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Abstract
Pneumococcal meningitis is a relevant clinical disease characterized by an intense inflammatory reaction into the subarachnoid

and ventricular spaces, leading to blood–brain barrier breakdown, hearing loss, and cognitive impairment. Matrix metalloprotei-

nases (MMPs) are capable of degrading components of the basal laminin, thus contributing to BBB damage and neuronal injury.

In the present study, we evaluated the effects of MMP-2, MMP-9, and MMP-2/9 inhibitors on BBB integrity, learning, and memory

in Wistar rats subjected to pneumococcal meningitis. The animals underwent a magna cistern tap and received either 10 mL sterile

saline as a placebo or an equivalent volume of a Streptococcus pneumoniae suspension at a concentration of 5� 109 cfu/mL. The

rats were randomized into different groups that received adjuvant treatment with MMP-2, MMP-9 or MMP-2/9 inhibitors. The BBB

integrity was evaluated, and the animals were habituated to open-field and object recognition tasks 10 days after meningitis

induction. Adjuvant treatments with inhibitors of MMP-2 or MMP-2/9 prevented BBB breakdown in the hippocampus, and treat-

ments with inhibitors of MMP-2, MMP-9 or MMP-2/9 prevented BBB breakdown in the cortex. Ten days after meningitis induction,

the animals that received adjuvant treatment with the inhibitor of MMP-2/9 demonstrated that animals habituated to the open-field

task faster and enhanced memory during short-term and long-term retention test sessions in the object recognition task. Further

investigation is necessary to provide support for MMP inhibitors as an alternative treatment for bacterial meningitis; however,

these findings suggest that the meningitis model could be a good research tool for studying the biological mechanisms involved in

the behavioral alterations associated with pneumococcal meningitis.
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Introduction

Pneumococcal meningitis is a relevant clinical problem that
is characterized by an intense inflammatory reaction into
the subarachnoid and ventricular space, breakdown of the
blood–brain barrier (BBB), hearing loss, and neurological
sequelae in up to 30% of the survivors.1–3 Clinical and

experimental studies provide evidence that matrix metallo-
proteinases (MMPs) are implicated in the pathogenesis of
various inflammatory diseases of the central nervous
system (CNS).4,5 MMPs comprise a large family of zinc-
dependent endopeptidases with substrate affinity for differ-
ent components of the extracellular matrix,6 and they are
produced by a variety of inflammatory, vascular, and
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resident brain cells.4 In addition, neurons are the main
source of constitutive MMP-9 in the brain, whereas
MMP-2 is ubiquitous in most neural cells, including neu-
rons, glial, and endothelial cells.7,8 During pneumococcal
meningitis, the microorganism crosses the BBB through
both transcellular traversal and paracellular traversal mech-
anisms.9–11 After Streptococcus pneumoniae reaches the sub-
arachnoid space, it multiplies rapidly and releases
compounds, such as cell wall fragments, lipoteichoic acid,
pneumolysin, and peptidoglycan.2,3,12 Many brain cells can
produce cytokines, chemokines, and other pro-inflamma-
tory molecules in response to bacterial stimuli.13

Consequently, polymorphonuclear leukocytes are attracted
from the blood and activated, and large amounts of super-
oxide anion and nitric oxide are produced.14–16 Oxidative
stress leads to lipid peroxidation, MMP activation, mito-
chondrial damage, and enhanced secretion of cytokines
and chemokines.14 Tumor necrosis factor-a (TNF-a), inter-
leukin-1b (IL-1b), and interleukin-6 (IL-6) play roles as early
response cytokines. These cytokines trigger, often in syn-
ergy, a cascade of inflammatory mediators, including
MMPs.17 MMP-2 and MMP-9 are implicated in leukocyte
recruitment and the disruption of the BBB.18 Furthermore,
MMP-2 and MMP-9 are elevated in the cerebrospinal fluid
(CSF) of children with meningitis.19 In the present study, we
evaluated the effects of MMP-2, MMP-9, and MMP-2/9
inhibitors on the BBB integrity and on learning and
memory in Wistar rats subjected to pneumococcal
meningitis.

