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Proteoglycan 4 Reduces Neuroinflammation and Protects
the Blood–Brain Barrier after Traumatic Brain Injury
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Abstract

Neuroinflammation and dysfunction of the blood–brain barrier (BBB) are two prominent mechanisms of secondary injury

in neurotrauma. It has been suggested that Toll-like receptors (TLRs) play important roles in initiating and propagating

neuroinflammation resulting from traumatic brain injury (TBI), but potential beneficial effects of targeting these receptors

in TBI have not been broadly studied. Here, we investigated the effect of targeting TLRs with proteoglycan 4 (PRG4) on

post-traumatic neuroinflammation and BBB function. PRG4 is a mucinous glycoprotein with strong anti-inflammatory

properties, exerting its biological effects by interfering with TLR2/4 signaling. In addition, PRG4 has the ability to inhibit

activation of cluster of differentiation 44 (CD44), a cell-surface glycoprotein playing an important role in inflammation.

Using the controlled cortical impact model of TBI in rats, we showed a rapid and prolonged upregulation of message for

TLR2/4 and CD44 in the injured cortex. In the in vitro model of the BBB, recombinant human PRG4 (rhPRG4) crossed

the endothelial monolayers through a high-capacity, saturable transport system. In rats sustaining TBI, PRG4 delivery to

the brain was enhanced by post-traumatic increase in BBB permeability. rhPRG4 injected intravenously at 1 h post-TBI

potently inhibited post-traumatic activation of nuclear factor kappa B and extracellular signal-regulated kinases 1/2, the

two major signal transduction pathways associated with TLR2/4 and CD44, and curtailed the post-traumatic influx of

monocytes. In addition, PRG4 restored normal BBB function after TBI by preventing the post-traumatic loss of tight

junction protein claudin 5 and reduced neuronal death. Our observations provide support for therapeutic strategies

targeting TLRs in TBI.
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Introduction

Traumatic brain injury (TBI) has a significant health and

socioeconomic impact on societies in both developed and

developing countries. Repetitive TBI or even a single incident of

brain injury may, in the long run, result in progressive neurode-

generation,1 and it has been suggested that TBI is a risk factor for

Alzheimer’s disease–like dementia.2 The pathophysiology of

TBI is complex, and in patients who survived the initial trauma,

morbidity and mortality largely depend on the severity of sec-

ondary injury.

Neuroinflammation is one of the mechanisms of secondary

injury in TBI, and increasing evidence indicates that post-

traumatic neuroinflammation significantly contributes to neuronal

death observed after neurotrauma.3 Neuroinflammation also has a

detrimental effect on neurogenesis and memory retention, and

plays a role in the pathophysiology of depressive disorders,4–8 all

of which affect the long-term neurological outcome after TBI.

Although triggered relatively quickly after injury, post-traumatic

neuroinflammation appears to progress at a slower pace compared

to other secondary injury mechanisms, such as glutamate ex-

citotoxicity, which is caused by a rapid (within minutes post-TBI)
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and short-lasting increase in extracellular levels of glutamate.9,10

Therefore, neuroinflammation could potentially be targeted

therapeutically within the time frame that is applicable to the

reality of clinical settings.

Post-traumatic neuroinflammation is characterized by increased

production of proinflammatory mediators, such as proinflammatory

cytokines and chemokines, followed by the influx of inflammatory

cells, predominantly neutrophils and monocytes.3 It is important to

note that, unlike neutrophils, monocytes, which enter the injured

brain with a 24-h delay, continue to invade the brain parenchyma

for a prolonged period of time after TBI.11 The post-traumatic

influx of monocytes has a detrimental effect on neuronal survival

and functional outcome after TBI.12–15 There is also evidence,

obtained from rodent and human studies, for persistent post-

traumatic activation of microglia, lasting for months to years after

TBI,16–18 which is likely to contribute to neurodegenerative pro-

cesses occurring in the injured brain.19,20 What is still not well

understood is how post-traumatic neuroinflammation is initiated.

The available data suggest that Toll-like receptors (TLRs), es-

pecially TLR2 and TLR4, play important roles in initiating and

sustaining neuroinflammation in the injured brain. It is now well

established that TLRs not only recognize pathogen-associated

molecular patterns, such as lipopolysaccharide (LPS), but are also

activated by the so-called damage-associated molecular patterns

(DAMPs), the endogenous molecules released and/or generated in

the brain after injury.3 Brain levels of multiple DAMPs, including

high mobility group box 1 (HMGB1), galectin 3 (LGALS3), and

tenascin C (TNC), as well as the low-molecular-weight fragments

of hyaluronic acid (HA), all of which are TLR2/4 ligands,21 have

been found to be elevated after injury.22–25

One of the hallmarks of secondary injury in TBI is a rapid in-

crease in permeability of the blood–brain barrier (BBB). With the

leaky BBB, plasma proteins, such as fibrinogen, thrombin, and

albumin, which are normally excluded from the brain, are able to

enter the injured brain parenchyma, triggering neuroinflammation

and accelerating neuronal death.3 Some of these blood-borne pro-

teins, like fibrinogen, may also activate TLRs.21 Accordingly, re-

ducing the post-traumatic leakiness of the BBB should be one of the

goals of effective therapy for TBI.

The objective of this study was to investigate how targeting of

TLR2/4 with recombinant human (rhPRG4) proteoglycan 4

(PRG4) affects post-traumatic neuroinflammation and neuronal

death after TBI. Initially identified as lubricin, PRG4 is a mucinous

glycoprotein best known for its ability to protect articular cartilage

by acting as a lubricant.26 However, it has been shown that PRG4

also possesses strong anti-inflammatory27,28 and -adhesive prop-

erties.29,30 PRG4 exerts its anti-inflammatory effects by binding to

TLR2 and TLR4, and interfering with their signaling.31,32 In ad-

dition to its inhibitory effect on TLR2/4 signaling, PRG4 competes

with HA for binding to cluster of differentiation 44 (CD44),33,34 a

cell-surface glycoprotein playing an important role in inflamma-

tion.35 Thus, PRG4 may inhibit the post-traumatic activation of

both TLR2/4 and CD44 in response to proinflammatory low-

molecular-weight fragments of HA,36 which are generated in the

injured brain.25

In the course of these investigations, we found that PRG4 re-

duces the influx of monocytes to the injured brain, which is con-

sistent with its ability to inhibit activation of TLR2/4 and CD44.

We also show that PRG4 acts to restore normal BBB function after

TBI by preventing the post-traumatic loss of tight junction (TJ)

protein claudin 5 (CLDN5), and that it exerts a neuroprotective

effect in neurotrauma.

Methods

Reagents and antibodies

SuperScript IV reverse transcriptase, RNase inhibitor RNa-
seOut, and 70-kDa fluorescein-conjugated dextran (anionic)
were obtained from ThermoFisherScientific (Waltham, MA).
HotStart Taq DNA polymerase was purchased from Qiagen
(Valencia, CA). Low-endotoxin bovine serum albumin (BSA)
was from Millipore (Billerica, MA), and ultrapure LPS from
Escherichia coli K12 strain was from Invivogen (San Diego,
CA). 14C-sucrose (350 mCi/mmol) was from Amersham (Little
Chalfont, UK).

For enzyme-linked immunosorbent assay (ELISA), the follow-
ing antibodies were used: goat polyclonal antifluorescein antibody
(NB600-1273; 1 lg/mL) from Novus Biologicals (Littleton, CO)
as the capture antibody and biotinylated goat polyclonal anti-
fluorescein antibody (GTX26655; 50 ng/mL) from GeneTex
(Irvine, CA) as the detection antibody.

For western blotting, the following antibodies were used: rabbit
monoclonal antihuman phosphorylated (p)-IKKa/b (IjB kinase a/
b; Ser176/Ser180 [2697; clone 16A6, diluted 1:100; from Cell
Signaling Technology, Danvers, MA]); rabbit polyclonal antihu-
man IKKa/b (orb157675; 1.25 lg/mL) from Biorbyt (Cambridge,
UK); rabbit polyclonal antihuman p-ERK1/2 (extracellular signal-
regulated kinases 1/2; Thr202/Tyr204; [9101; diluted 1:1000; from
Cell Signaling Technology]); rabbit polyclonal antirat ERK1/2
(9102; diluted 1:2000; from Cell Signaling Technology); mouse
monoclonal antirat cluster of differentiation 68 (CD68; MCA341R;
clone ED1, 1 lg/mL; from Serotec, Oxford, UK); mouse mono-
clonal antimouse claudin 5 (CLDN5; 35–2500; clone 4C3C2,
0.25 lg/mL; from ThermoFisherScientific); mouse monoclonal
antihuman b-actin (3700; clone 8H10D10, diluted 1:10,000; from
Cell Signaling Technology); and goat polyclonal antirat albumin
(55710; 0.4 lg/mL; from MP Biomedicals, Irvine, CA). For west-
ern blot detection, horseradish peroxidase–conjugated antirabbit
and -mouse immunoglobulin G (IgG) antibodies (7074 and 7076,
respectively; diluted 1:5000; from Cell Signaling Technology) or
antigoat IgG antibody (sc-2354; 40 ng/mL; from Santa Cruz Bio-
technology, Santa Cruz, CA) were used.

Labeling of recombinant human proteoglycan 4

Full-length (1404 amino acids) rhPRG4 was obtained from
Lubris (Framingham, MA). For studies of PRG4 transport across
the BBB, rhPRG4 was labeled with fluorescein isothiocyanate
(FITC), using the FluoReporter FITC Protein Labeling Kit from
ThermoFisherScientific. FITC-labeled rhPRG4 (rhPRG4-FITC)
was purified using spin columns provided by the manufacturer.
rhPRG4-FITC preparations were run on sodium dodecyl sulfate
(SDS)/polyacrylamide gels (4–12%) under non-reducing condi-
tions, and the gels were analyzed using the Bio-Rad (Hercules, CA)
Gel Documentation System. This analysis showed that the labeling
process did not affect the integrity of rhPRG4 molecules, and no
free FITC was found in rhPRG4-FITC preparations used in this
study (Supplementary Fig. S1A).

The assessment of biological activity of fluorescein
isothiocyanate–labeled recombinant human
proteoglycan 4

The biological activity of rhPRG4-FITC was examined using
human brain endothelial cell line hCMEC/D3.37 These cells were
provided by Dr. Pierre-Olivier Couraud (INSERM U1016, Institut
Cochin, Paris, France). The hCMEC/D3 cells at passage 29 were
grown in CytoOne multi-well plates (USA Scientific, Ocala, FL) in
EGM-2 BulletKit medium (Lonza, Alpharetta, GA) containing 2%
fetal bovine serum, 0.04% hydrocortisone, 0.4% fibroblast growth
factor 2, 0.1% vascular endothelial growth factor A, 0.1% R3
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insulin-like growth factor 1, 0.1% ascorbic acid, 0.1% heparin, and
0.1% gentamicin/amphotericin B at 37�C in a humidified atmo-
sphere of 5% CO2/95% air. Cells were exposed to 100 ng/mL of
LPS for 30 min before treatment with rhPRG4 or rhPRG4-FITC
(150 lg/mL) for 23.5 h. Levels of interleukin-6 (IL-6) in the cell-
culture media were measured using a SimpleStep Human IL-6
ELISA Kit from Abcam (Cambridge, MA).

The rat model of traumatic brain injury

Adult male Long-Evans rats, weighing 250–275 g (Harlan, In-
dianapolis, IN), were kept at 22�C with a 12-h light cycle and
maintained on standard pellet rat chow and water ad libitum. The
surgical and animal care procedures used in this study conformed to
the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 8023, revised 1978)
and were approved by the Animal Care and Use Committee of
Rhode Island Hospital. Four to 6 rats per group/time point were
used for most experiments, with the exception of studies in which
the effect of PRG4 on post-traumatic neuronal death was evaluated
(n = 12 rats per group) and when the permeability of the BBB to
PRG4 in rats sustaining TBI was measured (n = 3 rats per group).
The controlled cortical impact model of TBI was used as previously
described.38 In brief, rats were anesthetized with intraperitoneal
(i.p.) pentobarbital sodium (60 mg/kg), and a 4-mm craniotomy
was performed on the right side of the skull to expose the dura with
the center of the opening located 3 mm posterior to the bregma and
2.5 mm lateral to the midline. Velocity of impact was 5 m/sec, and
the duration of impact was 50 msec. The diameter of the impactor
tip was 2.5 mm, and the depth of brain deformation was set at 3 mm.
Animals were injected intravenously (i.v.; through the penis vein)
with rhPRG4 (1, 2.5, or 5 mg/kg) or vehicle (0.9% NaCl) at 1 h
post-TBI.

The in vitro model of the blood–brain barrier
and the transport of proteoglycan 4 across brain
endothelial monolayers

The in vitro BBB model was based on primary cultures of rat
brain endothelial cells. These cells were isolated from cerebral
cortices of male or female 5-week-old Sprague-Dawley rats ( Jan-
vier Labs, Le Genest-Saint-Isle, France) and were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium as
previously described.39 The animal procedures used in this study
conformed to the EU Directive 2010/63/EU for animal experiments
and were approved by the Animal Care and Use Committee at the
Lyon Neurosciences Research Center.

To measure the transfer of PRG4 across endothelial monolayers,
brain endothelial cells were plated in quadruplicate on Transwell
polycarbonate membranes (pore size, 0.4 lm; cell growth area,
1.12 cm2) from Costar (Corning Life Sciences, Hazebrouck, France).

We first determined whether PRG4 has an effect on the in-
tegrity of endothelial monolayers. To this end, the flux of 14C-
sucrose, a paracellular permeability marker, across endothelial
monolayers was measured.40 rhPRG4 in DMEM/F12 medium
containing 0.1% BSA was added to the blood (luminal) com-
partment at the concentration of 15, 150, or 1200 lg/mL, and cells
were incubated for 2 h. Control cells (without rhPRG4) were
treated in a similar manner. The flux of 14C-sucrose was measured
during the last 20 min of the incubation period. Samples from the
acceptor and donor compartments were analyzed for the content
of 14C-sucrose by liquid scintillation counting, and the perme-
ability coefficient for sucrose (Pe) was calculated as previously
described.40

Transfer of PRG4 across endothelial monolayers and its pu-
tative saturability were evaluated in the luminal-to-abluminal
direction. rhPRG4-FITC was added to the culture media to
achieve the concentration of 15 or 150 lg/mL, or was mixed with

unlabeled rhPRG4 in the 1:8 proportion, so that the final con-
centration of total rhPRG4 amounted to 1200 lg/mL. Cells were
incubated for 2 and 3.5 h, and concentrations of rhPRG4-FITC
were measured in the acceptor and donor compartments. Clear-
ance curves across the cell-filter system were generated as pre-
viously described.40

Measurement of blood–brain barrier permeability
to proteoglycan 4 in injured rats

For the BBB permeability studies, rats had their femoral vein
and artery cannulated at one side of the body for the tracer/marker
injection and collection of serial blood samples, respectively.
This was completed shortly before the time point post-TBI (4–
24 h) at which the permeability measurements were done and
required additional anesthesia (i.p. pentobarbital sodium). We
first measured the permeability of the BBB to fluorescein-
conjugated dextran of 70 kDa, at 4, 6, and 24 h post-TBI. Dextran
(70-kDa) was injected i.v. at 2 mg/kg and was allowed to circu-
late for 30 min. Serial arterial blood samples were collected at 1,
3, 5, 10, 15, 20, and 30 min after injection, and plasma was iso-
lated by centrifugation. At the end of a 30-min circulation period,
the marker was washed from the vasculature by transcardial
perfusion with 200 mL of ice-cold 0.9% NaCl. This effectively
removed the residual marker from brain vasculature, as judged by
undetectable levels of 70-kDa dextran in cortical samples col-
lected from uninjured rats that underwent the same procedures.
BBB permeability to PRG4 was measured at 4 and 24 h post-TBI.
rhPRG4-FITC was injected i.v. at 3 mg/kg and was allowed to
circulate for 40 min. Arterial blood samples were collected as
described for 70-kDa dextran with additional sample being col-
lected at 40 min after rhPRG4-FITC injection.

After the transcardial perfusion with ice-cold 0.9% NaCl, cor-
tical and hippocampal samples were quickly collected, weighed,
homogenized in 10 volumes of 1% Triton X-100 (Sigma-Aldrich,
St. Louis, MO) in 50-mM phosphate-buffered saline (PBS) and
centrifuged to obtain supernatant for further analysis. Plasma data
were fit to the biexponential equations using a nonlinear regression
analysis (SigmaPlot software; Systat Software, Inc., San Jose, CA).
The BBB permeability surface area product (PS) for PRG4 and
70-kDa dextran was calculated as previously described.41

The assessment of recombinant human proteoglycan
4 stability in injured rats

To evaluate the short-term stability of rhPRG4 in the injured
cortex and plasma, rhPRG4-FITC was injected i.v. (3 mg/kg) at 4
or 24 h post-TBI, and 40 min later rats were perfused transcar-
dially with 200 mL of ice-cold 0.9% NaCl. Samples of the ipsi-
lateral cortex were collected and processed using isotonic lysis
buffer (see below). Blood samples were collected before initiating
the transcardial perfusion and plasma was isolated by centrifu-
gation. For comparison, rhPRG4-FITC was also administered to
intact animals. To examine the long-term stability of rhPRG4, rats
were injected i.v. with rhPRG4-FITC (3 mg/kg) at 4 h post-TBI
and were euthanized at 24 or 48 h after injury. Two rats per
group/time point were used. Cortical and plasma samples were
run on the SDS/polyacrylamide gels (4–12%) under non-reducing
conditions, and the gels were analyzed using the Bio-Rad Gel
Documentation System.

Enzyme-linked immunosorbent assay

Concentrations of rhPRG4-FITC and fluorescein-conjugated
dextran of 70 kDa were measured using fluorescein/FITC sand-
wich ELISA developed by our group. In brief, 96-well microplates
were first coated (overnight) with the capture antifluorescein goat
antibody. After blocking with 1% BSA at room temperature
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(45 min) and incubation (1 h) with appropriately diluted samples,
microplates were incubated for 1 h with biotinylated goat anti-
fluorescein detection antibody, followed by a 20-min incubation
with streptavidin-conjugated horseradish peroxidase (diluted
1:200; R&D Systems, Minneapolis, MN). The color reaction was
developed for 2 min using the Substrate Reagent Pack from R&D
Systems, and it was stopped with 2 N of H2SO4. The microplate
reading was performed at 450 nm with a correction for microplate
uniformity at 540 nm. The dynamic ranges of these assays (the
range of concentrations within the linear part of the log-log plot)
were 0.01–1.00 and 0.1–5.0 ng/mL for rhPRG4-FITC and 70-kDa
dextran, respectively. The intra- and interassay coefficients of
variability for the rhPRG4-FITC assay were 3.1 and 4.4%, re-
spectively, whereas those for the 70-kDa dextran assay were 2.8
and 3.9%, respectively.

Western blotting

At 6, 24, and 48 h post-TBI, rats were anesthetized (i.p. pento-
barbital sodium) and were transcardially perfused with 200 mL of
ice-cold 0.9% NaCl. Cortical samples were quickly collected and
proteins were extracted using isotonic lysis buffer (150 mM of
NaCl, 50 mM of Tris-HCl [pH 7.4], 2 mM of ethylenediaminete-
traacetic acid, 0.1% SDS, 0.5% sodium deoxycholate, and 1%
Triton X-100), containing protease inhibitors (1 mM of benzamidine,
100 U/mL of aprotinin, 20 lg/mL of antipain, 20 lg/mL of leupeptin,
1 lg/mL of pepstatin A, and 1 mM of phenylmethylsulfonyl fluoride)
and phosphatase inhibitors (10 mM of sodium pyrophosphate,
1 mM of sodium orthovanadate, 1 mM of sodium fluoride, and
1 mM of b-glycerophosphate). Proteins were resolved with
SDS/polyacrylamide gel (4–12%) electrophoresis under re-
ducing conditions and were transferred onto 0.2-lm nitrocel-
lulose membranes (ThermoFisherScientific). After blocking
with 5% ECL Advance Blocking Reagent (GE Healthcare,
Little Chalfont, UK) for 1 h at room temperature, membranes
were incubated with primary antibodies overnight at 4�C.
Membranes were subsequently incubated with horseradish
peroxidase–conjugated antirabbit, -mouse, or -goat antibody for
2 h at room temperature.

For detection, Lumigen TMA-6 (Lumigen, Southfield, MI) or
SuperSignal West Dura extended duration (Pierce, Rockford, IL)
chemiluminescence substrate and the Bio Imaging System Chemi
Genius2 (Syngene, Frederick, MD) were used. In the analysis of
optical density of the bands on immunoblots, levels of CD68,
CLDN5, and albumin were normalized to the levels of b-actin,
whereas levels of phosphorylated IKKa/b and ERK1 were normal-
ized to the levels of total phosphorylated and non-phosphorylated
forms of these proteins. This analysis was performed using ImageJ
software (http://rsb.info.nih.gov/ij/).

Real-time reverse-transcriptase polymerase
chain reaction

Similar to the western blot analysis (see above), at pre-
determined time points (6 h and 1, 3, and 7 days) post-TBI, rats
were anesthetized and were transcardially perfused with 200 mL of
ice-cold 0.9% NaCl. Cortical samples were quickly collected and
total RNA was isolated using NucleoSpin RNA II Kit (Macherey-
Nagel, Düren, Germany). First-strand complementary DNAs were
synthesized using oligo(dT)20 primer (50 pmol) and 200 U of Su-
perScript IV reverse transcriptase. The 20-lL reverse-transcription
reactions also contained 40 U of RNase inhibitor RNaseOut. For
each reaction, 1 lg of total RNA was used and the reactions were
carried out for 30 min at 50�C. Polymerase chain reaction (PCR)
was performed in Mastercycler EP Realplex2 (Eppendorf, Ham-
burg, Germany) using TaqMan chemistry.

The following primers and TaqMan probes were used for
TLR4: 5’-GCCAGGATGATGCCTCTCT-3’ (forward primer), 5’-

AGGGATTTTGCTGAGATTCTG-3’ (reverse primer), 5’-CATT
GTTCCTTTCCTGCCTGAGACC-3’ (probe); CD44: 5’-TCAA
GTGGGAATCAAGACAGTG-3’ (forward primer), 5’-TTCTCC
TACTGTTGACAGCAATG-3’ (reverse primer), 5’-CCACAAC
TTCTGGTCCTGCGAGG-3’ (probe); LGALS3: 5’-AGAACAAC
AGAAGAGTCATCGTG-3’ (forward primer), 5’-TTGACCGC
AACCTTGAAGT-3’ (reverse primer), 5’-CAACACGAAGCA
GGACAATAACTGGG-3’ (probe); and PRG4: 5’-GTGCCCAT
CAAAGCCTCTT-3’ (forward primer), 5’-GCGTAGTAATCAT
AGCCGTCA-3’ (reverse primer), 5’-TTCCTCCACAATGAAGT
CAAAGTGAGC-3’ (probe). Peptidylprolyl isomerase A/cyclophilin
A (PPIA) was used for normalization of the data obtained.38 The
25-lL PCR reaction mixtures contained 0.2 mM of mixed 2’-
deoxynucleoside 5’-triphosphate, 0.2 lM each primer, 0.1-lM
TaqMan probe, 5 mM of MgCl2, 1 U of HotStart Taq DNA poly-
merase, and 1/40 of the reverse-transcription reaction product. For
PPIA, 1/1000 of the reverse transcription reaction product was
used. The reaction mixtures were heated to 95�C for 15 min and
were then subjected to 45 cycles of denaturation (94�C, 15 sec) and
annealing/extension (60�C, 60 sec).

Evaluation of neuronal death in the injured brain

Rats received a single i.v. injection of rhPRG4 at 5 mg/kg or
vehicle (0.9% NaCl) at 1 h post-TBI, and 10 weeks later were
anesthetized (i.p. pentobarbital sodium) and transcardially perfused
with 200 mL of ice-cold 0.9% NaCl, followed by 200 mL of 10%
formalin in PBS. Brains were sectioned at 100 lm in the coronal
plane using a vibrating microtome. Sections were mounted on glass
slides, stained using a standard thionin staining protocol for Nissl
substance, and cover-slipped using DPX mounting medium.
A Stereo Investigator (MBF Bioscience, Williston, VT) system for
stereology, paired with an Olympus BX53 microscope (Olympus,
Waltham, MA), was used to trace the somatosensory cortices
(barrel fields and upper lip region; bregma -0.8 to -3.7 mm)42 in
the ipsi- and contralateral hemispheres across five serial sections
for each rat.

Stereo Investigator’s optical fractionator workflow was used to
perform neuronal cell counts within the traced areas of interest.
Neuronal cell counts were performed using a 100 · oil lens with
fractionator counting frames set at 50 · 50 lm and grid size of
1200 · 1200 lm reflecting the distribution of counting zones within
the traced area of interest. This system was utilized to ensure un-
biased, systematic random sampling of neurons within the region of
interest. The estimated number of neurons within the region of
interest was calculated using the Stereo Investigator software,
which accounted for mean section thickness, the traced area of
interest, and the number of neuronal counts within each counting
frame (site).

Statistical analysis

For statistical evaluation of data, one- or two-way analysis of
variance was used, followed by the Dunnett or Newman-Keuls test
for multiple comparisons. Results are presented as mean val-
ues – SEM. p £ 0.05 was considered statistically significant.

Results

Post-traumatic upregulation of cortical messenger
RNA for putative targets for proteoglycan 4

Our previous in vitro studies31,33 have suggested that TLR2/4

and CD44 are the targets for PRG4 in the injured brain. Using

reverse-transcription PCR (RT-PCR), we determined whether

TBI has an effect on expression of these receptors in the injured

cortex. The expression of both TLR4 and CD44 in sham-injured
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rats was low, but it increased rapidly after TBI, with the TLR4

expression continuing to be highly upregulated for at least 1 week

after injury, and the CD44 expression reaching a peak at 1–3 days

post-TBI and then decreasing at 7 days after injury (Fig. 1). The

cortical message for TLR2 was found to be upregulated after TBI

as well (data not shown). We also investigated whether the cor-

tical expression of endogenous ligands for these receptors, such

as LGALS3,23 would also be upregulated after TBI. The cortical

expression of LGALS3 increased rapidly after TBI, peaking at 3

days after injury. Interestingly, we found that PRG4 is expressed

in the cerebral cortex and that its message increased *5-fold at

1 day post-TBI.

Biological activity of fluorescein isothiocyanate–labeled
recombinant human proteoglycan 4

To determine whether labeling with FITC affected the biological

activity of rhPRG4, we used a bioassay based on the human brain

endothelial cell line, hCMEC/D3.37 These cells express TLR4,43 and

we examined whether the presence of FITC had an effect on rhPRG4’s

ability to inhibit the LPS-induced activation of TLR4. Changes in

synthesis of IL-6 were monitored as the assay readout given that the

promoter region of the IL6 gene has a putative binding site for nuclear

factor kappa B (NF-jB),44 a transcription factor activated by TLR4.45

These experiments demonstrated that FITC-labeled rhPRG4 had full

FIG. 1. Post-traumatic changes in cortical mRNA for TLR4, CD44, LGALS3, and PRG4 as assessed by real-time RT-PCR. LGALS3
represents an example of endogenous ligands for TLRs and/or CD44 released/produced after neurotrauma. Peptidylprolyl isomerase
A/cyclophilin A (PPIA) was used for normalization of the data obtained. *p < 0.05; **p < 0.01 for injured cortex versus sham (n = 4 per
group). CD44, cluster of differentiation 44; LGALS3, galectin 3; mRNA, messenger RNA; PRG4, proteoglycan 4; RT-PCR, reverse-
transcription polymerase chain reaction; TLRs, Toll-like receptors.
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biological activity, which was indistinguishable from that observed

for unlabeled rhPRG4 (Supplementary Fig. S1B).

Transport of proteoglycan 4 across
the blood–brain barrier

An important question that we initially asked was whether PRG4

can cross the BBB. If so, PRG4 would not only target the BBB and

circulating inflammatory cells (see below), but could also reach

brain parenchymal cells, such as microglia, which express TLRs

and CD44.46,47 To this end, the in vitro BBB model was used and

the transfer rate of FITC-labeled rhPRG4 across brain endothelial

monolayers was measured. The endothelial monolayers expressed

TLR2, TLR4, and CD44 (data not shown) and exhibited low per-

meability to sucrose (Pe = 0.16 – 0.03 lLmin-1cm-2). PRG4 had no

effect on the integrity (paracellular permeability) of endothelial

FIG. 2. Transport of PRG4 across the BBB. (A) Transport of PRG4 across brain endothelial monolayers. In these experiments, the
in vitro BBB model based on primary cultures of rat brain endothelial cells was used. Transfer of PRG4 across endothelial monolayers and
its putative saturability were evaluated in the luminal-to-abluminal direction. FITC-labeled rhPRG4 was added to the culture media to
achieve the concentration of 15 or 150 lg/mL, or was mixed with unlabeled rhPRG4 in the 1:8 proportion, so that the final concentration of
total rhPRG4 amounted to 1200 lg/mL. Note that at concentrations of 15 and 150lg/mL, PRG4 was transported across monolayers at
similar rates. However, the clearance rate of PRG4 fell sharply when its concentration was increased to 1200 lg/mL, indicating that PRG4
crosses the BBB through a saturable transport system. **p < 0.01 compared to the preceding time point; {{p < 0.01 compared to 15 or
150 lg/mL (n = 3–4 per group). (B) Permeability of endothelial monolayers to 14C-sucrose. Under control conditions, monolayers exhibited
low permeability to sucrose (Pe = 0.16 – 0.03 lLmin-1cm-2). Note that after a 2-h incubation, PRG4 had no effect on the integrity
(paracellular permeability) of endothelial monolayers, except when the highest, supratherapeutic concentration (1200lg/mL) of rhPRG4
was used, which caused a small increase in permeability to sucrose amounting to 138 – 10% of control value. *p < 0.05 compared to control
(n = 3 per group). (C) BBB permeability to PRG4 in injured rats. FITC-labeled rhPRG4 was injected i.v. at 3 mg/kg at 4 and 24 h post-TBI
and was allowed to circulate for 40 min. Note that PRG4 delivery to the brain was facilitated by a post-traumatic increase in permeability of
the BBB (see D). Later, after injury (24 h post-TBI), the efficiency of brain delivery of PRG4 was reduced, which correlated with a
decrease in BBB permeability. (D) Post-traumatic changes in BBB permeability to fluorescein-conjugated dextran of 70-kDa. Dextran (70-
kDa) was injected i.v. at 2 mg/kg and was allowed to circulate for 30 min. **p < 0.01 for the ipsi- versus contralateral cortex/hippocampus;
{p < 0.05; {{p < 0.01 compared to the preceding time point post-TBI (n = 3 per group). I-Cx and C-Cx are the ipsi- and contralateral cortices,
respectively. I-Hip and C-Hip are the ipsi- and contralateral hippocampi, respectively. BBB, blood–brain barrier; FITC, fluorescein
isothiocyanate; i.v., intravenously; PRG4, proteoglycan 4; rhPRG4, recombinant human PRG4; TBI, traumatic brain injury.
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monolayers, except when the highest, supratherapeutic rhPRG4

concentration (1200 lg/mL) was used, which caused a small in-

crease in the permeability to sucrose amounting to 138 – 10% of

control value (Fig. 2B). At concentrations of 15 and 150 lg/mL in

the upper (luminal) compartment, PRG4 was transported across the

monolayers at similar rates (Fig. 2A). However, the clearance rate

of PRG4 fell sharply when its concentration was increased to

1200 lg/mL, indicating that PRG4 crosses the BBB through a

saturable transport system.

In rats sustaining TBI, PRG4 delivery to the brain (Fig. 2C)

was facilitated by post-traumatic increase in permeability of the

BBB (Fig. 2D). Forty minutes after its early post-injury (4 h post-

TBI) administration, PRG4 found in the traumatized cortex was

still in its intact form, although two distinct PRG4 degradation

products of *60 and *12 kDa were also observed (Fig. 3A). The

*12-kDa degradation product may represent the mature peptide

with a theoretical molecular weight of 11.1 kDa.48 Later, after

injury (24 h post-TBI), brain delivery of PRG4 and the proportion

of PRG4 in its intact form relative to its degradation products

found in the injured cortex were decreased. In plasma, a limited

degradation of PRG4 was observed during its 40-min circulation

period (Fig. 3B).

FIG. 3. Degradation of PRG4 in traumatized cortical tissue and plasma. rhPRG4-FITC was injected i.v. at 3 mg/kg to either intact
rats or to rats sustaining TBI at 4 or 24 h after injury, and was allowed to circulate for 40 min. The samples of the ipsilateral cortex
(A) and plasma (B) were analyzed using SDS/polyacrylamide gel electrophoresis under non-reducing conditions. Note the presence of
two distinct PRG4 degradation products of *60 and *12 kDa in the cortex of both intact and injured animals. After its early post-injury
(4 h post-TBI) administration, the significant amount of PRG4 found in the traumatized cortex was still in its intact form; however, when
rhPRG4 was injected later after injury (24 h post-TBI), the proportion of its intact form relative to its degradation products was
decreased. The high-intensity signals observed in the lower parts of the gels result from autofluorescence of phenol red (PR; migrating at
6 kDa) and Coomassie Brilliant Blue G-250 (CCB; 850 Da), which were the constituents of the sample buffer used. Compared to the
cerebral cortex, in plasma, there was very limited degradation of PRG4 observed during its 40-min circulation period. In a separate
series of experiments, rhPRG4-FITC was administered at 4 h after injury, and rats were euthanized at 24 or 48 h post-TBI. Samples of
the ipsilateral cortex (C) and plasma (D) were analyzed as described above. Note the prolonged presence of 60- and 12-kDa PRG4
degradation products in the injured cortex, which may be responsible for protracted biological activity of rhPRG4 observed after its
single injection. In contrast, PRG4 found in plasma at 24 and 48 h post-TBI was highly degraded with multiple degradation fragments
whose molecular weights differed from those of PRG4 degradation products observed in the injured cortex. M indicates protein
standards. On each gel, the data from 2 individual animals for a given time point/experimental conditions are shown. FITC, fluorescein
isothiocyanate; i.v., intravenously; PRG4, proteoglycan 4; rhPRG4, recombinant human PRG4; SDS, sodium dodecyl sulfate; TBI,
traumatic brain injury.
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FIG. 4. Inhibitory effect of PRG4 on post-traumatic activation of NF-jB and ERK1/2 signaling cascades. rhPRG4 was injected i.v. at
1 h post-TBI at doses ranging from 1 to 5 mg/kg. NaCl solution (0.9%) was used as a vehicle. Extent of activation of the NF-jB
signaling pathway in the injured cortex (A) was determined by assessing the level of phosphorylation (p) of IKKa/b on western blots.
Extent of post-traumatic activation of ERK1/2 (B) was assessed based on the level of its phosphorylation. (C) Summary graphs
illustrating the inhibitory effect of PRG4 on post-traumatic activation of IKKa/b and ERK1/2. PRG4 appears to inhibit activity of
ERK1/2 with a higher efficacy than that of the NF-jB signaling cascade. Note that the lowest and highest rhPRG4 doses used (1 and
5 mg/kg) were the most effective in inhibiting post-traumatic activation of ERK1/2, especially at 24 and 48 h post-TBI. *p < 0.05;
**p < 0.01 for rhPRG4 versus vehicle (n = 5–6 per group). ERK1/2, extracellular signal-regulated kinases 1/2; IKKa/b, IjB kinase a/b;
i.v., intravenously; NF-jB, nuclear factor kappa B; p-ERK1/2, phosphorylated ERK1/2; p-IKKa/b, phosphorylated IKKa/b; PRG4,
proteoglycan 4; rhPRG4, recombinant human PRG4; SDS, sodium dodecyl sulfate; TBI, traumatic brain injury.
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The inhibitory effect of proteoglycan 4
on post-traumatic activation of nuclear factor kappa B
and extracellular signal-regulated kinases 1/2,
and the influx of monocytes

PRG4 binds to TLR2/4 and CD44 and interferes with their

signaling.31,33 Given that the NF-jB signaling cascade is one of

the major signal transduction pathways associated with TLR2/445

and ERK1/2 are stimulated by both TLR2/4 and CD44,45,49 we

investigated whether PRG4 inhibits post-traumatic activation of

these signaling pathways. To this end, rhPRG4 was injected i.v. at

1 h post-TBI at doses ranging from 1 to 5 mg/kg, and we analyzed

the cortical tissue samples on western blots at 6, 24, and 48 h after

injury. The extent of activation of the NF-jB signaling pathway

was determined by assessing the level of phosphorylation of

IKKa/b. Compared to vehicle-treated rats, PRG4 significantly

inhibited post-traumatic activation of NF-jB and ERK1/2

(Fig. 4), suggesting that it may interfere with TLR2/4 and CD44

signaling in the injured brain. PRG4 appeared to inhibit activity

of the ERK1/2 pathway with a higher efficacy than that of the NF-

jB signaling cascade. Interestingly, the lowest and highest

rhPRG4 doses used (1 and 5 mg/kg) were most effective in in-

hibiting the post-traumatic activation of ERK1/2, especially at 24

and 48 h post-TBI.

Consistent with these results, and the role of TLR2/4 and CD44

in leukocyte trafficking, PRG4 was found to curtail the post-

traumatic influx of monocytes (Fig. 5). This was evaluated by

assessing the cortical levels of CD68, a monocyte marker. It is

important to note that, similar to its inhibitory effect on post-

traumatic activation of ERK1/2, a single post-injury injection of

rhPRG4 was therapeutically effective (albeit with diminishing ef-

ficacy) in limiting the monocyte influx for at least 48 h after TBI.

The protective effect of proteoglycan 4
on the blood–brain barrier

Neurotrauma is associated with a rapid increase in BBB per-

meability.3 We examined the effect of PRG4 on BBB permeability

by assessing the amount of albumin accumulating in the injured

cortex. Similar to its inhibitory effect on post-traumatic activation

of ERK1/2 and the influx of monocytes (see above), a single in-

jection of rhPRG4 at 1 h post-injury reduced the leakiness of the

BBB for at least 48 h after TBI (Fig. 6A,B). Delayed (4 h post-TBI)

administration of rhPRG4 was also found to be highly efficacious in

restoring normal BBB function after TBI (Fig. 6C). To elucidate the

possible mechanisms underlying this PRG4 action, we investigated

whether PRG4 has an effect on post-traumatic expression of TJ

proteins. In this analysis, we focused on CLDN5 given that this TJ

protein plays a critical role in controlling the permeability of the

BBB.50 Using western blots, we previously showed that expression

of CLDN5 in the injured cortex is reduced during the first 24 h post-

TBI, but it recovers at 48 h after injury (Supplementary Fig. S2B).

PRG4 was found to reverse a decrease in cortical expression of

CLDN5 at 6 and 24 h after injury, but not at 48 h post-TBI

(Fig. 6D), which was consistent with our previous findings.

The neuroprotective effect of proteoglycan 4
in traumatic brain injury

To evaluate the neuroprotective effect of PRG4, we estimated

the number of neurons in the primary somatosensory cortices in the

ipsi- versus contralateral hemisphere. In this series of experiments,

rats received a single i.v. injection of rhPRG4 at 5 mg/kg at 1 h post-

TBI and the neuroprotective effect of PRG4 was assessed 10 weeks

after injury. As expected, the analysis of the ipsi-/contralateral ratio

of a number of neurons in the somatosensory cortex showed a

FIG. 5. Inhibitory effect of PRG4 on post-traumatic invasion of monocytes. rhPRG4 was injected i.v. at 1 h post-TBI at 1–5 mg/kg,
and cortical levels of CD68, a monocyte marker, were assessed using western blots (A). NaCl solution (0.9%) was used as a vehicle.
(B) Summary graph illustrating the inhibitory effect of PRG4 on post-traumatic invasion of monocytes. Note that, similar to its
inhibitory effect on activation of ERK1/2, a single post-injury injection of rhPRG4 was therapeutically effective (albeit with diminishing
efficacy) in limiting the monocyte influx for at least 48 h after TBI. *p < 0.05; **p < 0.01 for rhPRG4 versus vehicle (n = 5–6 per group).
CD68, cluster of differentiation 68; ERK1/2, extracellular signal-regulated kinases 1/2; i.v., intravenously; PRG4, proteoglycan 4;
rhPRG4, recombinant human PRG4; TBI, traumatic brain injury.
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widespread neuronal death in injured, vehicle-treated rats versus

sham-injured animals ( p = 0.05; Fig. 7C). When compared to ve-

hicle, PRG4 did not significantly increase the ipsi-/contralateral

ratio of a number of somatosensory neurons ( p = 0.4); however, this

ratio in TBI rats treated with rhPRG4 did not differ from that found

in sham-injured animals ( p = 0.4), suggesting the possible neuro-

protective effect of PRG4.

Discussion

An important finding of this study is a prolonged upregulation of

message for TLR2/4 and CD44 after injury. Here, the observation

period was limited to 1 week post-TBI; however, based on previous

studies, it is likely that expression of TLR2/4 and CD44 in the

injured brain could be increased for a longer period of time. Indeed,

FIG. 6. Protective effect of PRG4 on the BBB. rhPRG4 was injected i.v. at 1 h post-TBI at 1–5 mg/kg, and cortical tissue samples
were analyzed on western blots at 6, 24, and 48 h after injury. NaCl solution (0.9%) was used as a vehicle. (A) Effect of PRG4 on
BBB permeability was evaluated by assessing the amount of albumin accumulating in the injured cortex. (B) Summary graph illustrating
the inhibitory effect of PRG4 on post-traumatic increase in BBB permeability. Note that a single injection of rhPRG4 at 1 h post-injury
effectively reduced the leakiness of the BBB for at least 48 h after TBI. *p < 0.05; **p < 0.01 for rhPRG4 versus vehicle (n = 5–6 per
group). (C) Delayed (4 h post-TBI) administration of rhPRG4 at 5 mg/kg (n = 6–7 per group) was also highly efficacious in restoring
normal BBB function after TBI. (D) Effect of PRG4 on post-traumatic expression of TJ protein CLDN5 in the injured cortex (n = 6 per
group). Note that PRG4 reversed a decrease in cortical expression of CLDN5 at 6 and 24 h post-TBI. At 48 h after injury, a spontaneous
recovery in CLDN5 expression normally occurs (see Supplementary Fig. S2B), so no effect of PRG4 on cortical CLDN5 expression was
observed at that time point post-TBI. BBB, blood–brain barrier; CLDN5, claudin 5; i.v., intravenously; PRG4, proteoglycan 4; rhPRG4,
recombinant human PRG4; TBI, traumatic brain injury; TJ, tight junction.
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persistent, lasting for months to years, post-traumatic activation of

microglia, the cells that highly express TLR2/4 and CD44, has been

reported.16–18 Given that the post-traumatic increase in brain levels

of putative ligands for TLR2/4 and CD44 also appears to be a long-

lasting phenomenon (see Fig. 1 and Al’Qteishat et al.25), it is rea-

sonable to hypothesize that the therapeutic targeting of these re-

ceptors for an extended period of time post-injury would be

advantageous over acute intervention in TBI.

Using the in vitro model of the BBB, we showed that PRG4 can

enter the brain through a high-capacity, saturable transport system.

Our data indicate that this transport mechanism could easily cope

with both physiological (*2 lg/mL)51 and potentially therapeutic

concentrations of PRG4 in plasma (in rats, plasma levels of rhPRG4

decayed from*200 lg/mL down to*20 lg/mL within 40 min after

its i.v. injection at 3 mg/kg). The nature of PRG4 transport across the

BBB is currently unknown, but, given the size of this protein, it is

possible that this transport involves the TLR4- and/or CD44-

mediated transcytosis of PRG4. Consistent with this idea, the inter-

nalization of rhPRG4 associated with TLR4 or CD44 was observed

in peritoneal Prg4–/– murine macrophages.28 Further, TLR4 and

CD44 are expressed on brain endothelium,43,52,53 and there is con-

vincing evidence that at least TLR4 is located on its luminal side.52,54

In rats sustaining TBI, the PRG4 delivery to the brain, especially

early after injury (4 h post-TBI), was facilitated by post-traumatic

increase in permeability of the BBB (see Fig. 2D). Later, after

injury (24 h post-TBI), the amount of PRG4 delivered to the brain

decreased, which correlated with a decrease in BBB permeability.

It should be noted that PRG4 was partially proteolytically degraded

in the injured cortex, producing two major degradation products of

60 and 12 kDa (see Fig. 3A). This, together with the fact that the

ELISA used to measure the levels of rhPRG4-FITC, could not

differentiate between an intact PRG4 and its degradation products

had an effect on precision of our PS estimates. Whereas the actual

PS values for PRG4 would be difficult, if at all possible, to assess in

injured animals, our observations clearly indicate that PRG4 de-

livery to the brain (especially shortly after injury) is facilitated by

post-traumatic increase in BBB permeability. However, it is im-

portant to note that, thanks to the presence of a high-capacity

transport system for PRG4 at the BBB, this protein may also reach

the parenchymal targets in the areas of the brain where the BBB is

less leaky, but neurons remain vulnerable to secondary injury.

PRG4 potently inhibits post-traumatic activation of NF-jB and

ERK1/2 signaling pathways, which is in line with our previous

observations that PRG4 interferes with both TLR2/4 and CD44

signaling.31–34 PRG4 appeared to have a stronger inhibitory effect

on activity of ERK1/2 than on that of the NF-jB signaling pathway,

and this effect lasted for at least 48 h after a single rhPRG4 injection

at 1 h post-TBI. This protracted inhibitory activity of PRG4 could

be associated with a prolonged presence in the injured brain of its

60- and/or 12-kDa degradation products (Fig. 3C), which may be

biologically active, rather than with its slow elimination from the

circulation. Indeed, PRG4 found in plasma at 24 and 48 h post-TBI

was highly degraded with multiple degradation fragments whose

molecular weights differed from those of PRG4 degradation

products observed in the injured cortex (Fig. 3D). Plasma concen-

trations of PRG4 measured by ELISA were as low as *100 ng/mL

(*1 order of magnitude lower than the reported normal plasma

concentration of PRG4),51 and this value is an overestimation of the

actual levels of intact PRG4 given that the ELISA used could not

distinguish an intact PRG4 from its degradation products.

FIG. 7. Neuroprotective effect of PRG4 in TBI. Rats received a single i.v. injection of rhPRG4 at 5 mg/kg or vehicle (0.9% NaCl) at 1 h
post-TBI, and the neuroprotective effect of PRG4 was assessed 10 weeks after injury (n = 10–12 per group). A Stereo Investigator system
for stereology was used to trace somatosensory cortices in the ipsi- and contralateral hemispheres. (A) Prototypical sample of a single
serial tracing from the somatosensory cortex, including the counting sites. (B) Coronal brain section with the tracing and counting sites
overlay. Scale bar = 1 mm. (C) Ipsi-/contralateral ratio of a number of neurons in the somatosensory cortex. As expected, this analysis
showed a widespread neuronal death in injured, vehicle-treated rats versus sham-injured animals ( p = 0.05). When compared to vehicle,
PRG4 did not significantly increase the ipsi-/contralateral ratio of a number of somatosensory neurons ( p = 0.4); however, this ratio in
TBI rats treated with rhPRG4 did not differ from that found in sham-injured animals ( p = 0.4), suggesting the possible neuroprotective
effect of PRG4. i.v., intravenously; PRG4, proteoglycan 4; rhPRG4, recombinant human PRG4; TBI, traumatic brain injury.
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rhPRG4 was also found to limit the post-traumatic influx of

monocytes for at least 48 h post-TBI after its single injection. The

magnitude of monocyte invasion was evaluated by assessing the

cortical levels of CD68. Whereas this monocyte marker has been

suggested to be also expressed by activated microglia, we have

previously found that, within the first 24–48 h post-TBI, the ma-

jority of CD68-positive cells found in the injured brain represent

invading monocytes.55

The ability of PRG4 to curtail the post-traumatic invasion of

monocytes may be one of the mechanisms underlying the possible

neuroprotective effect of PRG4. Indeed, ample evidence indicates

that monocytes have a detrimental effect on neuronal survival after

TBI.12–15 These inflammatory cells express TLR2/4 and CD44,56,57

and we have previously discovered that PRG4 has the ability to

attenuate the chemotactic response of monocytes to the C-C motif

chemokine ligand 2 (CCL2) chemokine gradient (unpublished

observations). However, given an extensive degradation of PRG4

in plasma observed at 24 and 48 h post-TBI (see above), it is un-

likely that the circulating PRG4 would have a prolonged inhibitory

effect on monocyte influx into the injured brain. Although CCL2 is

considered to be the major chemoattractant for monocytes, the

post-traumatic upregulation of its synthesis in the brain is short

lasting,55 which does not match the time course of monocyte in-

vasion observed after TBI.11 Indeed, we found that PRG4 has no

effect on post-traumatic synthesis of CCL2 in the injured cortex

(data not shown). This suggests that PRG4 may have an effect on

post-traumatic production of other, as yet unidentified, monocyte

chemoattractants that drive the invasion of monocytes for an ex-

tended period of time after injury.11

Brain levels of endogenous TLR2/4 ligands, such as HMGB1,

LGALS3, and TNC, as well as low-molecular-weight fragments

of HA, which also bind to CD44, are elevated after brain inju-

ry.22–25 There is ample evidence obtained in both the in vitro

systems and in vivo models of brain injury, suggesting that these

endogenous TLR/CD44 ligands play important roles in increasing

BBB permeability after TBI.53,58–60 Here, we demonstrate that

PRG4 has a protective effect on BBB, that is, it reduces the

leakiness of the BBB observed after injury even when adminis-

tered with a 4-h delay post-TBI. This suggests that PRG4 could be

therapeutically effective within the time frame that is relevant to

the clinical settings. The significance of this distinctive property

of PRG4 cannot be overstated given that BBB dysfunction ob-

served after TBI not only leads to neuronal death in the acute stage

of injury, but may also cause progressive neurodegenerative

changes in the injured brain and, consequently, neurological

deficits later in life.61

The protective effect of PRG4 on the BBB appears to be, at least

during the first 24 h after injury, associated with PRG4’s ability to

inhibit the post-traumatic degradation of TJ protein CLDN5. PRG4

seems unlikely to act by reversing a decrease in CLDN5 tran-

scription, which occurs shortly after injury. Indeed, we observed a

significant drop in cortical mRNA for CLDN5 at 6 h, but not at 24

or 48 h post-TBI (Supplementary Fig. S2A). In comparison, corti-

cal levels of CLDN5 protein were reduced at 6 and 24 h after TBI

(Supplementary Fig. S2B), and PRG4 prevented these drops in

CLDN5 protein expression (see Fig. 6D). The mechanisms un-

derlying this PRG4 action remain to be determined. TBI results in a

rapid upregulation of expression and/or activity of matrix me-

talloproteinases (MMPs), particularly MMP9,3 which is known to

degrade TJ proteins, including CLDN5.62 However, PRG4 did not

consistently inhibit the post-traumatic increase in cortical expres-

sion of MMP9 (data not shown). Further studies will be needed to

determine the mechanisms underlying the protective effect of

PRG4 on the BBB.

In summary, we demonstrated that PRG4 curtails the influx of

monocytes to the injured brain, which is consistent with its ability

to inhibit activation of TLR2/4 and CD44. We also showed that

PRG4 restores normal BBB function after TBI by preventing the

post-traumatic loss of CLDN5 and that it exerts a neuroprotective

effect in neurotrauma. These findings provide support for thera-

peutic strategies targeting TLRs in TBI.
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