AMC, several additional strategies were utilized to decrease bias and control experimental
error. Samples were deidentified and injected in a random order. Furthermore, to evaluate
and correct for matrix effect, “tech mix”, a mixed sample collected and mixed from every
sample for each sample type (brain or plasma) was included in the injection sequence and
injected every 5 to 14 samples. Brain tissue data were then adjusted for signal drift using
metabodrift6l,

Whole Transcriptome Analysis

Superficial tissue at the site of injury and cortical tissue contralateral to injury were
harvested as for GAG measurements. After isolation, tissues were immediately flash

frozen in liquid nitrogen in RNAase-free tubes. RNA extraction was performed using a
RNAeasy kit per the manufacturer’s instructions (Qiagen; Hilden, Germany). RNA quality
and quantity were assessed in each sample using two methods: 260/280 ratio using a

Tecan Infinite 200 Pro plate reader (Mannedorf, Switzerland) and RNA electropherography
using RNA ScreenTape (Agilent; Santa Clara, CA). All samples submitted had high quality
RNA with 260/280 ratios of approximately 2.0 and RINe scores greater than or equal

to 8.1. A Clariom™ D mouse assay (Affymetrix Thermo Fisher Scientific; Santa Clara,
CA) was performed according to the manufacturer’s instructions by the University of
Colorado Anschutz Medical Campus Genomics and Microarray Core facility for whole
genome transcriptomics profiling. Briefly, single stranded cDNA was prepared from isolated
RNA from each sample. Following fragmentation, 5.5 pg of cDNA from each sample was
labeled with biotin then hybridized to the GeneChips array. GeneChips were washed and
stained in an Affymetrix Fluidics Station 450 then scanned with an Affymetrix Gene Chip
Scanner 3000 7G. CEL files were generated using GeneChip Command Console Software.
Data were analyzed utilizing the Transcriptome Analysis Console version 4.0 (Thermo
Fisher Scientific; Santa Clara, CA) comparing ipsilateral to contralateral superficial tissue
and significant differences were considered those transcripts with FDR p-values < 0.05.
\olcano plots were generated using GraphPad Prism (Boston, MA). GSEA was performed
using software available through the University of California San Diego and the Broad
Institute?®: 41, The human Reactome gene sets database with a Mouse Clariom D Human
Ortholog Chip platform was utilized for these analyses. The top 10 upregulated (of 31) and 6
downregulated gene sets with FWER values of less than 0.05 are included in Table 3.
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Immunofluorescence

Following perfusion, whole brains were fixed in 4% paraformaldehyde (PFA) for a
minimum of 24h then remained in cryoprotection solution until sectioned into 50um slices
using a microtome (SM2010 R Sliding Microtome, Leica.). Slices received three five-minute
PBS washes followed by blocking with 5% donkey antiserum in 0.3% Triton in PBS (PBS-
T) for 1h at RT. Next, incubation of primary antibodies (Decorin [LF114], 1:200, Kerafast,
Boston, MA; Glypican-3 [9C2], 1:500, Invitrogen, Carslbad, CA) was carried out in PBS-

T at 4°C overnight, followed by three five-minute PBS washes. This was followed by
AlexaFluor 488-conjugated (1:500, Jackson ImmunoResearch, West Grove, PA) secondary
antibody incubation for 45 minutes at RT, followed by three 10-minute PBS washes. Lastly,
slices were incubated with Hoescht 33342 (1:10,000 in PBS, Tocris, Minneapolis, MN)

for 5min, followed by three five-minute PBS washes. Slices were then mounted with

hardset medium (VectorLabs, Burlingame, CA) and visualized using a FLUOVIEW FV1200
confocal laser scanning microscope (Olympus, Tokyo, Japan).

Assessment of Murine Anxiety and Motor Function

All behavioral experiments were performed by a blinded experimenter and analyzed in a
blinded fashion. These methods have been previously utilized by our group for studies of
anxiety and motor dysfunction after injury80 62, 63,

Spontaneous Locomotion and Anxiety-Like Behavior (Open field)

Mice were placed into a 10 x 10 x 10cm enclosure equipped with an overhead camera

and their spontaneous behavior was recorded for 10 minutes. Percentage of time spent

in the center of the arena was compared to time near walls, which was used to measure
anxiety-like behavior. Propensity to spend time near edges served as an indication of higher
anxiety. Videos were analyzed in an unbiased fashion using AnyMaze software (Stoelting
Company; Wood Dale, IL).

Gross Motor Coordination (Balance Beam)

Testing was carried out as previously described by our group83. Briefly, mice were placed
on an elevated balance beam that tapered from 1.2cm to 0.5cm at the start and end points,
respectively. Animals were initially trained to travel directly to a goal enclosed box located
at the tapered end of the beam without consideration of missteps (typically requiring 3-5
trials). Once trained, three trials were performed, and videos were captured from below the
beam. Videos were manually scored for missteps onto the support ledge.

Motor Learning (Rotarod)

Animals were placed on a rotating beam and their latency to fall was recorded as the
rotational speed steadily increased over the course of a 300 second trial. The test consisted
of three trials per day for three consecutive days to assess motor learning. The rotations per
minute (rpm) began at 4rpm and reached 30rpm by the end of each trial, increasing at single
rpm increments. Latencies to fall were recorded by the Rotarod apparatus (Ugo Basile;
Gemonio, Italy) and averaged across the three trials for individual animals on each day of
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testing. Longer latencies to fall over time (more time on the rotarod device) and retention in
ability between days 8 and 9 represents motor learning®2: 64,

Statistics

One-way ANOVA tests with Tukey correction for multiple comparisons were used to
compare GAG levels between groups and hemispheres (Fig. 2). Individual, unadjusted two-
tailed t-tests were performed to compare heparan sulfate and chondroitin sulfate sulfation
percentages by disaccharide subtype between hemispheres in the TBI groups (Table 1).
Two-way ANOVA tests were used to compare mouse plasma GAG levels to evaluate effects
of both treatment and time (Fig. 3a) and simple t-tests were used to compare human
plasma GAG levels between groups (Fig. 3b). Whole transcriptome analysis comparing
ipsilateral and contralateral superficial tissue from mice after TBI was performed using

a Clariom D Murine Assay and analyzed using the Affymetrix Transcriptome Analysis
Console (Thermo Fisher Scientific; Waltham, MA). False Discovery Rate (FDR) p-values
less than or equal to 0.05 were considered significant (Fig. 4, Tables 2 and 3). Full
transcriptomics results have been uploaded to the NCBI GEO genomics biorepository and
can be accessed with accession number GSE242025. Behavioral outcomes were analyzed
using either two-way ANOVA (open field and balance beam) or three-way ANOVA
(rotarod) tests (see Supplementary Table 2 for summary statistics). All statistical analyses
(except transcriptomics analysis) were performed using Graphpad Prism (Boston, MA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

Quantification of tissue glycosaminoglycans via mass spectrometry provides
unique insight into extracellular matrix remodeling after TBI.

Decreases in N-sulfated heparan sulfate, 4S and 2S/4S chondroitin sulfate,
and increases in 0S chondroitin sulfate were observed 24h after injury, which
normalized 7d after injury.

Increases in total heparan sulfate, chondroitin sulfate, and hyaluronan were
observed at the site of injury after 7d.

Unbiased transcriptomics analyses revealed upregulation of the proteoglycans
glypican-3 and decorin, and the biosynthesis enzyme hyaluronan synthase-2
at 7d post-injury. These transcriptional changes may be responsible for
observed increases in glycosaminoglycans.

Behavioral assessment of Dcrr/~ mice 7d post-injury suggests a protective
role for decorin upregulation following TBI.
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Figure 1. Gross pathologic changes observed with a severe controlled cortical impact model of
traumatic brain injury (TBI) compared to craniotomy-alone.

Representative images of brains post-TBI (top) or craniotomy (bottom). Significant
hemorrhage and a tissue defect were consistently observed post-TBI at both days 1 and

7. Craniotomy brains were found to have mild erythema at day 1 ipsilateral to surgery, which
resolved by day 7. lpsi = ipsilateral to surgery, Contra = contralateral to surgery, Dashed
circle = site of cortical impact ana/or craniotomy.

Craniotomy
p
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Figure 2. Glycosaminoglycan tissue levels one and seven days after craniotomy or TBI.
High performance liquid chromatography, tandem mass spectrometry was used to measure

glycosaminoglycan (GAG) levels (including heparan sulfate, chondroitin sulfate, and
hyaluronan) in (a,c) superficial and (b,d) deep tissue harvested 1d and 7d after craniotomy
or TBI. Tissue GAG levels were measured both ipsilateral and contralateral to craniotomy
or TBI. Each data point represents an experimental animal. Blue and black symbols indicate
different experimental batches performed at different sites. n=6-7 per group. * p < 0.05, **
p <0.01, *** p < 0.001 based upon one-way ANOVA with Tukey correction for multiple

comparisons.
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a. Murine TBI Model Plasma Glycosaminoglycan Levels

Heparan Sulfate
150+

150+

Chondroitin Sulfate

Hyaluronan

Page 22

Total Glycosaminoglycans

150+ 150
l; ~ ~ ~
> >
Qo 8o 8o ae
Z 21001 oo > 2100 > 2100 > 2100+
s~ g - g 3 g -
= s
2E g sg 2
s8 g8 ] g2
52 50- 58 504 5 & 501 5= 504
5 - TBI 5 e s
B 43 Craniotomy 2 ES ES
01— . 01— . 01— : 01— .
Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 Day 1 Day 7
b. Human Plasma Glycosaminoglycan Levels
Heparan Sulfate Chondroitin Sulfate Hyaluronan Total Glycosaminoglycans
800- 8000- 200- 8000+
- —_ ° —_ s
- — -}
£ E E . E e
E’ 6004 L] ?6000- ° ° 2,150— ?‘:3,8000- °
= < ° = £ .,
c c o%e = ° [ ] p . E .
2 4004 3 40001 e E 21001 a8, *%* 24000 f
= = ° = = L]
& & o § o, % S o’
2 2004 2 2000 S 504 . §2000~
L] Q (o]
8 o
$Wss =3 © © s
H . s ° .
ol o ° o ® 0 - ® 0 . ® 0 z Z
N & «® «® &2 &2 R S
<& <& <@ <@ & & << <4
> @ S @ S S \ &
W & N o Q\\ & > o
a @ N
N o g & Z R &
V\0 < eo «Q? eo ,\Q}‘ & A

Fig. 3. Plasma glycosaminoglycan levels after TBI in a murine model and humans.
a. Circulating glycosaminoglycans were measured in plasma 1d and 7d after TBI (filled

box, solid line) or craniotomy (open box, dashed line). Values are normalized to day 7
craniotomy plasma as levels were measured in different mass spectrometry batches. *p <
0.05 based upon two-way ANOVA with multiple comparisons with Tukey correction, n =
6-7 per group. b. Circulating glycosaminoglycans were measured in plasma collected in the
emergency department from patients with TBI and severe polytrauma [defined by a field
Glascow Coma Scale (GCS) score <= 6 and traumatic injury (Injury Severity Score (ISS)

> 9)] and from patients with mild traumatic injury without TBI (GCS = 15, ISS <= 9).
Comparisons were made using unpaired t-tests, n = 8-10 per group. In both panels error bars
represent mean +I1—- SEM,
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Fig. 4. Volcano plot of bulk transcriptomics analysis of ipsilateral compared to contralateral
tissue 7d after TBI.

Decorin (Dcn), Glypican-3(Gpc3) and Hyaluronan Synthase 2 (HasZ2) are highlighted with
large red circles. Solid horizontal line delineates FDR values < 0.05 and all genes
highlighted in blue are significantly different when comparing ipsilateral to contralateral
tissue.
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Fig. 5. Verification of proteoglycan changes 7d after TBI by immunofluorescence.
a. Decorin (green) and b. glypican-3 (green) levels are both significantly elevated at the site

of injury 7d after TBI. DAPI is included in blue. Representative images. Scale bars 100 um.
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Fig. 6. The effect of global decorin deficiency on general mobility, anxiety-like behavior, gross
motor control, and motor learning 7d after TBI.

A behavioral battery consisting of open field mobility (a), balance beam (b), and a serial
rotarod task was performed in wild-type and Dcri/~ mice beginning 7 days post-TBI. Two-
(a,b) or three-way (c) ANOVA tests revealed significant effects of TBI on “Time in Zone”
(anxiety-like behavior), balance beam missteps (gross motor coordination), and rotarod
testing (motor learning) with no difference in general mobility (distance travelled). Balance
beam performance (gross motor coordination) was worsened by decorin knockout genotype
after TBI. n = 5-9 per group.
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Summary of glycosaminoglycan changes after TBI or craniotomy ipsilateral to the surgical procedure.

Day 1
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Craniotomy
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Table 2.
Effects of TBI on heparan sulfate and chondroitin sulfate disaccharide sulfation

percentages.

Comparisons were made between sulfation percentages of ipsilateral and contralateral tissue post-TBI. Bold
font denotes p < 0.05 via unadjusted two-tailed t-tests. n = 6-7 animals per group.
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Heparan Sulfate Subtype Mean % (SEM)
Tris NS6S NS25 NS 2565 65 25 0S
osilateral 2.74 2.71 2.79 435 0.00 3.47 0.43 83.41
p (2.50) (1.76) (L44) (0.90) (0.00) (1.64) (0.41) (7.06)
Superficial
0.76 4.05 403 7.86 0.00 5.2 0.06 77.81
Contralateral | y'54) (2.20) (1.26) (0.75) (0.00) (154) (0.03) (4.92)
Day 1
osilateral 8.66 2.65 353 5.62 0.00 3.29 0.23 75.83
p (5.49) (L54) (L61) (0.97) (0.00) (1.24) (0.18) (9.56)
Deep
0.70 402 4.27 9.08 0.01 5.41 0.52 74.98
Contralateral | ;o) (2.04) (0.95) (123) (0.00) (111) (0.36) (3.57)
silateral 7.5 378 4.88 7.48 0.03 5.99 0.28 69.86
p (7.21) (187) (0.82) (L15) (0.01) (0.92) (0.09) (8.23)
Superficial
14.76 421 475 5.83 0.02 5.29 0.12 67.18
Contralateral | (545, (1.66) (1.18) ©.77) (0.01) (0.76) (0.05) (8.67)
Day 7
osilateral 415 331 327 4.96 0.01 4.25 0.57 79.35
p 3.73) (1.48) (1.20) (1.00) (0.00) (1.55) (0.32) (7.48)
Deep
5.22 5.10 5.31 7.68 0.02 6.43 0.18 69.85
Contralateral | 3'gy) (2.08) (114) (0.92) (0.00) (L01) (0.09) (5.97)
Chondroitin Sulfate Subtype Mean % (SEM)
Tris 2545 2565 4565 45 65 25 0s
silateral 0.02 0.08 0.21 0.68 68.83 147 0.05 28.29
p (0.01) (0.03) ©08) | (0.20) (9.04) 029 | (0.03) (9.51)
Superficial
0.02 0.30 0.21 0.51 95.60 1.10 0.06 1.98
Contralateral | 551y (0.06) (0.04) (0.11) (0.40) (0.29) (0.02) (0.34)
Day 1
osilateral 0.04 0.30 0.45 0.72 81.19 3.12 0.13 1431
p (0.02) (0.06) ©.1) (0.14) (5.44) ©60) | (0.05) (5.73)
Deep
0.03 0.28 0.50 0.64 93.12 2.67 0.10 2.97
Contralateral | 551y (0.05) (0.12) (0.16) (0.84) (0.14) (0.04) (0.19)
osilateral 0.03 0.14 0.23 0.39 96.62 115 0.16 144
p (0.01) (0.05) ©08) | (008 (0.64) 039 | (0.5 (0.30)
Superficial
0.06 0.33 0.31 0.53 96.07 134 0.12 179
Contralateral | ;') (0.08) (0.08) (0.02) (0.34) (0.33) (0.05) (0.30)
Day 7
silateral 0.02 0.09 0.18 0.18 95.54 1.05 0.09 3.01
p (0.01) (0.03) ©06) | (0.07) (0.86) ©042) | (004 (1.05)
Deep
0.03 0.29 031 0.40 95.99 177 0.12 143
Contralateral | 5'y1y (0.06) (0.06) (0.07) (0.48) (0.26) (0.05) (0.28)
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Gene set enrichment analysis utilizing Reactome Gene Set Database reveals upregulation of “Extracellular

Matrix Organization” and “Extracellular Matrix Proteoglycans” in superficial injured compared to
contralateral cortical tissue 7 days post-TBI. Red indicates upregulated gene sets and blue indicates

downregulated gene sets. ES = Enrichment Score, NES = Normalized Enrichment Score, NOM = nominal,
FDR = False Discovery Rate, FWER = Family-Wise Error Rate

Gene Set Name Gene Set Size ES NES | NOM p-val | FDR g-val | FWER p-val
EXTRACELLULAR MATRIX ORGANIZATION 283 0.51 2.35 <0.001 <0.001 <0.001
COMPLEMENT CASCADE 45 0.67 2.34 <0.001 <0.001 <0.001
ELASTIC FIBRE FORMATION 43 0.68 2.34 <0.001 <0.001 <0.001
INTEGRIN CELL SURFACE INTERACTIONS 83 0.60 2.33 <0.001 <0.001 <0.001
DISEASES OF IMMUNE SYSTEM 30 0.73 2.30 <0.001 <0.001 <0.001
EXTRACELLULAR MATRIX PROTEOGLYCANS 76 0.60 2.29 <0.001 <0.001 <0.001
NEUTROPHIL DEGRANULATION 432 0.48 2.28 <0.001 <0.001 <0.001
poses o nTeractos e [ s o7 [ 226 [ o | o | om
SYNDECAN INTERACTIONS 27 0.71 2.26 <0.001 <0.001 <0.001
INTERLEUKIN 10 SIGNALING 41 0.65 2.23 <0.001 0.002 0.002
POTASSIUM CHANNELS 102 -0.60 | -2.16 <0.001 <0.001 <0.001
VOLTAGE GATED POTASSIUM CHANNELS 43 -0.69 | -2.16 <0.001 <0.001 0.001
DAG AND IP3 SIGNALING 40 -0.65 | -2.00 <0.001 0.0072 0.022
NUCLEAR EVENTS KINASE AND TRANSCRIPTION |61 | o1 | 00 [ <001 | ooosr | oo2s
NEURONAL SYSTEM 394 -0.48 | -1.99 <0.001 0.0057 0.03
NEUREXINS AND NEUROLIGINS 54 -0.61 | -1.97 <0.001 0.0069 0.044
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Table 4.

Significantly altered glycosaminoglycan biosynthesis enzymes in superficial injured compared to contralateral
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cortical tissue 7 days post-TBI. ** FDR p value < 0.01.

Glycosaminoglycan Gene . Fold FDR p-
Pathway Gene Name Symbol Function Change value
exostoses (multiple)-like 3 Extl3 Backbone -33% 0.0037
elongation :
heparan sulfate 2-O-sulfotransferase 1 Hs2st1 2-Sulfation -29% 0.0104
exostoses (multiple)-like 1 Extll Backbone -28% 0.0208
elongation ’
HS Biosynthesis
. . Backbone _org
exostoses (multiple)-like 2 Extl2 elongation 25% 0.0223
N-deacetylase/N-sulfotransferase : o
(heparin glucosaminyl) 4 Ndst4 N-sulfation 490% 0.0257
. Backbone 420
exostoses (multiple) 1 Extl elongation 43% 0.0262
. . beta-1,3-glucuronyltransferase 3 Backbone _
CS + HS Biosynthesis (glucuronosyltransferase I) B3gat3 elongation 26% 0.0241
HA Biosynthesis hyaluronan synthase 2 Has2 Elongation 29% 0.0264
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Table 5.

Proteoglycans significantly altered in superficial injured tissue 7d after TBI. HS = Heparan Sulfate, CS =
Chondroitin Sulfate, HA = Hyaluronan.
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Proteoglycan Gene Symbol | GAG Type(s) | % Change | FDR p-value
glypican 3 Gpc3 HS, CS 231.3% 0.004
decorin Dcn CS 731.1% 0.009
Plexin domain containing 1 Pixdcl CS -48.6% 0.029
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