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Review

Using Knockout Mice to Study Experimental Meningitis
R. Paul et al.: KO Mice in Experimental Meningitis
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Abstract. Despite the use of antibiotics, the prognosis of bacterial meningitis is still poor due to central nervous
system (CNS) complications, such as brain edema formation, cerebrovascular alterations, and intracranial hemor-
rhage. Experimental studies with animal models have given new insights into its pathophysiology during the acute
phase of the disease. In recent years, genetically engineered mice have become a powerful tool in investigating
the role of particular genes by targeted deletion and have also been applied in bacterial meningitis research. By
using knockout mice, new knowledge of the roles of the different cytokines, proteases, and oxidants involved in
the inflammatory cascade has emerged. In the future, temporal and cell type-specific control of gene expression
will provide even more information on the impact of a particular gene on meningitis-induced brain damage.
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Introduction

Despite the use of antibiotics, mortality and mor-
bidity from bacterial meningitis remain unacceptably
high. In pneumococcal meningitis, the most common
form of bacterial meningitis in adults, death occurs in
25–30% of all patients and neurological and neuropsy-
chological sequelae are reported to affect up to 50% of
survivers35. Clinical and neuropathological studies have
shown that the fatal outcome of the disease is mainly
a result of complications secondary to bacterial men-
ingitis. These complications include intracranial hyper-
tension due to brain edema or hydrocephalus, arterial
and venous cerebrovascular alterations (cerebral ische-
mia, venous thrombosis), intracranial hemorrhage, and
systemic spread of bacteria leading to septic shock and
multi-organ failure35, 47.

Whereas the incidence of bacterial meningitis
caused by Haemophilus influenzae type B, the predomi-

nant pathogen among infants in the 1980s, experienced
a dramatic decline due to routine immunization84, 105,
clinicians are increasingly faced with the problem of
antibiotic-resistant strains of Streptococcus pneumon-
iae. In the United States the proportion of S. pneumon-
iae strains resistant to penicillin increased from 21% in
1995 to 24% in 199823, and macrolide resistance almost
doubled from 10.6% in 1991 to 20.4% in 199929 and it
is predicted that more than 40% of all pneumococci will
be double resistant by 200560. This imminent threat em-
phasises the need for adjunctive therapies to reduce the
severity and frequency of complications due to bacteri-
al meningitis.

The serious prognosis of bacterial meningitis
strongly encouraged the development of animal models
which mimic features of the human disease and which
are suitable for the determination of the pathophysio-
logy of bacterial meningitis and the evaluation of new
treatment strategies45. Many animal models meningitis
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have been applied using different species, pathogens,
and sites of inoculation. Most of studies have been done
with the adult rabbit model, as originally described by
DACEY and SANDE9, and the adult rat model developed
by QUAGLIARELLO et al.75, where animals are infected
by direct injection of the pathogen into the cerebrospi-
nal fluid (CSF) via intracisternal puncture. These mod-
els can reproducably cause lethal infections with a pre-
dictable outcome, bypassing the natural dissemination
of bacteria from the intravascular compartment to the
central nervous system (CNS). In other models, bac-
teria have been inoculated intranasally, subcutaneously,
or intraperitoneally, mimicking the pathogenetic steps
of bacterial meningitis in humans. Because adult ani-
mals will not reliably develop CNS inflammation by
these kinds of challenge with live organisms, infant
animals, mostly rats, must be used. Therefore, these
models have been widely applied in studies investigat-
ing the pathogenic events in meningitis caused by
H. influenzae62, 85 and Escherichia coli3, 37, the most
common pathogens of meningitis in neonatals and in-
fants.

The use of relatively large animals like rats and
rabbits has many advantages. Experimental and surgi-
cal procedures, e.g. puncture of the cisterna magna for
pathogen inoculation, ventilation of the animals, and
catheterization of vessels, are easily feasible. In addi-
tion, CSF and blood samples in amounts sufficient to
perform multiple molecular tests, e.g. PCR, ELISA and
Western blots, can be collected. Drawbacks of the use
of rats and rabbits are the need for fairly large amounts
of substances to be applied and the limited availability
of biological reagents and genomic information for
these species. Mice models of bacterial meningitis, pre-
viously used mainly for the study of the pathophysio-
logy of Listeria monocytogenes meningoencephalitis57, 94,
overcome these restrictions and offer new possibilities
for studying the role of particular proteins by targeted
mutagenesis.

