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Abstract Objective: Recent ex-
perimental evidence suggests that
matrix metalloproteinases (MMPs)
are implicated in the pathophysiology
of traumatic brain injury (TBI) by
increasing blood-brain barrier perme-
ability and exacerbating posttraumatic
edema. We examined the acute profile
of MMP-2 and MMP-9 in the plasma
of patients with moderate or severe
TBI and in the brain extracellular
fluid (ECF). Design: Prospective
observational study. Setting: Neu-
rotraumatology intensive care unit

of a tertiary university hospital.
Patients: Twenty patients with mod-
erate or severe TBI were included and
three groups were used as controls:
20 patients with a mild head injury
and normal CT scan, 15 moderate
polytrauma patients without TBI, and
20 healthy volunteers. Interventions:
Plasma samples were collected within
the first 12 h and at 24 h post-injury.
Simultaneous brain microdialysate
and plasma samples were obtained
in four moderate-severe TBI patients

at additional timepoints: 48, 72, and
96 h post-TBIL. Measurements and
main results: Gelatinases (MMP-2
and MMP-9) were measured by
gelatin zymography. A significant
increase in plasma gelatinases was
observed at baseline when compared
with healthy volunteers in the study
group. This early increase was fol-
lowed by a significant decrease at
24 h post-injury. Brain microdialysis
samples presented a similar time
profile as plasma samples for both
gelatinases. Conclusions: High levels
of gelatinases were found in plasma
and brain ECF in the early phase of
TBI, indicating that both local and
systemic trauma-induced upregulation
of gelatinases in the acute phase
might play an important role in the
pathophysiology of TBI and could be
a future therapeutic target.
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Introduction

Traumatic brain injury (TBI) is the leading cause of
death and disability worldwide among the population
under the age of 45 years. Severe TBI is an extremely
heterogeneous and dynamic process where mechanical
injury triggers vascular, metabolic, cellular, and molec-
ular processes known as secondary injuries [1]. Two of
the less understood processes activated by TBI are the
neuroinflammatory response and the increase in vascular
permeability of the blood-brain barrier (BBB). Alteration
in BBB permeability, and consequently brain edema, are
an integral part of the secondary injury process, although
the timing of this dysfunction and the exact mechanisms
involved are still highly speculative.

Matrix metalloproteinases (MMPs), also called ma-
trixins, are a family of more than 20 neutral proteases
that are able to degrade or modify almost all extracellular
matrix (ECM) components, including collagen, laminin,
and proteoglycans [2]. The MMPs and their potential
deleterious effects are tightly regulated at transcriptional
and post-transcriptional levels through proform activation
and by MMP tissue inhibitors (TIMPs) [3]. Two members
of this family have a very specific and marked activity
against gelatin and are termed gelatinases. One enzyme
of 72kDa has been called MMP-2 (gelatinase A), and
the other, a 92-kDa protein, is MMP-9 (gelatinase B).
Both gelatinases specifically degrade type-IV collagen,
laminin, and fibronectin, which are the major components
of the basal membrane of the cerebral blood vessels [4].
The MMPs are secreted as a proenzyme (proMMPs) or
latent inactive form by endothelial cells, astrocytes, and
neurons. These proforms could be activated by a variety
of molecules and its activation plays an important role
in several physiological processes, such as embryonic
development, tissue resorption, and remodeling [2, 5].

Recent evidence shows that MMPs are overexpressed
in several pathological states affecting the brain [6]
and also are involved in the pathophysiology of severe
TBI [7-12]. In vitro studies have demonstrated that
the secretion of gelatinases is significantly increased in
cortical cultures in which mechanical injury has been
simulated [12]. There is also evidence showing that
several inflammatory cytokines, such as interleukin-1f
and tumor necrosis factor-a (TNF-a), induce MMP
overexpression following brain injury, both in astrocytes
and microglial cells [13]. Animal models have shown
that levels of MMP-9 messenger RNA are increased
following TBI, and that in the MMP-9 knockout mice
there is a significant reduction of brain damage after
induced TBI when compared with wild animals [14, 15].
It is currently accepted that the balance between MMP
and TIMP activity determines the net degrading potential
of the ECM. Preliminary clinical studies have shown
increased MMP-9 in the blood of TBI patients [16], and
Horstmann et al. have defined its temporal profile in
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severe stroke [6]; however, in human TBI, data about
the presence of gelatinases in the brain extracellular fluid
(ECF) and their temporal profile, both in plasma and ECF,
are still lacking.

This work focuses primarily on studying the plasma
levels of gelatinases (MMP-2 and MMP-9) in the acute
phase of moderate or severe TBI, and on determining
their temporal pattern in the early phase after injury.
A secondary aim was to study the levels of both enzymes
in the ECF of the injured brain in a selected group of
patients monitored with microdialysis and a 100-kDa
cut-off membrane. To clarify whether the systemic levels
found are a consequence of either the release of gelati-
nases from the injured brain or a systemic brain-induced
inflammatory response, or the result of both mechanisms
combined, we used three different control groups. For
establishing the baseline levels, healthy volunteers,
mild TBI patients without significant polytrauma, and
a normal CT scan and moderate polytrauma patients
without TBI were used. To compare the temporal profile,
a cohort of moderate polytrauma patients without an
associated TBI and a normal CT scan were also used as
controls.

Materials and methods

A prospective study was conducted in patients with moder-
ate or severe TBI (Glasgow Coma Scale score < 13), who
required ICP monitoring and had an Injury Severity Score
(ISS) of < 25[17, 18]. Exclusion criteria included the pres-
ence of severe polytrauma (ISS > 25), any inflammatory
or malignant disease, an age of < 18 or over 65 years, pa-
tients with bilateral unreactive pupils, and patients admit-
ted to hospital more than 12 h after injury. Traumatic brain
lesions were classified according to the Marshall classifi-
cation [19]. The general management of patients with se-
vere or moderate TBI followed a protocol adapted from
the guidelines for the management of severe TBI proposed
by the Brain Trauma Foundation [20, 21]. Corticosteroids
were not used in the treatment of these patients.

Twenty consecutive patients, 5 with a moderate TBI
(GCS 9-13) and 15 with a severe TBI (GCS < 8), were
included in the study. Three groups were used as controls:
mild polytrauma patients (ISS < 25) without associated
TBI and a normal CT scan (15 patients); mild TBI patients
with a GCS of 14 or 15 and a normal CT scan (20
patients); and 20 healthy volunteers.

The study received institutional approval. The Ethics
Committee of Vall d’Hebron University Hospital waived
the requirement for informed consent because blood sam-
ples were collected at the same time as routine extraction
of blood samples were performed in the ICU, and because
of the observational nature of the study. Informed consent
was obtained from all volunteers and patients included in
control groups.
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Microdialysis technique

Brain microdialysis is used routinely in our Neuro-
traumatology Intensive Care Unit in most severe or
moderate TBI patients who require ICP monitoring. The
protocol used for implanting probes and the analytes
routinely monitored at the bedside has been published
elsewhere [22]. In four patients, three of them included
in the study group (moderate or severe TBI patients),
a high-cut-off (100 kDa) cerebral microdialysis catheter
(CMA-71, CMA Microdialysis, Stockholm, Sweden) was
inserted in the less damaged hemisphere in a structurally
normal area identified by CT scan. The exact situation of
the probe was confirmed by a control CT scan. For more
detailed information the reader is referred to the electronic
supplementary material (ESM).

Extraction and processing of blood samples
and brain microdialysates

In the study group, plasma samples from peripheral arte-
rial blood were collected in EDTA-coated plastic tubes at
baseline (within the first 12 h from injury) and at 24 h from
injury. The tubes were kept at room temperature and cen-
trifuged immediately after extraction (3500 rpm for 15 min
at 4°C) and the supernatants stored at —80°C until analy-
sis. In patients monitored by brain microdialysis as well as
plasma and microdialysate samples were obtained with the
following temporal profile: < 12, 24,48, 72, and 96 h from
injury.