Materials and methods
Infecting organism

S. pneumoniae (serotype 3) was cultured overnight in 10 mL
of Todd Hewitt broth, and then it was diluted in fresh
medium and grown to the logarithmic phase. This culture
was centrifuged for 10 min at 5000� g and resuspended in
sterile saline at a concentration of 5� 109 cfu/mL. The size
of the inoculum was confirmed by quantitative cultures.20

Animal model of meningitis

Male Wistar rats (250–300 g body weight) from our breeding
colony were used for the experiments. All procedures were
approved by the Animal Care and Experimentation
Committee of UNESC, Brazil, and were followed in accord-
ance with the National Institute of Health’s Guide for the
Care and Use of Laboratory Animals (NIH Publications No.
80-23) revised in 1996. All surgical procedures and bacterial
inoculations were performed under anesthesia, consisting
of an intraperitoneal (i.p.) administration of ketamine
(6.6 mg/kg), xylazine (0.3 mg/kg), and acepromazine
(0.16 mg/kg).21 Rats underwent a cisterna magna tap with
a 23-gauge needle. The animals received either 10 mL of ster-
ile saline as a placebo or an equivalent volume of the
S. pneumoniae suspension. At the time of inoculation, the
animals received fluid replacement and were then returned
to their cages.21,22 Meningitis was documented by a quan-
titative culture of 5 mL of CSF obtained by puncture of the
cisterna magna.

Drugs and reagents

MMP-2 selective inhibitor (sc-204092, Santa Cruz
Biotechnology) and MMP-9 selective inhibitor (sc-311437,
Santa Cruz Biotechnology, USA) were administered intra-
cerebroventricularly (i.c.v.) in a single dose (250 mg/kg)
immediately after pneumococcal meningitis induction.23

The control group received a similar volume of saline
injected under the same conditions.

Blood–brain barrier permeability to Evan’s blue

To evaluate the BBB integrity, the animals were separated
into four groups: sham, meningitis/MMP-2 inhibitor, men-
ingitis/MMP-9 inhibitor, and meningitis/MMP-2/9 inhibi-
tors. Twelve hours after pneumococcal meningitis
induction, the BBB integrity was investigated using
Evan’s blue dye extravasation.24 The animals were injected
with 1 mL of Evan’s blue at 1% i.p. 1 h before being killed.
The anesthesia consisted of an i.p. administration of keta-
mine (6.6 mg/kg), xylazine (0.3 mg/kg), and acepromazine
(0.16 mg/kg).21 The chest was subsequently opened, and
the brain was transcardially perfused with 200 mL of
saline through the left ventricle at a pressure of
100 mmHg until colorless perfusion fluid was obtained
from the right atrium. The samples were weighed and
placed in a 50% trichloroacetic solution. Following hom-
ogenization and centrifugation, the extracted dye was
diluted with ethanol (1 : 3), and its fluorescence was deter-
mined (excitation at 620 nm and emission at 680 nm) with a
luminescence spectrophotometer (Hitachi 650-40, Tokyo,
Japan). Calculations were based on the external standard
(62.5–500 ng/mL) in the same solvent. The Evan’s blue
tissue content was quantified from a linear standard line
derived from known amounts of the dye, and it was
expressed per gram of tissue.24

Behavioral tasks

To evaluate behavioral responses, the animals were sepa-
rated into four groups: sham, meningitis/MMP-2 inhibitor,
meningitis/MMP-9 inhibitor, and meningitis/MMP-2/9
inhibitors. Eighteen hours after induction, the animals
received ceftriaxone (100 mg/kg body weight given s.c./7
days).25 Ten days after inoculation, the animals were free
from infection. All blood cultures that we performed during
this period were negative. The animals recovered their
weight and grooming habits, their blood counts returned
to control levels, and the reactive protein C values were
negative. Thus, we evaluated memory performance
through open-field and object recognition tasks.