During the last two decades technology has been
developed that allows the specific modification of the
genes of many organisms, permitting the in vivo alter-
ation of their expression or function. This technology
provides a powerful method for investigating the physi-
ological and pathophysiological relevance of proteins.
Mice possess a distinct advantage over other species in
that they are more closely related to humans from
a physiological perspective. With some exceptions,
where rats were used, most of the genetic studies have
been done in mice, since it has not been possible to date
to create pluripotent rat embryonic stem cell lines,
which are needed to create specific mutants7.

Since the first publications addressing the correction
of mutant genes by gene targeting in embryonic stem
cells in the late 1980s50, 52, 93, numerous genetically
modified mice with distinct deletions have been created
and studied. Mice deficient in a particular gene, so-
-called knockout (KO) mice, are generated by targeted
insertion of DNA into embryonic stem cells by homo-
logous recombination99. Typically, a targeting vector is
designed in a way that a positive selectable marker
gene (e.g. neomycin resistance gene, neor) is flanked
by large sequences of cloned genomic DNA homolo-
gous to the endogenous target gene. The homologous
sequences enable insertion of the vector into the target
gene by homologous recombination, while the neor

gene disrupts the wild-type DNA sequence, replacing
the original allele by a non-functional one (“null” all-
ele, gene+/–). Mating of heterozygous mice with one
“null” allele will produce a strain of KO mice homozy-
gous for the non-functional gene (gene–/–). To date,
hundreds of KO mice have been genetically engineered
and numerous animals have been designed with spe-
cific mutations of genes related to the immune or CNS,
offering new tools for research on bacterial meningitis6,

17, 73, 74.
The pathophysiology of bacterial meningitis con-

sists of a complex network of different interacting bio-
active substances, such as cytokines, chemokines, oxi-
dants, and proteases, that ultimately leads to cell injury,
cerebrovascular alterations, and brain edema (Fig. 1).
Genetic targeting of some of the pathways has offered
new insights into the pathophysiological mechanisms
underlying these detrimental complications (Table 1).

KO Mice in Experimental Meningitis

Immune activation in bacterial meningitis

Cell-wall components of bacteria are sufficient to
induce inflammatory host response against bacteria. It
was shown that heat-killed, unencapsulated pneumo-
cocci, their isolated cell walls, lipoteichoic acid, and
peptidoglycan intracisternally injected activate the im-
mune system in the CNS and cause an inflammation
resembling the chararcteristics of naturally acquired
meningitis96  . The first step in immune activation is
mediated by the binding of bacterial cell membrane
components to the pattern-recognition receptors of host
cells31. Response to infections of both Gram-negative
as well as Gram-positve bacteria is, at least in part,
mediated by membrane CD14 (mCD14)15. Since
mCD14 cannot transmit the activation signal into the
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cell, a second receptor is needed to promote cellular
response55. Recently, it was shown that the Toll-like
receptor 4 (TLR4) and TLR2 can recognize pathogen-
associated molecular patterns such as peptidoglycans,
lipoproteins, lipoteichoic acids and lipopolysaccharides
in conjunction with CD141, 61. Accordingly, coexpress-
ion of CD14 and TLR2 in CHO fibroblasts resulted in
an activation of the nuclear factor κB (NF-κB) signal-
ing pathway in response to pneumococcal peptidogly-
can and heat-killed S. pneumoniae, suggesting a role of
TLR2 as a sensor and trigger of pneumococcal CNS
infection108. Here, the use of TLR2-deficient mice of-
fered an elegant way to address this issue. Intracerebral
as well as intracisternal injection of live S. pneumoniae
induced an inflammatory response in TLR2–/– mice,
leading to an increased disease severity and aggravated
intracranial complications (e.g. increased intracranial
pressure) which were associated with higher brain and
blood bacterial titers16, 39. Expression of tumor necrosis
factor α (TNF-α), interleukin 1β (IL-1β), macrophage
inflammatory protein 2 (MIP-2), IL-6, inducible nitric
oxide synthase (iNOS) and complement factor C3
showed no differences between infected wild-type and

TLR2-deficient mice at 24 h, indicating that mice can
still sense CNS infection with S. pneumoniae in the
absence of TLR216, 39. The message of these results is
2-fold: first, TLR2 is involved in the host immune re-
sponse initiating bacterial killing after challenge with
S. pneumoniae and second, other TLR2-independent,
yet undefined cellular recognition pathways of S. pneu-
moniae must exist which induce host defense.

After the recognition of the pathogen and immune
activation, the host reacts with an arsenal of bioactive
molecules, such as cytokines, proteases, and oxidants,
to attack and destroy the intruding organisms.

Cytokines in bacterial meningitis

Cytokines are important mediators of the inflamma-
tory reaction to bacterial challenge14. TNF-α, IL-1β,
and IL-6 play a significant role in the early-response
phase, triggering a cascade of inflammatory mediators,
including other cytokines, chemokines, arachidonic
acid metabolites, and reactive oxygen and nitrogen
species47, 82. All three cytokines can be produced by
several cell types within the CNS, including endothelial

Table 1. Knockout mice investigated in models of bacterial meningitis

Target Major results References

Immune activation
  TLR2

Cytokines
  TNF-α
  TNF receptors
  IL-1R
  Caspase-1
  IL-6
  M-CSF

Adhesion molecules
  P-selectin
  P- and E-selectin
  ICAM-1

Proteases
  MMP-9

Oxidants related enzymes
  eNOS
  iNOS
  PARP1

disease severity↑, ICP↑, BBBP↑, bacterial titer↑a

disease severity↑, survival rate↓, BBBP↑, bacterial clearance↓

disease severity↑, survival rate↓, bacterial titers↑b, inflammationc

inflammation↓, disease severity and neuronal damagec

survival rate↓, inflammation↓, bacterial titers↑
disease severity↓, ICP↓, BBBP↓, IL-1ß↓, MIP-1α↓, MIP-2↓, iNOS↓, CSF-WBC↓
ICP↓, BBBP↓, CSF-WBC↑, IL-1ß↑, TNF-α↑, MIP-2↑, GM-CSF↓
disease severity, inflammation, and neuronal damagec

CSF-WBC↓, BBBP↓
CSF-WBC↓↓ BBBP↓↓
disease severity, inflammation, and neuronal damagec

survival rate↓d

bacterial titersb, inflammation and disease severityc

ICP↑, BBBP↑, IL-1ß↑, KC↑, MIP-2↑, P-selectin↑, CSF-WBC↑
BBBP↓, IL-1ß↓, IL-6↓, TNF-α↓, MIP-1α↓, MIP-2↓, CSF-WBC↑
disease severity↓, ICP↓, BBBP↓, IL-1ß↓, TNF-α↓, IL-6↓, CSF-WBC↓

39
16

104
104
110
48
69
24

92
92
24
91

4

43
106
49

ICP – intracranial pressure, BBBP – blood-brain barrier permeability, CSF-WBC – cerebrospinal fluid white blood cell count.
a in blood and brain; b in blood and spleen not in brain; c no difference, from wild-type; d after infection with S. pneumoniae.
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Fig. 1. Mechanisms of brain damage in experimental meningitis. Host immune response to pathogens is induced by interaction of bacterial
cell-wall components with host Toll-like receptors (TLR), especially TLR2 and TLR4, together with CD14. Subsequently, the transcrip-
tional activator NF-κB drives the expression of cytokines, chemokines, and adhesion molecules via the MyD88-regulated pathway.
Leukocytes are attracted and activated by chemokines and cytokines, and migrate over the endothelium using adhesion molecules. Activated
leukocytes release a complex assortment of potentially cytotoxic agent, such as oxidants (O2

–), nitric oxide (NO), proteases, and cytokines.
Pro-IL-1β is converted to its active form by caspase-1, which leads to an exaggerated activation of NF-κB. initating an uncontrolled
expression of proinflammatory mediators. The toxic reagent product of NO and O2

–, peroxynitrite (ONOO–), initiates lipid peroxidation
and activates PARP, which ultimately results in cell injury and death. Proteases, especially matrix metalloproteinases (MMPs), degrade
extracellular matrix (ECM), causing a disruption of the blood-brain barrier
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cells, astrocytes, and microglia90. Elevated CSF levels
of these cytokines were found in patients with bacterial
meningitis57, 102  , and the concentration of TNF-α was
significantly correlated with the clinical outcome of the
disease66. In rodent models of bacterial meningitis,
brain mRNA as well as protein expressions of TNF-α,
IL-1β, and IL-6 were upregulated in the acute stage of
the inflammation43, 106. Moreover, intracisternal injec-
tion of recombinant IL-1β, alone or in combination
with TNF-α, can induce meningitis in rats with influx
of neutrophils into the CSF space and disruption of the
blood-brain barrier resembling the features of bacteri-
al-induced CNS inflammation76. Studies with mice
deficient in one of these cytokines or their receptors
provided a deeper insight into their role during bacterial
meningitis.

In a murine model of pneumococcal CNS inflam-
mation, the lack of TNF-α was associated with worse
clinical outcome and shorter survival time compared
with wild-type mice, but meningeal inflammation was
not distinguishable between the groups104. However,
bacterial titers were significantly higher in the blood
and spleen of TNF-α–/– mice, indicating that the clear-
ance of S. pneumoniae from the bloodstream was se-
verely affected. By contrast, mice with targeted disrup-
tion of the two TNF receptors p55 and p75 showed
decreased meningeal inflammation with reduced leuko-
cyte infiltration104. These results indicate that other
TNF receptor ligands than TNF-α (e.g. lymphotoxin
a) may contribute to the inflammatory reaction in pneu-
mococcal meningitis.

IL-6 is a multifunctional cytokine with diverse ac-
tions, e.g. regulation of inflammation including the in-
duction of the acute-phase reaction, immune response,
and cellular differentiation20, 21. In IL-6-deficient mice,
intracisternal injection of pneumococci caused a 3-fold
increase in CSF leukocyte counts compared with wild-
-type mice69. This was associated with a higher express-
ion of IL-1β, TNF-α and MIP-2 in IL-6–/– mice, indi-
cating that in wild-type animals these proinflammatory
substances are downregulated by IL-6. Surprisingly, the
meningitis-induced increase in cerebral vascular per-
meability was attenuated in IL-6–/– mice, leading to de-
creased intracranial pressure by a yet unknown mech-
anism. These results indicate that migration of
leukocytes across cerebral vessels is not necessarily ac-
companied by the disruption of the blood-brain barrier.

The role of IL-1 in bacterial meningitis was studied
in two KO models. First, IL-1 signaling was investi-
gated using IL-1 receptor type I (IL-1R)-deficient mice
in a model of pneumococcal meningitis induced by in-
tranasal inoculation110. In this study, enhanced bacterial

growth in the CSF of IL-1R–/– mice was found in the
early phase of the disease, which was associated with
a higher mortality rate in these mice compared with
wild-type controls. Moreover, the infected KO mice
showed decreased infiltration of leukocytes in the men-
inges compared with wild-type controls, though cere-
brospinal fluid white blood cell counts did not differ
between the groups. Therefore, the author concluded
that IL-1 is essential for host defense during meningitis.
In a second approach, IL-1 signaling after intracisternal
inoculation of pneumococci was investigated in mice
deficient in caspase-1. Caspase-1, also known as IL-1β
converting enzyme (ICE), is essential in generating bi-
ologically active IL-1β. Expression of caspase-1
mRNA and protein is upregulated in the brain during
experimental pneumococcal meningitis and is associ-
ated with increased levels of IL-1β48, 101. In caspase-1–/–

mice, the increase in IL-1β during meningitis express-
ion was significantly attenuated48. This was paralleled
by a reduced inflammatory host response to pneumo-
coccal challenge: NF-κB activity as well as TNF-α,
MIP-1α, MIP-2 expression in the brain, and CSF leu-
kocyte count were reduced. Pharmacological inhibition
of caspase-1 affirmed these findings suggesting that
caspase-1 blockage may provide an efficient adjuvant
therapeutic strategy in this disease5, 48. These results
demonstrate a crucial role of caspase-1 in the IL-1β-
-mediated signaling pathway by inducing and ampli-
fying host inflammatory response during pneumococcal
meningitis.

Macrophage colony-stimulating factor (M-CSF) is
one of the most important activators of microglia. M-CSF
is essential for the final step of maturation of microglia
and not replaceable by other factors30. Increased levels
of M-CSF in the CSF of patients with bacterial men-
ingitis could be found, suggesting a role of M-CSF in
the pathophysiology of the disease22. However, in an
animal model of S. pneumoniae meningitis, mice defi-
cient in M-CSF did not show any differences in clinical
score, meningeal inflammation or neuronal damage
compared with their wild-type littermates. The lack of
M-CSF totally blocks the activation of brain microglia,
whereas most of the peripheral macrophages appear to
be unaffected24. Therefore, the authors of this study
question whether recruited monocytes or other hema-
togenous cells, rather than resident microglia, might be
involved in the disease progression of bacterial men-
ingitis.

Many cytokines, especially IL-1β and TNF-α,
stimulate the expression of chemokines and adhesion
molecules which faciliate the attraction and passage of
leukocytes from the blood stream into the CSF space.
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Adhesion molecules in bacterial meningitis

Leukocyte migration across the cerebral endothe-
lium is a multistep process consisting of the sequential
activation of adhesion receptors and their ligand on
both leukocytes and endothelial cells51, 63. The adhesion
cascade can be divided into the four steps of tethering,
triggering, firm adhesion, and emigration. Tethering is
mediated by the selectin familiy of adhesion molecules
(P-selectin, E-selectin, L-selectin), each of which pro-
motes leukocyte rolling under flow conditions26, 68.
P-selection was originally discovered on platelets, but
is also found on endothelial cells. P-selectin binds to
CD24 and the P-selectin glycoprotein ligand 1 on leu-
kocytes, which is also a ligand for E-selectin, the sec-
ond selectin expressed on endothelial cells. Firm adhe-
sion of leukocytes on the endothelium is mediated by
β2 integrins, predominantly by CD11b/CD18 (αMβ2,
Mac-1) and its endothelial counterpart, the intercellular
adhesion molecule 1 (ICAM-1, CD54), a member of
the IgG-superfamily51.

In an acute cytokine-induced meningitis model,
partial inhibition of CSF leukocyte influx and blood-
-brain barrier leakage was noted in P-selectin-defi-
cient mice. In P- and E-selectin double-KO mice,
a nearly complete inhibition of these parameters was
achieved, suggesting that both selectins cooperatively
contribute to meningitis-induced intracranial compli-
cations92.

In contrast, mice deficient in ICAM-1 were not pro-
tected against the detrimental effects of CNS inflamma-
tion. In an infant mouse model of hematogenous bac-
terial meningitis, infection of ICAM-1–/– mice with
S. pneumoniae caused an increase in CSF leukocyte
counts comparable with wild-type mice and mortality
was even higher in the KO group91. Similar results were
reported in a study using an adult mouse model of
pneumococcal meningitis. Here, the intensity of inflam-
mation, neuronal damage, and clinical course of bac-
terial meningitis in ICAM-1–/– mice were not different
from those seen in their wild-type littermates24. This is
in contrast to other studies which showed a beneficial
effect of blocking leukocyte adhesion using antibodies
directed against ICAM-1 or its counterpart, CD1897, 103.
There are several possible reasons for this discrepancy.
First, different endpoints were chosen: in the study
using the ICAM-1-deficient mice the duration of the
experiments was between 24 and 32 h, whereas the
blocking experiments with the anti-ICAM-1 antibody
lasted only 6 h. Secondly, the positive results using
antibodies directed against CD18 might be due to the
fact that β2 recognizes not only ICAM-1, but also other

members of the ICAM family86. Thirdly, alternative
adhesion mechanisms could compensate for the lack of
ICAM-1 in deficient mice, supporting leukocyte migra-
tion and disease progression.

After migration across the blood-brain barrier, leu-
kocytes release a complex assortment of potentially
tissue-destructive agents, including reactive oxygen and
nitrogen intermediates, such as nitric oxide (NO) and
peroxynitrite, and proteolytic enzymes, e.g. matrix me-
talloproteinases (MMPs).

MMPs in bacterial meningitis

MMPs are a family of zinc-dependent endopepti-
dases which degrade components of extracellular ma-
trix (ECM), including proteoglycans, glycoproteins,
and various types of collagen107. MMPs can be induced
and activated by several inflammatory mediators, such
as TNF-α, IL-1β, IL-6, NO, peroxynitrite, and metabo-
lites of the arachidonic acid pathway58, 65, 77. Experimen-
tal studies showed that intracerebral injection of MMP-
2 and MMP-9 can cause blood-brain barrier
disruption64, 78. It has also been speculated that neutro-
phils use MMPs, in particular MMP-9, to digest ECM
during transmigration from the bloodstream11, 13. Corre-
spondingly, in a rat model of pneumococcal meningitis,
application of the broad-spectrum MMP inhibitor BB-94
(batimastat) significantly reduced blood-brain barrier
disruption and, to a lesser extent, CSF pleocytosis70.
Similary, in an infant rat model of meningococcal men-
ingitis, treatment with different MMP inhibitors signi-
ficantly attenuated blood-brain barrier permeability and
neuronal injury56. In patients, MMP-9 and MMP-8 were
upregulated in the CSF during bacterial meningitis36, 56, 70.
High MMP-9 concentrations were correlated with poor
clinical outcome, suggesting a pivotal role of MMP-9
in bacterial meningitis. However, mice deficient in
MMP-9 showed no reduction in disease severity, leu-
kocyte recruitment, and brain bacterial titers after intra-
cerebral injection of S. pneumoniae. Only spleen bac-
terial titers were significantly increased in MMP-9–/–

mice compared with wild-type mice, suggesting that
MMP-9 deficiency impairs host defense4. These unex-
pected results may have several reasons. First, pharma-
cological inhibition targets not only MMP-9, but also
other MMPs, e.g. MMP-3, MMP-8, and MMP-13,
which might be involved in blood-brain barrier
disruption. Secondly, the lack of MMP-9 could be
compensated by other proteolytic enzymes which
degrade components of the ECM.
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Oxidants in bacterial meningitis

Besides proteolytic enzymes, reactive oxygen
species (ROS, e.g. superoxide) and reactive nitrogen
intermediates (RNI, e.g. NO) are important effector
molecules, and animal studies have provided substan-
tial evidence for a central role of ROS and RNI in the
pathogenesis of bacterial meningitis33, 34, 40, 46. ROS
generation has been detected in models of bacterial
meningitis and treatment with antioxidants showed
benefical effects on the course of the disease, attenuat-
ing (or even preventing) meningitis-induced intra-
cranial complications44, 72. Likewise, RNI have been
demonstrated to be important mediators in the patho-
physiology of bacterial meningitis34, 40. In patients with
bacterial meningitis, increased levels of nitrite/nitrate,
as indicators for NO production, were detected in the
CSF during the acute stage of the disease95, 100. Similar
results were obtained from animal studies of bacterial
meningitis12, 32. In contrast to ROS, where KO mice
have not yet been applied to study the deficiency of
particular genes during experimental meningitis, the
lack of NO-producing enzymes has been extensively
investigated.

NO is produced by three different NO synthases
(NOS): two constitutive isoforms, which are present in
endothelial cells (eNOS) and neuronal cells (nNOS),
and one inducible isoform iNOS, which is expressed in
many cells, e.g. neutrophils, macrophages, astrocytes
and microglia, in response to stimulation with cytokines
or bacterial cell-wall components28, 88. The significance
of pharmocological studies using NOS inhibitors is
limited by three major problems: 1) NOS inhibitors are
not completely selective for one isoform, 2) their
bioavailability is questionable, and 3) they may exert
additional pharmacological effects unrelated to the
NOS system. Therefore, mice deficient in one distinct
isoform offered a powerful tool to elucidate the role of
eNOS and iNOS in experimental bacterial meningitis.
In pneumococcal meningitis, iNOS–/– mice showed sig-
nificantly lower concentrations of inflammatory medi-
ators (e.g., IL-1β, TNF-α, and IL-6) compared with
wild-type mice. This effect was paralleled by a reduc-
tion in blood-brain barrier disruption. However, iNOS
deficiency increased CSF leukocyte count in reponse to
pneumococcal challenge106. This effect could not be
elucidated yet, but there is evidence that NO is able to
modulate the adhesiveness of leukocytes to the endo-
thelium, possibly by downregulating surface expression
of β2-integrins79.

In contrast, lack of eNOS was associated with an
aggravation of meningitis-induced pathological alter-

ations, including an increase in blood-brain barrier per-
meability and CSF leukocyte count. This effect seems
to be due to an elevated expression of proinflammatory
host factors such as IL-1β, keratinocyte-derived cyto-
kine, MIP-2, and P-selectin in the brains of eNOS–/–

mice. Furthermore, the increased inflammatory re-
sponse was associated with a worsening of the disease
and higher mortality rate43.

Thus, NO generated by separate NOS isoforms may
have different roles and opposing effects in pneumo-
coccal meningitis. While NO formed by iNOS seems
to contribute to some of the detrimental pathophysio-
logical alterations, eNOS-derived NO apparently plays
a protective role in bacterial meningitis.

Simultaneous production of oxygen-centred and ni-
trogen-centred free radicals can result in the formation
of a toxic reaction product, the oxidant peroxynitrite2.
Besides the initiation of lipid peroxidation67, which can
ultimately lead to loss of cellular membrane function
and integrity, peroxynitrite can also cause DNA strand
breakage and subsequent activation of poly(ADP ri-
bose) polymerase 1 (PARP1)2, 89. PARP1 is a nuclear
enzyme involved in the detection and signaling of DNA
strand breaks and is proposed to be critical for cellular
processes such as DNA repair and transcription. Exten-
sive PARP1 activation can initiate an energy-depleting
intracellular cycle leading to cell dysfunction and death.
Poly(ADP ribosyl) ated protein, as a marker for PARP
catalytic activity was increased in brains of mice and
rats challenged intracisternally with S. pneumoniae
after 24 h49. Mice with targeted disruption of the
PARP1 gene were protected against the development of
meningitis-induced intracranial complications, such as
blood-brain barrier leakage and CSF pleocytosis. More-
over, infected PARP1–/– mice had significantly reduced
concentrations of IL-1β, TNF-α, and IL-6 in the brain
compared with infected wild-type mice49. Interestingly,
PARP activation during bacterial meningitis was not
associated with DNA strand breaks in the brain paren-
chyma, as assessed by TUNEL staining. Therefore,
mechanisms other than DNA damage may be involved
in PARP activation in bacterial meningitis resulting in
the disruption of the blood-brain barrier.

Limits of Genetically Engineered Mouse Models

As shown in this review, targeted deletion of spe-
cific genes offers a powerful tool in investigating their
role in the pathophysiology of bacterial meningitis.
However, this method is also associated with several
limits and drawbacks. First, some gene deletions result
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in a lethal phenotype, either already during em-
bryogenesis or shortly after birth. For example, endo-
thelins (ET) and their receptors, which are involved in
the pathophysiology of bacterial meningits41, 42, cannot
be investigated, since ET-1- and ETA receptor-deficient
mice die shortly after birth due to respiratory failure
and ETB receptor KO mice become progressively ill
with megacolon within several days after weaning8, 27, 54.
Likewise, the role of transforming growth factor β 1
(TGF-β1) and TGF-β2 in bacterial meningitis can only
be studied incompletely. It was shown that TGF-β acts
as an anti-inflammatory cytokine, since treatment with
TGF-β1 or TGF-β2 attenuated cerebrovascular changes
and brain edema formation in experimental pneumo-
coccal meningitis71. However, TGF-β1 or TGF-β2 defi-
ciency cannot be studied, since TGF-β1–/– mice suc-
cumb to a wasting syndrome leading to organ failure
and death, and TGF-β2–/– mice exhibit perinatal mor-
tality and a wide range of developmental defects80, 83.

Furthermore, results obtained from experiments
using mutant mice should be treated with caution, since
the lack of one gene is often compensated by altered
expression of other genes which might hamper the sig-
nificance of the results. For example, it was shown that
IL-6–/– mice have profound differences in the basal
mRNA content of GM-CSF and MIP-2 compared with
uninfected wild-type mice69. In this study the phenotype
of the KO mice was affirmed by the systemic treatment
of rats with anti-IL-6 antibodies, which yielded similar
results. However, in other studies (e.g. investigating
adhesion molecules) contradictory findings were ob-
tained using KO mice and antibody inhibition. Among
other things (see above), this might be due to compen-
satory gene expression in ICAM-1-deficient mice re-
placing the disrupted adhesion mechanism.

Moreover, the expression of a phenotype in mice
carrying a mutation may depend on a number of factors
not directly associated with the disrupted gene. One
factor is the genetic background, defined as the sum of
all genes present in an organism that influences a trait.
The genetic background, depends on so-called genetic
modifiers (allelic variants at loci other than the one
being genetically modified) in the inbred strain genome,
which can alter gene copy number, gene expression,
mRNA stability, or DNA methylation59. Targeted muta-
tions are commonly generated in hybrid mice (C57BL/6
× 129), resulting in a mixed background. Further inbreed-
ing or backcrossing to other inbred strains may result in
a phenotype significantly different from that reported for
a mixed genetic background. Therefore, the use of appro-
priate controls is essential for interpreting the results ob-
tained in a specific mutant.

Future Perspectives

Although the use of genetically engineered animals
is afflicted with some limitations, KO mice nonetheless
open new avenues to the further understanding of the
pathophysiology of bacterial meningitis, and some, of
the drawbacks will be overcome by the development of
new genetical techniques which have emerged recently.
Strategies exploiting inducible DNA recombination
have been incorporated into gene-targeting procedures
to allow temporal, spatial, and cell-specific ablation of
gene expression in vivo98. A large number of site-spe-
cific DNA recombinases have been described in differ-
ent organisms, but due to its relative simplicity and
efficiency, the Cre recombinase became the most popu-
lar in transgenic mice81. Cre is a gene of the bacterioph-
age P1 and recognizes a 34 bp site on the P1 genome
called loxP and catalyzes DNA recombination between
pairs of loxP sites. Cre-mediated recombination be-
tween two loxP sites results in excision of the DNA in
between. Therefore, placement of two loxP sites be-
tween the gene sequence of interest (flanked by loxP
sites or “floxed”) allows the in vivo deletion of genes
in the presence of Cre. Expression of Cre can be regu-
lated by linking Cre to inducible or cell type-specific
promotors. By crossing mice, which express Cre under
the control of a specific promotor with floxed mice,
temporal or cell type-specific knockouts can be pro-
duced. Some cell-specific promotors are of special in-
terest for bacterial meningitis research: driving Cre ex-
pression under the control of the lysozme M promotor
(Lys)18 will give rise to mice deficient in a gene solely
in granulocytes and macrophages, whereas crossing
floxed mice with mice expressing Cre under control of
the tie238 or GFAP promotor109 will KO genes in endo-
thelial cells and astrocytes, respectively.

Nonetheless, even cell-specific ablation of gene ex-
pression can be associated with a lethal phenotype if
the gene is indispensable for development during em-
bryogenesis in this cell type25. Therefore, a temporal
regulation of Cre is needed to arbitrarily control gene
expression postnatally. This can be achieved by linking
Cre to inducible promotors53. A number of different
inducers has been applied, such as interferon53 and ta-
moxifen10. However, both inducers are prone to poten-
tial side effects which can complicate analyses of gene
function. An alternative approach which is becoming
more and more popular is the tetracycline-mediated
regulation of gene expression19, 87. The Tet-Off and Tet-
On systems are binary transgenic systems in which ex-
pression of a target gene is dependent on the activity of
an inducible transcriptional activator. The transcrip-
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tional activator can be regulated both reversibly and
quantitatively by exposing the transgenic mice to va-
rying concentrations of tetracycline or its derivate dox-
ycycline. In the Tet-Off expression system, a tetracy-
cline-controlled transactivator protein (tTA) regulates
expression of a target gene, which is under control of
a tetracycline-responsive promotor element (TRE). In
the absence of tetracycline (or doxycycline), tTA binds
to TRE and activates transcription. In the presence of
tetracycline, tTA cannot bind to TRE and the expression
of the target gene is stopped. The Tet-On system is
based on a reverse tetracycline-controlled transactiva-
tor (rtTA). Thus, transcription of the TRE-regulated tar-
get gene is stimulated only in the presence of tetracy-
cline. This technique allows the arbitrary turning off
and on of genes. Combination with cell-specific promo-
tors which drive tTA or rtTA expression will result in
a cell-specific, quantitatively and temporally controlled
expression of the TRE-regulated target gene98.

Conclusions

During the last two decades, classical pharmaco-
logical approaches using receptor antagonists or
enzyme inhibitors have facilitated the investigation of
numerous inflammatory factors involved in the patho-
physiology of bacterial meningitis. The availability of
genetically engineered mice now opens new avenues to
further understanding the complex network and inter-
actions of the immune system. In the future, more and
more sophisticated techniques will provide precious in-
formation on the impact of a particular gene on men-
ingitis-induced brain damage. The research will be fo-
cused on three main aspects of the pathophysiology of
bacterial meningitis: a) how are pathogens recognized
and how is the immune system activated, b) what are
mechanisms of the blood-brain barrier disruption and
c) how is the inflammatory response regulated? How-
ever, a full extrapolation of experimental data from
genetically modified mice to humans has to be made
with caution and the results derived from these animals
have to be validated by pharmaceutical interference to
establish new adjuvant therapeutic strategies.
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