In polytrauma control group, samples were collected
using the same time points as in the study group. In mild
TBI and healthy volunteers control groups, only a single
plasma sample was collected for each patient at one time
point per individual and within the first 12 h after injury in
mild TBI patients. In all control groups, plasma was ob-
tained from peripheral venous blood.

Zymographic measurement of gelatinase activity

In both plasma and microdialysate samples, MMP-2 and
MMP-9 were measured by gelatin-substrate zymography
as previously described [23]. In each gel we included
a positive control both for MMP-2 and MMP-9 as an
internal control that permits the comparison of results
among all zymograms. The gelatinolytic zones were quan-
tified using the Kodak 440 imaging system and analyzed
using Kodak 1D image analysis software (Kodak, New
Haven, CT, USA). The intensity of the bands (measured
in arbitrary units) was normalized to that of recombinant
human MMP-9 proform control to allow comparisons
between gels. This assay is able to detect all gelatinase
MMP isoforms. For more detailed information the reader
is referred to the ESM.

Statistical analysis

All variables were introduced into a database created
using Microsoft Excel 2000 (Microsoft, Redmond, WA,
USA) and data was imported to the software package
SPSS 12.0 for statistical analysis (SPSS, Chicago, IL,
USA). Normal distribution was tested using the Kol-
mogorov—Smirnov test. For testing differences in means
among groups the parametric one-way repeated-measures
ANOVA was used with the Bonferroni post-hoc test.
In not normally distributed data, a repeated measures
ANOVA on ranks was used with the Dunn’s post-hoc
test. A paired 7-test was used to compare the differences
between baseline time points and 24-h sample time
points when data was normally distributed, whereas
a Mann—Whitney rank-sum test was used in not normally
distributed data. Statistical significance was established at
p <0.05.

Results

Descriptive data from the TBI study group and the three
control groups are shown in Table 1. Only values for each
gelatinase (MMP-2 and MMP-9) proforms were statisti-
cally analyzed and reported in the text.

MMP-2 and MMP-9 baseline plasma levels

The median MMP-2 baseline plasma levels in the
study group was 2.37 units (range 1.45-3.56), 1.26 for
polytrauma group (range 0.62-3.2), 1.31 for mild TBI
group (range 0.68-2.48), and 1.78 for healthy volunteers
(range 0.73-2.7; Fig. 1). The median values of MMP-2
in the study group were significantly higher than me-
dian baseline levels in all control groups (p <0.05).
No statistically significant differences were detected
in the MMP-2 baseline levels among the three control
groups.

The median for baseline MMP-9 levels in the study
group was 1.68 units (range 0.96-3.54), 1.02 in healthy
controls (range 0.58-1.48), 1.25 in patients with mild
TBI (range 0.51-2.66), and 1.42 in polytrauma pa-
tients (range 0.62-4.24; Fig.2). The median levels of
MMP-9 in the study group were significantly higher
than those in the mild TBI group and in healthy vol-
unteers (p <0.05). Although baseline MMP-9 values
in the study group were higher than in polytrauma
group, these differences were not statistically significant.
Moreover, a statistically significant increase in baseline
MMP-9 levels was found in polytrauma patients when
compared with healthy volunteers (one-way ANOVA,
p=0.017).



Table1l Descriptive data from the TBI study group (moderate-
severe) and control groups. TCDB, Traumatic Coma Databank
classification; EMLesion, evacuated mass lesion; ISS, Injury Sever-

ity Score. Baseline sample: time in hours from injury to the time
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of sample extraction in the first 12 h after injury. Twenty-four-hour
sample: time from injury to blood extraction in samples obtained at
24 h from TBI (in hours). GCS, Glasgow Coma Score

TBI patients Microdialysis Polytrauma Mild TBI Healthy
(study group; patients patients patients volunteers
n=20) (n=4)"° (n=15) (n=20) (n=20)
Age (years) 33 £15° 39£18° 38+ 14% 33 £18° 39+ 13¢%
Gender
Males 16 (80%) 3 (75%) 11 (73.3%) 8 (40%) 12 (60%)
Females 4 (20%) 1 (25%) 4 (26.7%) 12 (60%) 8 (40%)
ISS 14.45£4.412 18 £5% 7.6 £ 6% - -
TCDB DI type II: 15 Patient 1: DI type II
DI type III: 2 Patient 2: DI type II
DI type IV: 1 Patient 3: DI type III - DI type I -
EMLesion: 2 Patient 4: DI type II
GCS Patient 1: 9
Patient 2: 10
7+ 3% Patient 3: 4 15 15 15
Patient 4: 4
Baseline sample Plasma: 7 £ 1*
6£3% Microdialysis: 9.5 £ 4.9% 7.6+£3.2% 5.07 £3.68% -
24-h sample Plasma: 24
24+ 142 Microdialysis: 24.9 1?2 25+ 1.6* - -
4 Data is presented as the mean £ SD
b Patients 1, 3, and 4 also belong to the TBI study group
Fig.1 Box-and-whisker plots 5 5
for plasma MMP-2 proform
levels at baseline and at 24 h
post-injury in the TBI study ] M M P-z
group and in the polytrauma
without TBI control group. 4 4 ° S - 4
Baseline plasma levels in the )
mild TBI and in the healthy- =
volunteers control groups are bl -f-
also shown. MMP-2 levels are o &
expressed as ratios that were = 3 L4
calculated by dividing the 2
intensity of each band by the 2 L
MMP-9 proform control in the E L
same zymogram S
g- 2 -?- 0 L 2
o
s | T 7
S
- - P
[ ]
0 I L 1 ] ] 1 0

Baseline 24 hrs

—

Severe-Moderate TBI

Baseline 24 hrs

Polytrauma

Mild TBI Healthy
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Temporal profile of plasma MMP-2 and MMP-9

MMP-2 plasma levels showed a mild but statistically
significant decrease in the study group at 24 h after injury
compared with baseline levels (p <0.05); however, the
levels at 24 h after injury remained higher than the levels
in all the control groups (Fig. 1). The differences found in
the levels of MMP-2 at 24 h and the median of the baseline
levels in polytrauma patients (1.61) were not statistically
significant (p =0.59).

MMP-9 plasma levels in the study group significantly
decreased at 24 h after injury from a median of 1.68 to
1.41 (paired #-test, p < 0.001; Fig. 2); however, these levels
still remained elevated at 24 h from injury when compared
with healthy volunteers. In the polytrauma group, baseline
levels also tended to decrease at 24 h (range 0.56-1.13),
but this trend was mild and not statistically significant.
Cleaved forms, when detected in plasma samples, showed
a similar pattern and time profile to those of proforms for
both gelatinases.

Brain extracellular levels of gelatinases

Table 1 summarizes clinical and demographic data of the
four patients monitored with brain microdialysis. Micro-
dialysis samples were matched with plasma samples.
Gelatinase levels in ECF samples presented a time
profile similar to that of plasma samples both for MMP-2

and MMP-9, with higher values at the first evaluation and
a spontaneous decrease over time, except for patient 2
(Figs. 3, 4). In this patient, brain ECF MMP-2 levels
at 96 h where close to those of baseline. Moreover, an
increase in plasma MMP-9 levels was observed at 48 h
post-TBI. Due to the small sample size, no definite
conclusions can be extracted from these data.

Discussion

Emerging evidence suggests that neuroinflammation,
traditionally considered a secondary factor, actually plays
a major role in the pathophysiology of TBI, and when up-
regulated it might be a secondary insult that occurs at the
very early stages after injury. There is robust evidence that
protease systems become dysregulated after stroke and
TBI. In the introduction to their seminal work on MMPs,
Parks and Meacham stated that “...aberrant regulation of
MMP production is thought to be a primary mechanism
contributing to disease progression and injury” [24].
Gelatinases target mainly the BBB, damaging its struc-
tural integrity, and altering its permeability, allowing
leukocytes to migrate from the blood to the brain tissue
and facilitating the formation of brain edema [25-27].
MMP-9 is increased in the plasma of acute stroke
patients and its levels have shown a good correlation with
neurological outcome [28, 29]; however, the role of gelati-
nases in TBI is still relatively unexplored. We observed

Fig.2 Box-and-whisker plots
for plasma MMP-9 proform
levels at baseline and at 24 h
post-injury in the TBI study
group and in the polytrauma
without TBI control group.
Baseline plasma levels in the
mild TBI and in the healthy-
volunteers control groups are
also shown. MMP-9 levels are
expressed as ratios that were
calculated by dividing the
intensity of each band by the
MMP-9 proform control in the
same zymogram

MMP-9 proform level (as ratio)

1

.

MMP-9

1 T =

-

0 T T
Baseline 24 hrs

I

Severe-Moderate TBI

]
Baseline 24 hrs Mild TBI Healthy

Polytrauma
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Fig.3 Temporal profile of 5 5
MMP-2 (a) and MMP-9 (b)
levels in brain microdialysates in
the four patients who underwent
high-resolution microdialysis. 4 MMP-2 L 4
Each line represents asingle °
patient. The hours from injury to &
sample extraction are shown on =
the x-axis g 3 L 3
§ Patient 3w -
X
[
= . Patient 2 /// N
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a significant increase in plasma levels in both gelatinase
proforms (MMP-2 and MMP-9) in the very acute phase
of moderate and severe TBI. Gelatinase levels decreased
during the first 24 h after injury, suggesting a burst of early
systemic inflammatory response induced by the traumatic
event. MMP-9 levels remained elevated at 24 h post-TBI
when compared with healthy controls, although a clear
trend towards normalization was observed. Moderate
polytrauma also induced an early systemic overexpression

of gelatinases, but not so marked as in moderate and
severe TBI. A similar pattern was found in the MMP-2
proform, but our data also suggest that MMP-2 plays
a more selective role than MMP-9 in the acute phase of
TBI. MMP-9 levels decreased at 24 h from injury, both
in polytrauma patients without brain injury and in TBI
patients; however, MMP-2 levels remained elevated only
in the study group. Whether or not this overexpression
could follow a biphasic pattern, with later increases after
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Fig.4 The CT scan 24 h after
injury and the MMP-2 and
MMP-9 time profiles in both
brain microdialysates and
plasma in patient 2. Values are
shown superimposed on bands.
Molecular weights are shown on
the left side of the zymogram.
Plasma and microdialysate
extraction hours from injury are
shown at the top of the zymo-
grams. proMMP-9, MMP-9
proform form; proMMP-2,
MMP-2 proform form;
cleMMP-9, MMP-9 cleaved
form

24 hours CT Scan

the early decrease, is not known yet and will require
further studies; however, in patients in whom the plasma
levels were monitored for 96 h, this was not the general
tendency (Figs. 3, 4).

The initial increase of both gelatinase levels and the
spontaneous reduction found in our study is an intriguing
phenomenon. Suehiro et al. observed a similar pattern and
attributed it to the use of moderate hypothermia in their
patients [16]. We did not induce hypothermia in any of our
patients, but the observed temporal MMP decline was sim-
ilar to that shown by Suehiro’s group [16].

The most relevant information provided by our study
is that both gelatinases could be detected by high-cut-off
microdialysis membranes in the brain ECF, showing that
gelatinase release occurs not only systemically but also
locally in the brain. The present study also shows, for
the first time to our knowledge, an increased level of
MMP-2 and MMP-9 in brain ECF following human TBI.
The time profile of the brain ECF followed a similar pat-
tern to that of plasma; thus, an increase of gelatinase levels
in the early phase of TBI was found with a spontaneous
decrease 24 h after injury. However, MMP-9 appeared to
be more overexpressed than MMP-2. This information is
important because in our study we targeted structurally
normal brain tissue. Consequently, it can be expected
that probes placed close to damaged brain (contusions,
ischemic lesions, etc.) can have a higher overexpression
of both gelatinases. This information cannot be neglected
because it shows that even macroscopically normal areas
of the brain have an inflammatory response to injury that
can contribute to the pathophysiology of both focal and
diffuse brain lesions.

We know that both intra- and extracellular edema
coexist in different phases of TBI, but the nature of the
alterations in the BBB permeability after injury and the
timing of such a disorder is still a mystery. Several exper-
imental studies have shown a close relationship between

Gelatin zymographies

48 72 9
287 PRSI g proMMP-9

<« proMMP-9
« cleMMP-9

Plasma

high MMP levels in brain parenchyma and increased BBB
permeability in brain ischemia [30-34]. Furthermore,
this association has been found recently in experimental
TBI models. Shigemori et al. showed a strong association
among MMP-9 levels, the BBB opening, and brain edema
formation after cortical contusion in rats [35].

An additional question to answer is which cells pro-
duce gelatinases in the injured brain. Endothelial cells,
microglial cells, astrocytes, and even neurons can secrete
gelatinases after simulated mechanical injury in vitro [12].
Another potential source for MMPs are leukocytes en-
tering the brain across the BBB [36]. In tissue samples
obtained from patients who died from ischemic stroke,
Rosell et al. found that MMP-9 was mainly located around
blood vessels together with the presence of perivascular
immunoreactive neutrophils [23].

From a therapeutic perspective, emerging preliminary
results in experimental models have shown that pharmaco-
logical blockage of the extracellular regulated protein ki-
nase can reduce MMP-9 levels and attenuate brain edema
and tissue damage in mice [9]. Moreover, in a rat model
of TBI it has been shown that hyperbaric oxygen reduces
the expression of MMP-9 in the acute phase of TBI [37].
If these data were confirmed in humans, the opportunity
for pharmacological blocking of this pathway involved in
protease upregulation would exist.

Limitations of the study

There are two main limitations to our study: (a) its sample
size, and the reduced number of samples obtained by high-
resolution microdialysis; and (b) the pure observational na-
ture of the study that prevented any correlation analysis
from being conducted between the levels of plasma gelati-
nases and patient outcome. The goal of the study was not
to predict outcome, and therefore it was underpowered in



establishing this type of correlation. A further limitation is
that our study was focused on understanding the early dys-
regulation of gelatinases after TBI. It is generally accepted
that gelatinases also have an important role in repairing
brain damage; in fact, upregulation late after injury can be
a necessary response and has a beneficial effect on the nat-
ural healing process of the injured brain [38]. In addition,
TIMPs were not evaluated. In future studies it would be
necessary to study the balance between MMPs and their in-
hibitors to establish whether the increased levels of gelati-
nases depend on gelatinase production alone or are also
influenced by the modulation of their activity by TIMPs.

Conclusion

In conclusion, high levels of MMP-2 and MMP-9 in
plasma and in brain ECF were detected in the very early
phase of TBI in the non-damaged brain. This suggests an
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early upregulation of both systemic and brain gelatinases
after mechanical brain injury. Gelatinase overexpression
seems to be an unspecific reaction to injury and might
be implicated in the disruption of the BBB and in the
production of brain swelling after human TBI. If our
preliminary findings are confirmed in larger studies,
these results may open a whole new avenue for TBI
patients for whom modulation of both local and systemic
trauma-induced early upregulation of gelatinases could be
a future therapeutic target.
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