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Abstract
Background: Increasing evidence suggests seizures cause blood–brain barrier (BBB) dysfunction including
decreased seizure threshold and higher onset potential of future seizures. However, the mechanisms underlying
BBB damage in seizures remains poorly understood. Evidence in human and animal models shows BBB disruption is
associated with activation of matrix metalloproteinase-9 (MMP-9) after cerebral ischemia and inflammation. The
objective of this study was to determine whether MMP-9 concentrations in cerebral spinal fluid (CSF) are associated
with BBB disruption in patients after epileptic seizures.
Methods: Thirty-one patients with generalized tonic-clonic (GTC) seizures were included in the study: 20 had
recurrent GTC seizures (RS), and 11 had a single GTC seizure (SS) episode. Twenty-five adult non-seizure patients
were used as controls. CSF samples were collected by lumbar puncture within 24 h after seizure cessation (range:
3–15 h, mean 6.2 h). CSF MMP-9 levels were determined by an enzyme-linked immunosorbent assay (ELISA). MMP
enzyme activity was measured by gelatin zymography. The CSF/serum albumin ratio (albumin quotient, QAlb) was
used as a measure of blood–brain barrier permeability.
Results: We found significantly higher CSF MMP-9 concentrations in seizure patients compared with controls
(P < 0.001). CSF MMP-9 levels and QAlb values were higher in RS patients compared with SS and controls.
Moreover, CSF MMP-9 concentration showed strong correlation between QAlb values (r = 0.76, P < 0.0001) and
between CSF leukocyte counts (r = 0.77, P < 0.0001) in patients after seizures. Gelatin zymography showed MMP-9
proteolytic activity only in GTC seizure patients.
Conclusions: Our results suggest MMP-9 plays a role in BBB dysfunction, characterized by invasion of leukocytes
into the CSF during seizures.
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Background
The blood–brain barrier (BBB) is the most important
vascular barrier of the central nervous system (CNS).
Due to its unique structure, the BBB limits penetration
of a variety of harmful substances from the blood into
the brain, while also supplying the brain with nutrients
required for proper function. In recent years, animal
models and human clinical data have described a central
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role for vascular integrity, specifically the permeability of
the BBB, as an important mediator of brain damage, including the delayed appearance of neuronal dysfunction
and death [1-4]. Studies show BBB dysfunction is common following traumatic, ischemic or infectious brain
insults, and it may last from several days to weeks and
even years after the acute event [5,6]. Recently, clinical
and experimental data have correlated primary BBB lesions with seizures and epileptogenesis. Experimental
studies have demonstrated a rapid increase in BBB permeability in animals experiencing long-lasting seizures,
especially status epilepticus (SE). Studies in human
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epileptic patients are consistent with the animal data,
showing an increase in BBB permeability during seizures
[7,8]. Pentylenetetrazole-induced seizures cause BBB disruption, allowing permeation of blood-borne large molecules, such as albumin, into the CNS [9,10]. BBB
disruption decreases the seizure threshold and facilitates
the onset of seizures, and it is independent of the fact
that such disruption is associated with or a result of the
seizure itself [11]. The mechanisms underlying the BBB
disruption in seizures and epileptogenesis are not entirely clear. There is evidence in human and animal
stroke models that BBB disruption is associated with
activation of matrix metalloproteinases (MMPs) [12-14].
MMPs are a family of zinc-dependent endopeptidases
that are subdivided according to their substrate affinities
for different components of the extracellular matrix.
Among the various MMPs, metalloproteinase-9 (MMP-9),
also known as gelatinase B, is thought to play an important role in BBB disruption after cerebral ischemia and inflammation [12,15-17]. MMP-9 degrades collagen IV, a
major component of the basement membrane of the cerebral epithelium that is responsible for the integrity of BBB.
The activity of MMP-9 is further controlled by the specific
tissue inhibitor TIMP-1. However, the link between CSF
MMP-9 levels and the presence of BBB disruption in
patients after seizures has not yet been investigated in
humans. Our study aimed to determine whether MMP-9
can be measured in CSF of patients after epileptic seizures
and whether there is a correlation between CSF MMP-9
levels and QAlb values in patients after epileptic seizures.

Methods
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epilepsy and 15 with symptomatic localization-related epilepsy with secondary generalization. Those patients presenting apparent symptomatic etiology of seizures, that is,
electrolyte disturbances, defined metabolic causes, drug
intoxication, infections, trauma or abnormal CT or MRI
suggestive of acute brain diseases were excluded. All patients were studied within 24 h after the seizure. Epilepsy
was diagnosed and classified according to the criteria proposed by the International League Against Epilepsy in
2011 [18]. Seizures and epileptic syndromes were classified
according to the ILAE diagnostic criteria.
The control samples were obtained from 25 adult
patients (mean age 39 ±13.6 years; range 16–56 years)
by lumbar puncture and examined to exclude those with
neurological disease, including nonspecific symptoms
without diagnosed organic neurologic disease (n = 7), peripheral nervous system disorders (n = 4), acute headache
(n = 5), spontaneous intracranial hypotension (n = 3),
compressive radiculopathy (n = 4) and primary dementia
(n = 2). All controls had normal neurological examination
and normal CSF results on routine analysis.
All epileptic patients and controls were fully informed
of the risks and potential benefits of the CSF examination
as part of the diagnostic workup. Informed consent to
participate in the study was obtained from each subject
(or from the next of kin if the patient was incapable). Five
patients were considered for the study but did not agree
to undergo lumbar puncture and were not included in the
study. The study protocol was approved by the Ethics
Committee of the Affiliated Hospital of Xi’an Medical
University, and all investigations were done in accordance
with the criteria of the Declaration of Helsinki.

Patient recruitment

The study was performed at the Department of Neurology
of the Affiliated Hospital of Xi’an Medical University.
Thirty-one patients with either tonic-clonic or partial secondarily generalized seizures were included in the study:
20 had recurrent GTC seizures (RS), and 11 had a single
GTC seizure (SS) episode confirmed by an eyewitness that
occurred within 3 h before admission. On admission to
the emergency ward, all seizure patients received standard
intravenous treatment with diazepam (dose range 10–20
mg) to stop seizure activity. Then patients were admitted
to a neurologic ward for further evaluation. All patients
underwent a standard diagnostic workup including neurologic examination and blood biochemical assessment. Ten
patients presented the first-ever epileptic seizure and
underwent further examinations including electroencephalography (EEG) and either a computed tomography (CT)
or magnetic resonance imaging (MRI) scan, and the final
diagnosis of epilepsy was confirmed (8 with cryptogenic
localization-related epilepsy and 2 with idiopathic generalized epilepsy). Twenty-one patients already had an epilepsy diagnosis: 6 with cryptogenic localization-related

CSF/serum sampling and biochemical analysis

CSF samples were taken between 10 a.m. and 5 p.m. by
lumbar puncture from the L3/L4 or L4/L5 intervertebral space. Lumbar puncture was performed within
24 h after seizure cessation (range: 3–15 h, mean 6.2 h).
CSF samples that were not clear or initially contained
blood with gradual clearing were excluded from analysis.
The first 2 ml of CSF was used for routine clinical tests
and the subsequent 0.5 ml for our study. The CSF white
blood cell (WBC) count, differential leukocyte count,
total protein concentration, glucose (Glu) and chloride
(CL) values were determined by standard methods immediately after lumbar puncture. Cytology of CSF cells
was also performed. CSF and peripheral blood samples
were collected simultaneously and centrifuged for 10
min at 2,500 g; 500 μl of the cell-free samples was immediately frozen and stored at −80°C until analysis.
Concentrations of MMP-9 were measured by commercial enzyme-linked immunosorbent assay (ELISA) kits
(R & D Systems, Minneapolis, MN) performed according
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to the manufacturer’s instructions. Optical density
values were determined with a microplate reader set to
450 nm.
Measurement of the QAlb value

Quantitative determination of albumin in the CSF and
serum of all specimens were measured by a commercial kit (BioAssay Systems, Hayward, CA). The CSF/
serum albumin ratio (albumin quotient, QAlb) was
used as a measure of blood–brain barrier permeability.
QAlb was calculated using the formula: QAlb = CSFAlb/
serum Alb × 103.
Gelatin zymography

Activity of MMP-2 and MMP-9 enzymes in CSF samples
was determined by gelatin zymography as previously described [16]. Briefly, activity of MMPs was analyzed by
modified sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Stacking gels contained 4% polyacrylamide, and separating gels contained 12.5% polyacrylamide and 0.1% gelatin. The 2 ml CSF was centrifuged
at 10,000 × g for 15 min at 4°C to remove debris. Protein
contents of supernatants were then mixed with an equal
volume of 2× non-reducing sample buffer, and 25 μl was
loaded per well. The gels underwent electrophoresis at
90 V and 4°C in running buffer (25 mM Tris, 250 mM glycine, 0.1% sodium dodecyl sulfate) until the bromophenol
blue marker dye reached the bottom of the gel. After
electrophoresis, the gel was transferred into a 2.5% Triton
X-100 wash for 1 h at room temperature. After decanting
the washing solution, the gel was equilibrated with developing buffer (50 mM Tris–HCl, pH 7.5, 200 mM NaCl, 5
mM CaCl2, 0.02% Brij-35, 0.01% NaN3) for 30 min at
room temperature with gentle agitation. The gel was then
placed in fresh developing buffer and incubated at 37°C
for 18 h. The gel was stained for 1 h with 0.25%
Coomassie Brilliant Blue R-250 (Sigma, St. Louis, MO)
and was destained in 15% methanol/7.5% acetic acid.
MMP activity was detected as white bands of lysis against
the Coomassie blue-stained gel. The CSF zymography experiments were performed in triplicate. The gels were digitalized and the integrated density of the bands expressed
as arbitrary units. The intensities of the gelatinolytic bands
corresponding to MMP-9 and MMP-2 were calculated
using the open-access software Image J 1.46r (National
Institutes of Health, Bethesda, MD, USA; http://rsb.info.
nih.gov/ij).
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comparison of normally distributed and non-parametric
data, respectively, between multiple groups. Spearman's
correlation coefficient was used to correlate variables in
the groups studied. The calculations were performed with
GraphPadInStat version 3.05 software (GraphPad Software, Inc., San Diego, CA, USA). For all tests, P < 0.05
was considered significant.

Results
Demographics of study participants

Demographic details of patients with epilepsy and controls are presented in Table 1. Thirty-one seizure patients and 25 controls provided data for the study. The
mean age of the seizure patients was 42.5 (range, 20–68)
years, and 16 (44%) were women. Among the controls,
mean age was 38.7 (range, 22–71) years, and 12 (48%)
were women. There were no differences between the two
groups for these demographics. Twelve patients were
receiving monotherapy, 9 polytherapy (the mean number
of medications 2.3) and 10 patients no medication.
MMP-9 concentrations and QAlb values are higher in
seizure patients

We measured significantly higher MMP-9 concentrations
(Table 2 and Figure 1A; P < 0.001) and QAlb values
(Table 2 and Figure 2A) in seizure patients compared with
Table 1 Clinical characteristics of seizure patients and
control subjects
P value

Variable

Patient

Control

Number (n)

31

25

Current age (years)

42.5 (15.1)

38.7 (17.6)

P > 0.05

Age at onset of epilepsy (years)

23.3 (14.8)

Gender (M:F), n

20/16

13/12

P > 0.05

Red blood cells (1012/l)

4.3

4.5

P > 0.05

5.9

6.2

P > 0.05

9

White blood cells (10 /l)
Focus of seizure
Temporal, n (%)

13 (41.9)

Extratemporal, n (%)

18 (58.1)

Type of seizure
Single GTC seizure, n (%)

11 (35.5)

Repetitive GTC seizure, n (%)

20 (64.5)

Epilepsy duration (years)

6.3 (1–18)

Frequency of seizures (month)

1.5 (1–5)

Number of seizures

3.3 (1–10)

Statistical analysis

Total duration of seizure (min)

8.3 (2–13)

Data are presented as mean ± SD for normally distributed
and non-parametric data. Student's t-test and Mann–
Whitney U-test were used for comparison of normally distributed and non-parametric data, respectively, between
groups. ANOVA and Kruskal-Wallis test were used for

Time to sampling (h)

6.2 (3–15)

Anti-epileptic drugs used

21 (67.7)

No treatment

10 (32.3)

Mann–Whitney U-test for continuous variables; cross tabulations and chisquare-test for categorical variables.
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Table 2 The mean concentrations of CSF MMP-9, CSF cell count and albumin, and serum albumin from patients with
GTC seizures and controls
Variable

Patient (mean ± SD)

Control (mean ± SD)

CSF leukocytes (106/l)

8.2 ± 2.3

2.0036 ± 1.4

CSF erythrocytes (106/l)

19.6 ± 30.5

14.4 ± 21.8
-3

P
<0.05
>0.05

-3

CSF albumin (g/l)

278.6 ± 35.5 (×10 )

198.2 ± 48.7 (×10 )

<0.05

Serum albumin (g/l)

41.6 ± 1.3

42.3 ± 1.5

>0.05

QAlb

8.35 ± 2.6 (×10-3)

4.7 ± 1.4 (×10-3)

<0.001

MMP-9 (ng ⁄ml)

7.0 ± 2.4

1.80 ± 0.63

<0.001

Patient compared to control by Mann–Whitney test.

controls. We found significantly higher concentrations of
MMP-9 (Figure 1B) and QAlb values (Figure 2B) in RS patients compared with SS and controls (Figure 1B). Analysis
of temporal epilepsy and extra-temporal epilepsy showed
no significant difference in CSF MMP-9 (Figure 1C) or
QAlb values (Figure 2C). In addition, when considering
use of anti-epileptic drugs (AEDs), we found no difference
in MMP-9 levels (Figure 1D) or QAlb values (Figure 2D).

All seizure patients had normal serum protein and albumin concentrations. These data suggest that the CSF albumin increase was regulated by the increased permeability
of the damaged BBB.
MMP-9 concentrations and QAlb values are correlated

To determine if the increased MMP-9 levels and higher
QAlb values were related, we performed correlation

Figure 1 CSF MMP-9 levels in seizure patients and controls. (A) Boxplot representing the distribution (median and interquartile range) of CSF
MMP-9 concentrations for control subjects (Control) and seizure patients (Epilepsy). Significantly higher MMP-9 levels in seizure patients
compared with controls are shown. (B) Patients with repetitive generalized tonic-clonic seizures tended to have higher CSF MMP-9 levels
compared with those who had single generalized tonic-clonic seizure and controls. (C) No significant difference found between temporal and
extratemporal epilepsy (P > 0.05). (D) No significant difference between AEDs treatment groups (P > 0.05). Horizontal line indicates median.
Significant change at P < 0.001 using Mann–Whitney U tests.
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Figure 2 Mean QAlb values in seizure patients and controls. (A) Boxplot representing the distribution (median and interquartile range) of
QAlb for control and epilepsy patients. QAlb values were higher in the epilepsy group than in controls. (B) Patients with repetitive GTC seizures
had higher QAlb values than those with a single GTC seizure. (C) No significant difference found between temporal and extratemporal epilepsy
(P > 0.05). (D) No difference measured between AEDs treatment groups (P > 0.05). Horizontal line indicates median; significant P-values among
groups are displayed (Mann–Whitney test).

analysis. We found a strong correlation between MMP-9
concentration and QAlb values in patients after GTC
seizures (Figure 3A, r = 0.76, P < 0.001). We also found a
correlation between CSF MMP-9 concentration and
leukocyte counts in patients after GTC seizures (Figure 3B,
r = 0.77, P < 0.001). In fact, our data show the greater
number of leukocytes in the CSF aligned with higher
MMP-9 concentrations. These results suggest leukocytes
are the source of increased MMP-9 levels in CSF after
seizure.
We also looked at the correlation between CSF MMP-9
levels and seizure frequency and correlation between
QAlb values and seizure frequency. We found that neither
CSF MMP-9 levels nor QAlb values correlated with seizure frequency (Figure 3C-D).
MMP-9 enzyme activity detected in seizure samples

We randomly selected CSF specimens from two patients
and two controls for enzyme activity analysis by gelatin
zymography. As shown in Figure 4, all CSF specimens
from patients and controls show a band at molecular

mass 72 kD, representing MMP-2. However, only CSF
specimens from patients after seizure showed MMP-9
activity. We found that RS and SS samples had a higher
ratio of active/inactive MMP-9 activity, supporting the
argument that higher MMP-9 levels and the severity of
BBB damage are dependent on the number of seizure insults but not MMP-2. Interestingly, polymorphonuclear
neutrophils were present in 42% of patient CSF samples.
This confirms a transient influx of neutrophils into the
CSF of patients after epileptic seizure.

Discussion
Many questions are unanswered regarding how BBB integrity changes during epileptic seizures. And it is unclear
whether elevated CSF MMP-9 contributes to alterations
in BBB permeability. Our study addresses these questions
by demonstrating, in vivo, a marked dysfunction of the
BBB with significantly higher MMP-9 in CSF after epileptic seizures. To our knowledge, this is the first prospective
study of the link between CSF MMP-9 and BBB dysfunction in patients after epileptic seizure.
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Figure 3 Correlation analysis of CSF MMP-9 levels in seizure patients. (A) Significant correlation between CSF MMP-9 levels and QAlb value
(P < 0.0001, r = 0.77). (B) Significant correlation between CSF MMP-9 levels and CSF leukocyte count (P < 0.0001, r =0.76). (C) No significant
correlation between CSF MMP-9 levels and seizure frequency (P = 0.846, r = 0.036). (D) No significant correlation between QAlb value and seizure
frequency ( P = 0.424, r = 0.149). Correlation analysis performed with Spearman’s rank correlation coefficient.

Figure 4 MMP enzyme activity of CSF samples. Top panel: Gelatin zymography gel results. Lane 1: GTC seizure sample; lanes 2 and 3 are
controls; lane 4: single GTC seizure sample. Note that only seizure samples had positive MMP activity. (A) The relative optical density of MMP-9.
(B) The relative optical density of MMP-2.

Li et al. Journal of Neuroinflammation 2013, 10:80
http://www.jneuroinflammation.com/content/10/1/80

A dysfunctional BBB leads to increased permeability,
allowing increased CSF marker passage. Therefore, CSF
protein levels are a reliable way to monitor BBB integrity
without using invasive methods. A common and wellestablished assessment of BBB function measures the
level of albumin, a blood-specific protein in CSF and
serum, reported as the CSF/serum albumin ratio (QAlb)
[19,20]. An increase in QAlb reflects the serum albumin
leakage in CSF due to BBB dysfunction, especially
blood-CSF barrier dysfunction [21-23]. Previous studies
have shown increased QAlb is correlated with status
epilepticus [7]. In our study, we found the QAlb value
was significantly increased in patients after seizure,
suggesting BBB dysfunction after epileptic seizure. This
finding is consistent with histological studies showing
albumin accumulation in human epileptic brains [24,25].
Ultrastructural studies on human resected epileptic tissue
also show clear BBB abnormalities, including increased
micropinocytosis and the presence of abnormal tight junctions [26,27].
Accumulating experimental evidence indicates BBB
dysfunction and inflammatory mediators decrease the
threshold for individual seizures and contribute to
epileptogenesis. Thus, BBB breakdown is regarded as
an important pathophysiological event in seizures and
epileptogenesis. Therefore, understanding the mechanisms
controlling BBB disruption is critical to the understanding
of epileptogenesis and may lead to new therapeutic targets
for the prevention and treatment of epilepsy.
Matrix metallopeptidases (MMPs) represent a family of
extracellular soluble or membrane bound neutral proteases having complex functions in normal and pathological
conditions. Among MMPs, MMP-2 and MMP-9 are the
only two gelatinases in humans. MMP-2 is normally found
in brain and CSF [28]. In our study we found MMP-2 in
the control CSF and in the patient CSF, indicating that
expression of CSF MMP-2 in patients was not a result of
seizure. MMP-9 is most abundantly expressed in the developing brain and is produced mainly by neurons and, to
some extent, by glial cells in the CNS [29-31]. Under
normal physiological conditions, MMP-9 is involved in
dendritic spine remodeling, synaptic plasticity, learning
and memory formation [32-35]. Increasing evidence in experimental animal models of epilepsy and human epileptic
brains shows that MMP-9 plays a role in the pathogenesis
of epilepsy by contributing to neuronal death, aberrant
synaptic plasticity and neuroinflammation [36-39]. One
study found that MMP-9 participates in the occurrence
of seizures by converting pro-BDNF to mature BDNF in
the hippocampus [38]. BDNF contributes to epilepsy in
many ways. The roles of BDNF are not only important
in acute seizures and epileptogenesis, but are also likely
to be important in chronic epilepsy. Increased levels of
BDNF exert functional effects that are consistent with a
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pro-convulsant action. Animal model studies suggest
intrahippocampal infusion of BDNF, and transgenic
overexpression of BDNF significantly increases seizure
susceptibility and severity [40-43]. Other studies have
reported MMP-9-induced cell death is closely linked
with the pathogenesis of epilepsy after SE [34,44]. In
particular, MMP-9 knockout mice were less susceptible
to seizure-induced brain injury, and MMP-9 inhibition
ameliorated cell death following pilocarpine-induced
seizures in infant rats [34]. Further, MMP-9 plays an
important role in epileptogeness mainly due to MMP-9related synaptic plasticity changes rather than neuronal
death [45]. However, the relationship between CSF
MMP-9 and BBB dysfunction in patients after epileptic
seizures remains unclear.
A growing body of experimental and clinical evidence
shows MMP-9 plays a major role in BBB disruption in a
variety of pathological conditions including CNS infections [46-48], stroke [12,15,49,50], multiple sclerosis [51]
and traumatic brain injury [52]. MMP-9 cleaves type IV
collagen, a major component of the basement membrane
of the cerebral epithelium that is responsible for the
integrity of the BBB. MMP-9 also degrades a number of
other extracellular matrix molecules including type V
and XI collagens, laminin and aggrecan core protein
[29,53,54]. Our study confirms a strong correlation between CSF MMP-9 levels and BBB dysfunction in patients
after GTC seizures and argues MMP-9, not MMP-2, plays
a role in BBB disruption during seizures.
Here, we also confirmed a transient influx of granulocytes
into CSF of patients after epileptic seizure. Neutrophils in
CSF samples are commonly considered a pathological feature. The migration of leukocytes from the bloodstream
into the CNS is a key event in the pathogenesis of inflammatory neurological diseases. Recent data suggest that
leukocyte-endothelial interaction and brain infiltration by
leukocytes plays an important role in the pathogenesis of
epilepsy [55-57]. In our study, we also found that elevated
MMP-9 levels in CSF are primarily related to the number
of immigrated leukocytes, with positive correlation between CSF MMP-9 levels and CSF leukocytes as well as
between CSF MMP-9 levels and QAlb values. Leukocytes
contribute to seizure pathogenesis acutely through affects
on the BBB and chronically through several mechanisms
including generation of oxygen free radicals, release of
cytotoxic enzymes, vascular alterations and increase in
cytokine and chemoattractant release [58]. Thus, we confirm that increased CSF MMP-9 represents the accumulation of activated leukocytes. It is reasonable to suspect
that leukocytes are major producers of MMP-9. Furthermore, it has been demonstrated that injured neuronal and
glial cells are major sources of MMP-9, supporting the
neuroinflammatory response by releasing cytokines during
epileptic seizures [36,37,53]. Indeed, we observed MMP-9
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activity in CSF specimens from patients with seizures
only.
We also analyzed effects of antiepileptic drugs (AEDs)
on CSF MMP-9 concentrations and found no significant
MMP-9 changes in patients with seizure. It is important
to note several other reports show AEDs inhibit MMP-9
production and protect BBB function in epileptic patients
and cerebral ischemic rats [59,60]. It has been proposed
that MMP-9 is involved in aberrant synaptic formation in
hippocampi of patients with temporal lobe epilepsy [39].
Therefore, we also analyzed temporal and extra-temporal
seizures. Our findings show no differences in CSF MMP-9
levels between patients with temporal seizures and patients with extra-temporal seizures. In general, our findings argue MMP-9 overexpression is associated with
activation of leukocytes, most likely polymorphonuclear,
that serve as a key cellular source of MMP-9 in CSF. In
turn, this promotes leukocyte recruitment, causing BBB
breakdown, microvascular basal lamina proteolysis, and
ultimately contributes to neuronal injury after epileptic
seizure.
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Conclusions
In this study, we found a significant correlation between
CSF MMP-9 concentrations and CSF leukocyte counts,
leading to BBB dysfunction. We suggest increased concentrations of MMP-9 in CSF were partly derived from
leukocytes. These results demonstrate that seizure is
characterized by invasion of leukocytes into the CSF and
increased CSF MMP-9 levels are associated with BBB
dysfunction in patients with seizures.
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