Open-field test. Behavior was assessed in an open-field
apparatus to evaluate both locomotor and exploratory
activities. This apparatus is a 40� 60 cm open-field sur-
rounded by 50 cm high walls made of brown plywood
with a front glass wall. Black lines divide the floor of the
open-field into nine rectangles. Animals were gently placed
on the left rear quadrant and were left to explore the arena
for 5 min. The number of crossings (i.e. the number of times
that the animals crossed the black lines, which assesses
locomotor activity) and rearing movements (i.e. the
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exploration behavior observed in rats subjected to a new
environment) were measured. The same person, who was
blind to group treatment, performed all behavioral testing
by manual analyses.26

Object recognition. This task evaluates non-aversive, non-
spatial memory. The apparatus and procedures for the
object recognition task have been described elsewhere.27

Briefly, the task was performed in a 40� 50 cm open-field
surrounded by 50 cm high walls made of plywood with a
front glass wall. Black lines divided the floor of the open-
field into 12 equal rectangles. All animals were subjected to
a habituation session in which they were allowed to freely
explore the open-field for 5 min. No objects were placed in
the box during the habituation trial. The number of times
that the rats crossed the black lines and the number of rear-
ing movements performed in this session were evaluated as
locomotor and exploratory activity, respectively. After
habituation, training was conducted at different time
points by placing individual rats in the field for 5 min,
during which two identical objects (objects A1 and A2,
both being cubes) were positioned in two adjacent corners,
10 cm from the walls. In a short-term recognition memory
test administered 1.5 h after training, the rats explored the
open-field for 5 min in the presence of one familiar (A) and
one novel (B, a pyramid with a square-shaped base) object.
All objects had similar textures (smooth), colors (blue), and
sizes (weight 150–200 g), but distinctive shapes. A recogni-
tion index calculated for each animal is reported as the ratio
TB/(TAþTB). (TA¼ time spent exploring the familiar
object, A; TB¼ time spent exploring the novel object, B).
In the long-term recognition memory test administered
24 h after training, the same rats were allowed to explore
the field for 5 min in the presence of the familiar object
A and a novel object C (a sphere with a square shaped
base). Recognition memory was evaluated in the same
way as in the short-term memory test. Exploration was
defined as sniffing (exploring the object from a distance
of 3–5 cm) or touching the object with the nose and/
or forepaws.28

Statistics

The results of the BBB integrity are reported as the
mean� standard error of the mean (SEM) of 6–7 animals
in each group. Differences among groups were evaluated
using analysis of variance (ANOVA) followed by the
Student Newman-Keuls post hoc test. In the behavioral
tasks, 10 animals were used in each group. Data from the
habituation to the open-field task were reported as the
mean� SEM and were analyzed with paired Student’s
t-tests and ANOVA, using Tukey’s post hoc tests. Data
from the object recognition task were reported as the
median and interquartile ranges, and comparisons among
groups were performed using Mann-Whitney U tests.
The within-individual groups were analyzed using
Wilcoxon’s tests. P values< 0.05 were considered statistic-
ally significant.

Results

In Figure 1, we evaluated BBB integrity in the hippocampus
and cortex at 12 h after pneumococcal meningitis induction
in animals administered adjuvant treatment with MMP
inhibitors. In the hippocampus, the use of the inhibitor of
MMP-2 or MMP-2/9 showed no statistic significant differ-
ence with the control group, demonstrated these inhibitors
prevented BBB disruption. The meningitis group and the
meningitis group that received MMP-9 inhibitor showed
statistic significant difference with the control group,
demonstrated BBB disruption (P< 0.05).

In the cortex, the use of the inhibitors of MMP-2, MMP-9,
and MMP-2/9 showed no statistic significant difference
with the control group, demonstrated these inhibitors pre-
vented BBB disruption. The meningitis group showed stat-
istic significant difference with the control group,
demonstrated BBB disruption (P< 0.05).

In the open-field task (Figure 2), we evaluated the influ-
ence of the MMP-2, MMP-9, or MMP-2/9 inhibitors on
habituation memory 10 days after the induction of pneumo-
coccal meningitis. There were no differences in the number
of crossings and rearing movements among groups in the
habituation to the open-field training session, demonstrat-
ing no difference in motor and exploratory activity among
groups. In the test session, there was a significant reduction
in both crossings and rearing in the sham group and the
meningitis group that received an inhibitor of MMP-2/9
when compared with the training session, demonstrating
habituation memory in these groups (P< 0.05). However,
the meningitis groups that received an inhibitor of only
MMP-2 or MMP-9 showed no difference in motor and
exploratory activity between training and test sessions,
demonstrating habituation memory impairment in these
groups.

In Figure 3, the object recognition task, we evaluated the
influence of inhibitors of MMP-2, MMP-9, and MMP-2/9 in
short- and long-term object recognition retention memory.
The animals that received adjuvant treatment with inhibi-
tors of MMP-2 or MMP-9 presented impairment of novel
object recognition memory (i.e. they did not spend a signifi-
cantly higher percentage of time exploring the novel object
during the short- and long-term retention memory test ses-
sions in comparison to the training session). However, the
meningitis group that received adjuvant treatment with an
inhibitor of MMP-2/9 showed evidence of memory during
the short- and long-term retention test sessions in compari-
son to the training trial. These animals spent more time
exploring the novel object during the short- and long-term
retention memory test sessions in comparison to the train-
ing session (P< 0.05).

Discussion

In the present study, we demonstrated the influence of
MMP-2, MMP-9, and MMP-2/9 inhibitors on BBB integrity
and on learning and memory in an animal model of
pneumococcal meningitis. In previous studies, cytokines
were produced mainly in the first 6–24 h29 and oxidative
stress was formed at 24 and 48 h after meningitis
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Figure 1 The integrity of the blood–brain barrier (BBB) was investigated using Evan’s blue dye extravasation in hippocampus and cortex after induction of

Streptococcus pneumoniae meningitis. The animals were separated in sham, meningitis, meningitis/inhibitor matrix metalloproteinases (MMP)-2, meningitis/inhibitor

MMP-9 and meningitis/inhibitor MMP-2/9. The results of the BBB integrity are shown by the mean� standard error of the mean (SEM) of 6–7 animals in each group.

Differences among groups were evaluated by using analysis of variance (ANOVA) followed by the Student Newman-Keuls post hoc test. In all comparisons, P<0.05

indicated statistical significance
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Figure 2 Open field test 10 days after induction of meningitis by Streptococcus pneumoniae. The animals were separated in four groups sham (control group),

meningitis, meningitis/inhibitor matrix metalloproteinases (MMP)-2, meningitis/inhibitor MMP-9, and meningitis/inhibitor MMP-2/9. Data are reported as mean�SEM in

training and test sessions, n¼10 per group, and were analyzed by the paired Student’s t-test and ANOVA post hoc Tukey. In all comparisons, P< 0.05 indicated

statistical significance
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induction.30 We verified BBB disruption at 12 h after
pneumococcal meningitis induction in the hippocampus
and cortex, whereas cytokine-induced neutrophil chemo-
attractant 1 (CINC-1) levels were increased at 6 h in the
arterial plasma and at 3 h in the jugular plasma.21 We ver-
ified that inhibitors of MMP-2 and MMP-2/9 prevented
BBB disruption in the hippocampus and that all three
inhibitors prevented BBB disruption in the cortex. The
host immune response, the production of cytokines and
chemokines, and leukocyte migration represent the first
line of defense in response to bacterial infection.31

Leukocytes can produce nitric oxide, superoxide anion rad-
icals, and hydrogen peroxide that can lead to the formation
of peroxynitrite,14 which is a strong oxidant that exerts cyto-
toxic effects on endothelial cells,32 increases the BBB perme-
ability,33 and provokes lipid peroxidation, mitochondrial
damage and MMPs activation.14 The MMPs break down
the extracellular matrix, thus increasing BBB permeability,
degrading myelin proteins and enhancing the flow of
leukocytes from blood into the cerebral spinal fluid,4,34,35

Furthermore, MMPs appear to be involved in the patho-
physiology of pneumococcal meningitis.14 The resulting
release of cytokines and the production of oxidative stress
can transform MMPs into the biologically active form. The
cytokines induce MMPs via proto-oncogenes of the c-fos
and c-fun family that bind to various gene promoter elem-
ents, such as the activator protein-1.4 Lipoteichoic acid also
induces MMP-9 expression and can be activated by Toll-like
receptor 2 (TLR2)-activated c-Src-dependent transactiva-
tion of the platelet-derived growth factor (PDGFR) path-
way.36 Furthermore, MMP-2 and MMP-9 have also been
shown to induce BBB breakdown through their substrate
affinity for a variety of components of the extracellular

matrix,37 and they also facilitate leukocyte extravasation
in experimental bacterial meningitis.38 Patients with bacter-
ial meningitis present high concentrations of MMP-939,40

and MMP-8 in the CSF; indeed, high concentrations of
MMP-9 are correlated with risk factors for the development
of postmeningitis neurological sequelae.41

Animals subjected to pneumococcal meningitis show
memory and learning deficits and anxiety-like and depres-
sive-like behavior.42,43 Therefore, following this reasoning,
we evaluated learning and memory using adjuvant treat-
ment with inhibitors of MMPs. The animals that received an
inhibitor of MMP-2/9 presented normal habituation
memory and retention of short- and long-term memory.
In contrast, treatment with either MMP-2 or MMP-9 alone
did not prevent cognitive impairment. Inhibitors of MMPs
reduce cortical damage in experimental pneumococcal
meningitis,44 and this cortical damage is associated with
changes in parenchymal MMP-9/TIMP-1 ratio and
increased collagen type IV degradation.45 Thus, the preven-
tion of the cognitive damage was associated with the use
of the MMP-2/9 inhibitors in rats after the induction of
pneumococcal meningitis. Although the hippocampus is
not exposed to microorganisms or infiltrating leukocytes
directly, it is surrounded by an interstitial fluid, which is
contiguous with the cerebral spinal fluid, permitting the
secreted bacterial toxins and immune system mediators to
diffuse into the parenchyma.2

Conclusion

Despite significant progress in treatment options, pneumo-
coccal meningitis remains one of the most important infec-
tious diseases of the CNS with high mortality and
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Figure 3 Object recognition task 10 days after induction of meningitis by Streptococcus pneumoniae. The animals were separated in four groups sham (control

group), meningitis, meningitis/inhibitor matrix metalloproteinases (MMP)-2, meningitis/inhibitor MMP-9 and meningitis/inhibitor MMP-2/9. Data are reported as median

and interquartile ranges, and comparisons among groups were performed using Mann-Whitney U tests, n¼ 10 per group. The within-individual groups were analyzed

by Wilcoxon’s tests. In all comparisons, P< 0.05 indicated statistical significance
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morbidity. Although there are some limitations to this
study, this experimental animal model contributes to our
understanding of this complex pathophysiological disease
and demonstrates the involvement of MMPs.
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12. Sellner J, Täuber MG, Leib SL. Chapter 1 – pathogenesis and patho-

physiology of bacterial CNS infections. In: Karen LR, Allan RT, eds.

Handbook of Clinical Neurology. Elsevier, 2010:1–16

13. Moreillon P, Majcherczyk PA. Proinflammatory activity of cell-wall

constituents from gram-positive bacteria. Scand J Infect Dis
2003;35:632–41

14. Klein M, Koedel U, Pfister HW. Oxidative stress in pneumococcal

meningitis: a future target for adjunctive therapy? Prog Neurobiol
2006;80:269–80

15. Kastenbauer S, Koedel U, Becker BF, Pfister HW. Oxidative stress in

bacterial meningitis in humans. Neurology 2002;58:186–91

16. Kastenbauer S, Koedel U, Pfister HW. Role of peroxynitrite as a medi-

ator of pathophysiological alterations in experimental pneumococcal

meningitis. J Infect Dis 1999;180:1164–70

17. Nathan BR, Scheld WM. New advances in the pathogenesis and

pathophysiology of bacterial meningitis. Curr Infect Dis Rep
2000;2:332–6

18. Yong VW, Krekoski CA, Forsyth PA, Bell R, Edwards DR. Matrix

metalloproteinases and diseases of the CNS. Trends Neurosci
1998;21:75–80

19. Shapiro S, Miller A, Lahat N, Sobel E, Lerner A. Expression of matrix

metalloproteinases, sICAM-1 and IL-8 in CSF from children with

meningitis. J Neurol Sci 2003;206:43–8

20. Barichello T, Pereira JS, Savi GD, Generoso JS, Cipriano AL, Silvestre C,

Petronilho F, Dal-Pizzol F, Vilela MC, Teixeira AL. A kinetic study of the

cytokine/chemokines levels and disruption of blood-brain barrier in

infant rats after pneumococcal meningitis. J Neuroimmunol
2011;233:12–7

21. Barichello T, Generoso JS, Silvestre C, Costa CS, Carrodore MM,

Cipriano AL, Michelon CM, Petronilho F, Dal-Pizzol F, Vilela MC,

Teixeira AL. Circulating concentrations, cerebral output of the CINC-1

and blood-brain barrier disruption in Wistar rats after pneumococcal

meningitis induction. Eur J Clin Microbiol Infect Dis 2012;31:2005–9

22. Irazuzta JE, Pretzlaff RK, Zingarelli B, Xue V, Zemlan F. Modulation of

nuclear factor-kappaB activation and decreased markers of neuro-

logical injury associated with hypothermic therapy in experimental

bacterial meningitis. Crit Care Med 2002;30:2553–9

23. Dal-Pizzol F, Rojas HA, Dos Santos EM, Vuolo F, Constantino L, Feier G,

Pasquali M, Comim CM, Petronilho F, Gelain DP, Quevedo J,

Moreira JC, Ritter C. Matrix metalloproteinase-2 and metalloproteinase-

9 activities are associated with blood-brain barrier dysfunction in an

animal model of severe sepsis. Mol Neurobiol 2013;48:62–70

24. Smith SL, Hall ED. Mild pre- and posttraumatic hypothermia attenuates

blood-brain barrier damage following controlled cortical impact injury

in the rat. J Neurotrauma 1996;13:1–9

25. Barichello T, Goncalves JC, Generoso JS, Milioli GL, Silvestre C,

Costa CS, Coelho Jda R, Comim CM, Quevedo J. Attenuation of cog-

nitive impairment by the nonbacteriolytic antibiotic daptomycin in

Wistar rats submitted to pneumococcal meningitis. BMC Neurosci
2013;14:42

26. Vianna MR, Alonso M, Viola H, Quevedo J, de Paris F, Furman M, de

Stein ML, Medina JH, Izquierdo I. Role of hippocampal signaling

pathways in long-term memory formation of a nonassociative learning

task in the rat. Learn Mem 2000;7:333–40

27. de Lima MN, Laranja DC, Bromberg E, Roesler R, Schroder N. Pre- or

post-training administration of the NMDA receptor blocker MK-801

impairs object recognition memory in rats. Behav Brain Res
2005;156:139–43

28. Medina JH, Schroder N, Izquierdo I. Two different properties of short-

and long-term memory. Behav Brain Res 1999;103:119–21

29. Barichello T, dos Santos I, Savi GD, Simoes LR, Silvestre T, Comim CM,

Sachs D, Teixeira MM, Teixeira AL, Quevedo J. TNF-alpha, IL-1beta,

IL-6, and cinc-1 levels in rat brain after meningitis induced by

Streptococcus pneumoniae. J Neuroimmunol 2010;221:42–5

30. Barichello T, Savi GD, Silva GZ, Generoso JS, Bellettini G, Vuolo F,

Petronilho F, Feier G, Comim CM, Quevedo J, Dal-Pizzol F. Antibiotic

therapy prevents, in part, the oxidative stress in the rat brain after

meningitis induced by Streptococcus pneumoniae. Neurosci Lett
2010;478:93–6

230 Experimental Biology and Medicine Volume 239 February 2014
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



31. Scheld WM, Koedel U, Nathan B, Pfister HW. Pathophysiology of bac-

terial meningitis: mechanism(s) of neuronal injury. J Infect Dis
2002;186:S225–33

32. Szabo C. Multiple pathways of peroxynitrite cytotoxicity. Toxicol Lett
2003;140–141:105–12

33. Mayhan WG. Nitric oxide donor-induced increase in permeability of

the blood-brain barrier. Brain Res 2000;866:101–8

34. Lukes A, Mun-Bryce S, Lukes M, Rosenberg GA. Extracellular matrix

degradation by metalloproteinases and central nervous system dis-

eases. Mol Neurobiol 1999;19:267–84

35. Sellebjerg F, Sorensen TL. Chemokines and matrix metalloproteinase-9

in leukocyte recruitment to the central nervous system. Brain Res Bull
2003;61:347–55

36. Hsieh HL, Wang HH, Wu CY, Tung WH, Yang CM. Lipoteichoic acid

induces matrix metalloproteinase-9 expression via transactivation of

PDGF receptors and NF-kappaB activation in rat brain astrocytes.

Neurotox Res 2010;17:344–59

37. Woessner JF Jr. The family of matrix metalloproteinases. Ann N Y Acad
Sci 1994;732:11–21

38. Rosenberg GA, Kornfeld M, Estrada E, Kelley RO, Liotta LA, Stetler-

Stevenson WG. TIMP-2 reduces proteolytic opening of blood-brain

barrier by type IV collagenase. Brain Res 1992;576:203–7

39. Paul R, Koedel U, Winkler F, Kieseier BC, Fontana A, Kopf M,

Hartung HP, Pfister HW. Lack of IL-6 augments inflammatory response

but decreases vascular permeability in bacterial meningitis. Brain
2003;126:1873–82

40. Paul R, Lorenzl S, Koedel U, Sporer B, Vogel U, Frosch M, Pfister HW.

Matrix metalloproteinases contribute to the blood-brain barrier dis-

ruption during bacterial meningitis. Ann Neurol 1998;44:592–600

41. Leppert D, Leib SL, Grygar C, Miller KM, Schaad UB, Hollander GA.

Matrix metalloproteinase (MMP)-8 and MMP-9 in cerebrospinal fluid

during bacterial meningitis: association with blood-brain barrier

damage and neurological sequelae. Clin Infect Dis 2000;31:80–4

42. Barichello T, Silva GZ, Generoso JS, Savi GD, Michelon CM, Feier G,

Comim CM, Quevedo J. Time-dependent behavioral recovery after

pneumococcal meningitis in rats. J Neural Transm 2010;117:819–26

43. Barichello T, Milioli G, Generoso JS, Cipriano AL, Costa CS, Moreira AP,

Vilela MC, Comim CM, Teixeira AL, Quevedo J. Imipramine reverses

depressive-like parameters in pneumococcal meningitis survivor rats.

J Neural Transm 2012;119:653–60

44. Leib SL, Leppert D, Clements J, Tauber MG. Matrix metalloproteinases

contribute to brain damage in experimental pneumococcal meningitis.

Infect Immun 2000;68:615–20

45. Sellner J, Leib SL. In bacterial meningitis cortical brain damage is

associated with changes in parenchymal MMP-9/TIMP-1 ratio and

increased collagen type IV degradation. Neurobiol Dis 2006;21:647–56

(Received March 15, 2013, Accepted August 15, 2013)

Barichello et al. Mettaloproteinases and pneumococcal meningitis 231
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .


