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Abstract

OBJECTIVE—Traumatic brain injury (TBI) causes elevation of matrix metalloproteinases
(MMPs), which are associated with neuroinflammation, blood-brain barrier (BBB) disruption,
hemorrhage and cell death. We hypothesized that patients with TBI have an increase in MMPs in
the ventricular cerebrospinal fluid (CSF) and plasma.

METHODS—Patients with TBI and a ventricular catheter were entered into the study. Samples of
CSF and plasma were collected at the time of catheter placement, and 24 and 72 hrs after admission.
Seven TBI patients were entered into the study with six having complete data for analysis. Only
patients that had a known time of insult that fell within a six hour window from initial insult to
ventriculostomy were accepted into the study. Control CSF came from ventricular fluid in patients
undergoing shunt placement for normal pressure hydrocephalus (NPH). Both MMP-2 and MMP-9
were measured with gelatin zymography and MMP-3 with Western immunoblotting.

RESULTS—We found a significant elevation in the levels of the latent form of MMP-9 (92-kDa)
in the CSF obtained at the time of arrival (TOA) (p<0.05). Elevated levels of MMP-2 were detected
in plasma at 72 hours, but not in the CSF. Using albumin from both CSF and blood, we calculated
the MMP-9 index, which was significantly elevated in the CSF, indicating endogenous MMP
production. Western immunoblots showed increased levels of MMP-3 in CSF at all times measured,
while MMP-3 was not detected in the CSF of NPH.

CONCLUSIONS—We show that MMPs are elevated in CSF of TBI patients. Although the number
of patients was small, the results were robust and clearly demonstrated elevations of MMP-3 and
MMP-9 in ventricular CSF in TBI patients compared to controls. While these preliminary results
will need to be replicated, we propose that MMPs may be important in BBB opening and hemorrhage
secondary to brain injury in patients.
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Introduction

Traumatic brain injury (TBI) in the United States is a major public health problem, resulting
in severe disability in an estimated 80,000 to 90,000 people (14). Studies suggest that an
inflammatory response around the site of injury leads to progressive grades of cerebral injury.
Several animal models have been used to study the process of TBI, including the fluid-
percussion model and the weight drop models. The initial insult damages neurons and blood
vessels with secondary injury occurring as a result of peri-infarct ischemia and a cytotoxic
neuroinflammatory cascade (9). The ensuing inflammation leads to an increase in matrix
metalloproteinases (MMPs) with an increase in the permeability of the blood-brain barrier
(BBB) (19,32). These studies in animal models suggest that MMPs may play a role in human
TBI.

The MMPs are a gene family of 26 enzymes that are important in normal growth, development,
and wound healing, but also cause BBB disruption, hemorrhage, and cell death in a number of
neurological diseases in which neuroinflammation plays a significant role (33). The MMPs are
secreted as latent enzymes and the activity of the MMPs is tightly controlled to prevent ECM
degradation. (27). Gelatinase A (MMP-2) and gelatinase B (MMP-9), contribute to BBB
damage. In addition, we showed that stromelysin-1 (MMP-3) degrades basal lamina and tight
junction proteins of the BBB (12). MMP-12, which has been detected in humans following
traumatic spinal cord injury, may also be a factor in traumatic brain injury (5). Recently, Vilalta
and colleagues observed significantly elevated levels of proMMP-2 and -9 in the plasma and
brain extracellular fluid of patients with moderate or severe TBI (30). We hypothesized that
TBI patients would have elevated levels of MMPs in the cerebrospinal fluid (CSF). To test the
hypothesis we measured CSF and plasma levels of MMP-2, MMP-9, MMP-3, and
metalloelastase (MMP-12) in patients with severe TBI. Control MMP levels in CSF and plasma
were obtained from ventricular fluid of patients being treated for normal pressure
hydrocephalus (NPH) with ventriculoperitoneal shunt (VPS).

PATIENTS AND METHODS

The University of New Mexico Human Research Review Committee approved the study.
Patients were selected if the time of injury could be ascertained to have occurred within a 6
hour window from insult to ventriculostomy, which was placed for diagnostic and therapeutic
purposes. Patients’ families gave informed consent for the use of the CSF and blood; there
were no additional risks associated with the study beyond standard patient care. Seven TBI
patients with a severe head injury, defined as Glasgow coma scale (GCS) <8 on admission,
and a ventricular catheter were enrolled in the study (29). One patient with incomplete data
was excluded from the data analysis. Four NPH patients that had VVPS placement as part of
their treatment gave informed consent for the collection of CSF from the ventricular catheter
(Table 1). Three paired CSF and plasma samples were collected: at time of ventriculostomy,
24, and 72 hours following arrival. The NPH patients had paired CSF and plasma collected at
the time of VPS placement. Plasma samples were collected into tubes with sodium heparin.
After collection, the samples of CSF and plasma were centrifuged at 3000 rpm for 10 minutes
at 40C and the supernatant was collected, aliquoted, and stored at —80°C.

Initial evaluation

Each patient received an initial clinical assessment, including history of the trauma, time of
occurrence, and results of the condition before arriving in the hospital, demographics, relevant
past medical and surgical history, medications, and family and social history. Physical
examination was performed, which included the Glasgow Coma Scale (GCS) score, cranial
nerve testing, motor and sensory examination, and an initial traumatic survey. Additional
information was obtained after admission when the patient was stable. Basic laboratory data
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was obtained, including a chemistry panel, complete blood count, coagulation studies, and a
urine drug screen. All patients had a computed tomography (CT) scan of the head to assess the
volume, and evolution of the injury.

Indications for intervention

Patients were entered into the study if the GCS was less than 13, a definable contusion and/or
intraventricular hemorrhage was found on neuroimaging, and a ventriculostomy was medically
indicated. Patients were excluded from the study if they had a penetrating head injury, non-
traumatic head injuries, or underlying intracranial lesion or disease. Patients that arrived
without a known duration from time of injury, or if the injury occurred more than six hours
prior to admission were not enrolled in the study.

Samples of CSF were obtained from the ventricular catheters and analyzed for cell count with
differential, protein, albumin, glucose, gram stain with culture, and MMP levels. Similarly,
blood was drawn to measure serum albumin and plasma MMP levels.

We obtained control CSF samples from patients undergoing VPS for NPH. The CSF was
removed at the time of VPS placement for studies as mentioned above. Blood was drawn at
the time of VVPS placement for albumin and plasma MMP measurements. Patients were
excluded if they were thought to have a condition that would lead to elevation of the MMPs,
such as infection, bleeding, or tumor. All controls underwent clinical evaluation and
neuroimaging to exclude these causes of the hydrocephalus. We recognize an inherent
limitation in this study with not having paired CSF collected from NPH control patients beyond
the initial placement for comparison to the TBI CSF at 24 and 72 hours. The procedures in this
study were non-invasive beyond normal patient care and we did not feel the increased risk for
infection was warranted. Of the TBI patients evaluated, Patient 1 developed an infection;
however, its course was not within the time of sample collection (Table 1).

Gelatin-Substrate Zymography for Measurement of MMPs in Plasma and CSF

The levels of MMP-2 and MMP-9 in CSF and plasma were measured by gelatin-substrate
zymography, using methods previously reported (2). Positive controls for human MMP-2 and
MMP-9 were run on every gel to determine molecular weights. Additionally, to control for
between gel differences, samples were run in duplicate across different gels and normalized to
known amounts of MMP-2 and MMP-9 positive controls. Zones of proteolytic activity in
zymograms appear as clear bands against a blue background. Dried gels were scanned
(Duoscan scanner; AGFA Corporation, Ridgefield Park, NJ, USA), and analyzed using
AlphaEase software (Alpha Innotech Corporation, San Leandro, CA, USA). Sample load was
normalized to 10 pl of sample volume.

MMP Indexing

Previous studies in patients with multiple sclerosis have established that the high levels of
MMP-9 in the CSF come from an endogenous source as opposed to delivery from blood. In
the TBI patients, the elevated MMP levels detected could be from endogenous production by
neural tissue or delivery from systemic circulation across a compromised BBB. The MMP
source was determined by indexing the levels of MMP-2 and -9 in the CSF and the blood to
those of albumin. In this regard, proteins transported from the blood to the CSF have a low
index value, while those made in the brain have an elevated index (17). The MMP-2 and -9
indexes are analogous to the IgG index used in the diagnosis of multiple sclerosis. For this
study, we measured MMPs in paired CSF and plasma by zymography and determined their
index values to provide further insight into their sources following TBI.
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The MMP index for MMP-2 and -9 was formed from the measured CSF and serum albumin
levels and the densitometric results of the MMPs in the CSF and the plasma using the equation:

Index = Qmmp/QAlbumin, Where Qummp = MMPcse/MMPpjasma and Qaibumin = CSF Albumin/
Bloodabumin (17).

Fluorometric MMP-3 and MMP-12 Enzymatic Activity

The fluorescence resonance energy transfer (FRET) peptide, 5-carboxyfluorescein (5-FAM)/
QXL520 (catalog no. 60580; AnaSpec Incorporated, San Jose, CA, USA), which is specifically
cleaved by both MMP-3 and MMP-12, was utilized to measure their activity in the CSF and
plasma samples as previously described (6). The intact peptide’s [5-FAM-Arg-Pro-Lys-Pro-
Val-Glu-Nva-Trp-Arg-Lys(QXL520)-NH2] fluorescence of 5-FAM is quenched by QXL520,
however, following enzyme cleavage the fluorescence of 5-FAM is detected at excitation/
emission wavelengths of 490/520 nm. The change in relative fluorescence units was monitored
at 5 min intervals for 1 hr at room temperature using a luminescence spectrometer (Model
LS55; PerkinElmer Instruments, Buckinghamshire, UK) connected to a computer running FL
WinLab software.

Immunoblotting for MMP-3 and MMP-12

Equal volumes of sample were loaded on 10% acrylamide gels for MMP-3 and MMP-12
analysis under reducing conditions. Both a prestained and biotinylated protein marker were
loaded (Cell Signaling Technology Incorporated, Danvers, MA, USA) along with positive
controls for both recombinant human MMP-3 and MMP-12 (R&D Systems Incorporated,
Minneapolis, MN, USA) Following transfer for 1 hr at 100 v, samples were detected with anti-
MMP-3 antibody (0.1pg/ml goat polyclonal; R&D Systems Inc.). The blots were then stripped
and re-probed with an anti-MMP-12 antibody (1:5000 rabbit polyclonal; Abcam Incorporated,
Cambridge, MA, USA). The secondary antibodies included peroxidase-conjugated anti-biotin
(1:2000; Cell Signaling Tech.) and peroxidase-conjugated donkey anti-goat and donkey anti-
rabbit (1:40,000; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The West
Pico Kit (Pierce Biotechnology Incorporated, Rockford, 1L, USA) was used for
chemiluminescent detection of the samples. The bands were densitometrically analyzed and
samples were normalized to equal load volumes of their respective positive controls.

Statistical Analyses

RESULTS

Statistical analyses were performed using the software package, GraphPad Prism (v.4.03, San
Diego, CA, USA). Non-parametric Kruskal-Wallis one-way analysis of variance tests were
performed with Dunn’s multiple comparison post-tests; a Mann-Whitney two-tailed t-test was
performed for the indexing data. Data are expressed as means + standard error of the mean.
Significance was set at P<0.05.

Table 1 shows the clinical characteristics of the TBI patients. Of the seven patients entered into
the study, only six had complete data that could be used for the analyses. The Glasgow Coma
Scale of all the patients ranged from 3T to 7T upon admission, 3T to 10T by 72 hours, and 10T
to 15T at time of discharge from the neuroscience intensive care unit; Marshall Scores based
on CT findings are indicated as well. The Glasgow Outcome Scale and Ranchos Los Amigos
Cognitive Functioning Scale results are shown in the Table along with the CT findings.
Intracranial pressures are indicated for times of initial ventriculostomy placement with a range
of 8 to 29 mmHg, at ventriculostomy removal (4—20 mmHg), and for peak values (14 mmHg
by day 3 and 48 mmHg by day 2) for all TBI patients listed. Because of the small number of
patients, correlation of CSF results with clinical information was not feasible.
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Zymography of the CSF and plasma showed the characteristic bands for MMP-2 and MMP-9,
which are seen in patients with stroke and multiple sclerosis. The 92-kDa band for latent
MMP-9 was present along with the 72-kDa band for latent MMP-2. Quantitative data from the
densitometric measurements of the gels are shown in Figure 1. Matrix metalloproteinase-9 was
presentin all plasma samples and remained unaltered following TBI at all time points compared
to NPH. However, CSF MMP-9 levels were significantly elevated at time of arrival (TOA)
compared to NPH and remained elevated at 24 and 72 hours (Figure 1A, p=0.048). Matrix
metalloproteinase-2 was significantly elevated in the plasma by 72 hours following TBI
compared to NPH (Figure 1B, p=0.026). Levels for MMP-2 in the CSF were not significantly
altered following TBI compared to NPH (Figure 1B).

Calculation of the MMP index suggested endogenous MMP-9 synthesis (Figure 2A, p=0.019).
The MMP-2 index data was not significant with data spread above and below those of the
controls. The data indicate that some patients with the higher index values may have had an
endogenous source of MMP-2 production (Figure 2B).

The fluorogenic assay, which detects activity of both MMP-3 and MMP-12, showed similar
activity in plasmaand CSF for TBl and NPH (Figure 3A, B). The failure to detect active MMP-3
in the samples was further corroborated by the immunaoblots as no detectable lower molecular
weight active bands were measured. When analyzed by Western immunoblot, which detects
both the latent zymogen and active form, only the latent form of MMP-3 was detectable;
MMP-12 was not present in any of the samples analyzed (Figure 4A). The latent form of
MMP-3 was significantly elevated in the CSF of TBI patients at all time points following
trauma compared to NPH controls (p=0.04; Figure 4B). MMP-3 was detected in neither CSF
nor plasma for NPH patients. The presence of MMP-3 during the acute stages of TBI in the
CSF suggests a potential inflammatory role for this protease following trauma.

DISCUSSION

We found increased levels of MMP-9 by gelatin zymography and MMP-3 by Western
immunoblot in the ventricular CSF of patients with severe TBI. Both MMP-3 and MMP-9,
which are inducible enzymes, were significantly increased compared to control NPH CSF. The
constitutively expressed MMP-2 failed to show a significant increase following TBI at all time
points measured. Neither MMP-3 nor MMP-9 was detected in the control CSF, indicating that
the increased levels in the TBI patients were a result of the trauma. Our results, which are the
first to demonstrate MMPs in the CSF after TBI in humans, are consistent with animal TBI
studies demonstrating elevated MMP-3 and MMP-9 in brain tissue after injury. Since MMPs
are elevated in a number of neuroinflammatory conditions, where they contribute to the
secondary injury, these data suggest that MMPs may contribute to tissue damage secondary to
an inflammatory response in TBI.

MMPs have critical roles in regulating the ECM that make them important under normal and
pathological conditions. They are synthesized in a latent form and can be either stored in
inflammatory cells, secreted, tethered to ECM proteins, or the plasma membrane (8). To
prevent unwanted tissue damage, the activity of the MMPs is tightly controlled (27). Regulation
occurs at multiple levels, including gene expression, post-translational processing,
compartmentalization, and inhibition with endogenous tissue inhibitors of matrix
metalloproteinases (TIMPSs) (10). Several MMPs are constitutively expressed, including,
MMP-2, which is normally found in brain and CSF. During inflammation other inducible
MMPs are expressed (7,10,27,34). Transcriptional control of the gelatinases differs for
constitutive and inducible enzymes. Constitutively expressed MMP-2 has an activator
protein-2 (AP-2) site and an SP-1 site in the gene promoter region. While the inducible MMPs,
such as MMP-3 and -9 contain an AP-1 site. In addition, MMP-9 contains a nuclear factor-
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kB (NF-kB) site, adding to its induction during an inflammatory reaction (22). Promoters in
the inducible gene respond to immediate early gene products, c-Fos and c-Jun, and to various
cytokines, such as interleukin-1f and tumor necrosis factor-o (23).

The proteolysis of the ECM by MMPs leads to vasogenic edema, hemorrhage, and cell death
by attacking the basal lamina around blood vessels and disrupting the tight junctions between
endothelial cells (18). MMPs are secreted as latent enzymes that undergo activation by other
proteinases, autocatalytic processing, S-nitrosylation of the thiol group, or activation by
urokinase-mediated plasmin generation (11,24,31). In stroke, MMP-9 is elevated in the brain
and blood of patients at the greatest risk of hemorrhage; it is also found to be elevated in the
blood of patients with intracerebral hemorrhage (1,3,21,26).

In a recent study of arterial and jugular blood in patients with TBI, elevated levels of MMP-9
were found on the day of admission, which correlated with the inflammatory marker,
interleukin-6; they also showed that hypothermia returned the elevated levels to normal (28).
The findings of elevated MMP-9 levels in TBI patient’s jugular blood and the increased risk
for hemorrhage further support a role for MMPs in these injury processes.

Mice deficient in MMP-9 have reduced BBB disruption and attenuated edema and infarct
volume when subjected to transient focal cerebral ischemia (4). A recent study utilizing the
cortical contusion model in rats showed that MMP-9 contributes to BBB disruption and brain
edema; both of which were attenuated by treatment with the broad-spectrum MMP inhibitor,
GM6001 (25). MMP-9 knockout mice also exhibited a significant decrease in motor deficits
after trauma suggestive of its role in injury following injury (32). Expression of MMP-3 was
associated with BBB opening in LPS-induced neuroinflammation (20). Knockout of the
MMP-3 gene resulted in reduced disruption of the BBB with fewer infiltrating neutrophils
(12). Additionally, the findings of elevated MMP-3 mRNA and protein in the hippocampus of
rat after TBI are indicative of a possible role for MMPs in the injury process of cerebral trauma
(13).

Matrix metalloproteinases are found in CSF in neuroinflammation (16). The source of the
MMPs detected in the CSF is controversial. MMPs are produced by circulating leukocytes,
including neutrophils and lymphocytes, which invade the brain during inflammation. However,
neural cells are also responsible for their production. Endogenous production of MMPs in the
central nervous system was shown in patients with multiple sclerosis. This finding was
determined by indexing the levels of MMP-9 in the CSF to that in the plasma, utilizing albumin
in both compartments as a reference, and creating an index similar to that of the IgG index in
multiple sclerosis (17). Using this same approach, we found that the MMP-9 index was
increased, suggesting that the MMP-9 production was the result of endogenous production by
cells in the central nervous system. Intrathecal MMP-9 production was further supported by
the absence of a statistical increase over basal levels of MMP-9 in the plasma at the time the
CSF levels were increased. However, since MMP-9 was detected in the blood, some spill-over
into the CSF cannot be ruled out. In other conditions, such as bacterial meningitis, there is a
closer relationship for the MMPs in the brain to those in the blood, and it cannot be ruled out
that the white blood cells may be a partial source of MMPs seen in the CSF (15). Intrathecal
MMP-3 production is indicated since it was only detected in the CSF of the TBI patients and
was not detected in the blood of the TBI patients or in the blood or CSF of NPH controls.

Our results obtained in this small sample of patients will need to be replicated in larger cohorts,
but the robustness of the data clearly implicates both MMP-3 and MMP-9 in the
pathophysiology of TBI in humans. We found some variability in the timing of the MMP
elevations in the different patients that will need further study, but the highest levels of MMP-9
were found in the initial samples of CSF obtained at the time of arrival. We propose that the
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MMPs identified in the CSF may be indicative of disruption of the BBB. Animal studies have
shown a benefit of broad-spectrum MMP inhibitors in the treatment of TBI, and there was
protection with knockout of MMP-9. If further studies correlate elevated levels of MMPs in
the CSF with disruption of the BBB in humans with TBI, then treatment trials with MMP
inhibitors may be warranted.
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Figure 1.
Levels of MMP-9 and MMP-2 for both cerebrospinal fluid (CSF) and plasma in normal

pressure hydrocephalus (NPH) control patients and traumatic brain injured (TBI) patients from
time of arrival to 72 hours as measured by zymography. (A) The pro-form of MMP-9 (92kDa)
is present in the plasma for NPH and TBI patients at time of arrival (TOA), 24, and 72 hours.
MMP-9 is only significantly elevated at TOA in CSF compared to NPH (p<0.05) with no
change in plasma levels. (B) The pro-form of MMP-2 (72kDa) is up regulated by 72 hours
(p<0.03) in the plasma for TBI but is not significantly elevated in the CSF following TBI.
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Figure 2.

MMP indexing for the evaluation of endogenous brain MMP production as reflected in the
cerebrospinal fluid (CSF) for time of arrival, 24, and 72 hours following TBI compared to NPH
controls. (A) The MMP-9 index is statistically elevated over NPH (p<0.02) and suggests
intrathecal production. (B) The index for MMP-2 is not significantly different from NPH. The
data spread for MMP-2 is suggestive that some patients may have endogenous production.
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Figure 3.

Analysis for the relative fluorescent unit (RFU) activity of MMP-3 and/or MMP-12 using a
FRET peptide that is nonspecifically cleaved by both metalloproteinases. No significant
differences in activity were observed for (A) plasma or for (B) cerebrospinal fluid (CSF) when
comparing normal pressure hydrocephalus (NPH) to the pooled samples of the traumatic brain
injury patients (TBI).
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Figure 4.

Western immunoblotting for MMP-3 and MMP-12 in plasma and cerebrospinal fluid (CSF)
for normal pressure hydrocephalus (NPH) and traumatic brain injured (TBI) patients. (A) The
same blot probed for MMP-3 (top blot) then stripped and re-probed for MMP-12 (lower blot).
A molecular weight (MW) ladder indicates the 60 and 50kDa regions (arrowheads).
Recombinant human MMP-3 (+M3) and MMP-12 (+M12) positive controls were loaded and
indicate the zymogen forms as approximately 55kDa; lower molecular weight species are
present in both positive controls. The zymogen of MMP-3 was only detectable in the CSF of
TBI patients and was not detected in plasma or NPH samples; MMP-12 was not detected in
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any of the samples. (B) Densitometric analysis of the Western blots for MMP-3 indicates
significantly elevated levels at all time points for TBI CSF compared to NPH (p<0.04).

Neurosurgery. Author manuscript; available in PMC 2010 October 1.



Page 15

Grossetete et al.

*ApMs ay1 JO 851N02 8} JaE UOND3JUI U padojansp Em:mn_H

"UonDJeJUI [eIpJRI0AW 0} anp palidxa Em:mn;

"papnjoxa Sem G juaiied
LAinfug feuoxy asnuiq ‘|va ‘eBeyiiowa JejnoLjusAenul ‘HAL ‘BWOIeWaH [eanpgns ‘HAs

‘ewojewsH [einpid3 HAJ ‘abeysiowsH [eigaladeiu] ‘HO| ‘abeylIowsH pPIouyderegns ‘HY'S 100d ‘d ‘818AaS ‘S ‘81eI8POIAl ‘IN ‘P009D) ‘O ‘YIuoIN ‘O :(Aep Aq paredlpul dD1 1seaubiH ‘H ‘[euld ‘4 ‘jeniu|
‘1) BHWW ul ainssald [elueioeaiu| [eniul ‘4o ‘(abaeyasip ‘OQ ‘feAle ‘y (palegniul ‘1) ajedas ewo) mobse|o ‘SO9 ‘usied [01U0D snjeydadolpAH ainssald [eWION ‘HdN ‘ualied ‘1d :Suoleinaiqqy

Neurosurgery. Author manuscript; available in PMC 2010 October 1.

.. YHdAN

4./ EHdN

.. CHdAN

9L THdN
1va 14 14 4 S S S EPrT ¥1 8 107 1€ 1€ [4 N6V A
HAI 'HVS € € € d d d 0TPSC v ¢CT 10T 18 1€ 4 T8 9
Has 0T 0T L 9 9 S ZPOoE ‘02 ‘62 vT'LL'1L € NBC m*
Ha3 1 | 5 i i S ¥P0Z ¢T TT | 10T °18°L9 € INEY v
HOI 6 6 8 B) B) W €P8T 8T ¢CT 1 181/ [4 6T €
HOI paianeds 0T 6 8 B) N N ¢PLE YT 9T ¢l 1.1/ 4 NOC [4
HVS 0T 0T 6 9 9 N P8y ‘2T ‘1T GT ‘10T ‘19 4 INTZC ._”H
ShuIpuig o1bojoIpey OIN9 ONE ONT ON9 | ONE | ONT [Fgo1/7dD1//dD1f0d Uel 'W-SO9OllleysteNpispuss/sby| 1d

[ [pIe9S bUIUORdUNS SAIIUDOD SOPIWY SO'T SOUIUEH[EI03S SWOAINO MORSE[S)

SoNsLIg10RIRYD JUBlRd
T371avl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript




