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Introduction
The blood brain barrier plays a vital role in maintaining vascular 

integrity and preventing developing cerebral edema in bacterial 
meningitis. Cerebral edema, during the course of bacterial meningitis, 
arises from an inflammatory mediated breakdown of the blood brain 
barrier. Proinflammatory cytokines are implicated in mediating 
cerebral edema and increase in intracranial pressure. For example, IL-1 
is a proinflammatory cytokine produced by macrophages, vascular 
endothelium, and the monocytes in response to TNF and bacterial 
lipopolysaccharide. IL-1, additionally, induces the production of 
other cytokines, IL-6 and TNF-alpha to increase inflammatory cell 
burden and aggravate blood brain barrier dysfunction, resulting in 
massive increases in blood brain barrier permeability and cerebral 
edema formation. Equally causative, cerebral edema development 
following gram negative bacterial infections appears to stem from 
cell wall components by the invading microbial agent. As such, 
release of lipopolysaccharide endotoxin and cell wall fragments 
appears to be an initiative for brain edema in bacterial meningitis. 
With this, in this review we seek to comprehensively understand the 
plausible mechanisms responsible for cerebral edema during bacterial 
meningitis, with a particular focus on the intensity of subarachnoid 
space inflammation as a crucial mediator of this edematous process. 

Discussion
Proinflammatory cytokines, gram negative bacterial 
lipopolysaccharide, & granulocytes mediate disruption of the 
blood brain barrier

The blood brain barrier plays a vital role in maintaining vascular 
integrity and preventing the development of cerebral edema. Several 
pieces of clinical and experimental evidence indicate the role of cerebral 
edema in bacterial meningitis. Meningitis caused by Haemophilus 

influenza and E.coli was shown to lead to the development of cerebral 
edema [1]. Tuomanen et al. highlighted the pivotal role of the vascular 
endothelium in bacterial meningitis by demonstrating endothelial 
activation and adhesion of leukocytes leads to brain edema formation 
[2]. Further, McCord et al. demonstrated the importance of oxygen 
derived free radicals in the breakdown of the integrity of the blood 
brain barrier and increase in permeability with the development of 
brain edema and increased intracranial pressure as consequences [3]. 
Likewise, Kadurugamuwa et al, Tuomanen et al, Tureen et al suggested 
oxygen derived free radicals further contribute to the development of 
brain edema through the breakdown of the blood brain barrier [4-7]. 
In conjunction with the above, Wispelwey et al. and Saukkonen et al. 
further supported the assumption of blood brain barrier breakdown 
in bacterial meningitis as a contributory factor in cerebral edema by 
suggesting a possible role of proinflammatory cytokines [8,9]. 

Proinflammatory cytokines 

The brain parenchyma responds to various traumatic, infectious, 
or inflammatory insults by an abnormal accumulation of fluid and a 
subsequent enlargement of brain tissue in a phenomenon described as 
brain edema [10-12]. Cerebral edema, during the course of bacterial 
meningitis, arises from an inflammatory mediated breakdown 
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in bacterial meningitis was positively correlated with levels of TNF 
in the cerebrospinal fluid. Moreover, antibodies directed against 
human recombinant TNF-alpha prevented the breakdown of the 
blood brain barrier, increase in permeability and the development of 
brain edema [26,27]. Similarly, rabbits with meningitis demonstrated 
decreased CSF leukocyte and protein influx followed by attenuation 
of brain edema formation following intrathecal administration of 
monoclonal antibodies against TNF-alpha [9]. Similarly, IL-1 is also 
a proinflammatory cytokine produced by macrophages, vascular 
endothelium, and monocytes in response to TNF and bacterial 
lipopolysaccharide. IL-1 exerts its inflammatory actions by acting on 
the vascular endothelium and granulocytes. For example, it induces 
the production of other cytokines, IL-6 and TNF-alpha, by the 
vascular endothelium and mediates disruption of the blood brain 
barrier, facilitating cerebrospinal fluid leukocyte trafficking. Further, 
IL-1 facilitates the development of cerebral edema by increasing 
the permeability of the blood-brain barrier, leading to the leakage 
of leukocytes, proteins, and plasma, ultimately contributing to an 
accumulation of inflammatory-rich exudate within the cerebrospinal 
fluid. Animal and human models of bacterial meningitis demonstrate 
increased levels of proinflammatory cytokines such as tumor necrosis 
factor alpha and IL-1 in the cerebrospinal fluid [28,29]. For example, 
when exposed to pneumococcal cell wall components and other 
bacterial products, monocytes and central nervous system supporting 
cells (astrocytes and microglia) produce IL-1 [8,30]. Intrathecal 
injection of lipopolysaccharides into the cerebrospinal fluid evoked a 
proinflammatory response defined by the release of the proinflammatory 
cytokines tumor necrosis factor, interleukin 1 and interleukin 6 [31]. 
As such, Injection of IL-1 into the CSF space has been demonstrated 
to lead to massive increases in BBB permeability with the attendant 
development of brain edema in different experimental models of 
bacterial meningitis [9,19]. Rat models of bacterial meningitis have 
been shown to undergo structural and functional modifications of the 
blood brain barrier following inoculation of bacteria and/or bacterial 
cell wall components, possibly mediated by IL-1. For instance, rats 
inoculated with human recombinant IL-1 were shown to display 
CSF leukocytosis, BBB injury, and increased BBB permeability [32]. 
Along the same lines, Quagliariello et al., using a rat model of bacterial 
meningitis, observed that inoculation of IL-1 was associated with 
an increase in CSF leukocytosis as well as an increase in blood brain 
permeability [19]. 

Anti-inflammatory cytokines such as TGF-b and IL-10 provide 
indirect evidence for the potent role of proinflammatory cytokines 
in initiating deleterious structural alterations predisposing to the 
development of cerebral edema. IL-10 and TGF-B, potent anti-
inflammatory cytokines, thwart the inflammatory process in bacterial 
meningitis by antagonizing the production of corresponding 
proinflammatory cytokines (TNF-a and IL-1). IL-10 has been 
demonstrated in the CSF of patients with bacterial meningitis [33,34]. 
In patients with bacterial meningitis, leukocytes derived from the 
cerebrospinal fluid have been observed as a source of TGF-B using in-
situ hybridization molecular techniques [35]. Produced by monocytes 
and B and T lymphocytes, IL-10 exerts its biological action by 
suppressing the synthesis of TNF-alpha [36-38]. Rabbits inoculated 
with either Listeria monocytogenes, Haemophilus influenzae type B, 
or Hib lipopolysaccharide developed bacterial meningitis. In the same 
study, intracisternal or intravenous administration of IL-10 resulted in 
a reduction of CSF TNF-alpha and a significant blunting of the CSF 
inflammatory response. As an anti-inflammatory cytokine, TGF-B acts 
by inhibiting monocyte production of TNF-a, IL-1, and IL-6 [39,40]. 

of the blood-brain barrier, consequently increasing permeability 
[13,14]. In order to facilitate a structural alteration of the blood brain 
barrier, several mediators are involved, none more prominently than 
proinflammatory cytokines. As Wispelwey et al. and Saukkonen et al. 
suggested, proinflammatory cytokines have a definite role in mediating 
the development of cerebral edema and the increase in intracranial 
pressure observed in bacterial meningitis [8,9]. Cytokines play an 
important role in mediating the host’s response to bacterial infection. 
Proinflammatory cytokines (TNF-alpha, IL-1, and IL-6) and anti-
inflammatory cytokines (IL-10 and TGF-B) have all been implicated 
in mediating the sequential events of bacterial meningitis [15,16]. 
Animal models of bacterial meningitis have extensively proposed a 
role of inflammatory cytokines in mediating pathological alterations 
such as an increase in brain water content and the development of 
brain edema, as well as an increase in intracranial pressure commonly 
observed during the acute phase of bacterial meningitis. In particular, 
TNF-alpha and IL-1 are overwhelmingly implicated in many 
pathological responses to bacterial meningitis [16-19]. The influence of 
proinflammatory cytokines derived from the meningeal inflammatory 
process is emphasized by the observation of CSF leukocyte pleocytosis 
and the initiation of brain edema formation following inoculation of 
IL-1 and TNF. In support of a role of proinflammatory cytokines in 
initiating brain edema in bacterial meningitis, Bolton et al. observed 
that upon inoculation of pneumococci and the initiation of S. In P. 
pneumoniae meningitis, the blood-brain barrier was damaged at 
approximately 12 and 24 hour intervals. Moreover, the occurrence of 
structural perturbations of the blood-brain barrier strongly coincided 
with the highest levels of proinflammatory cytokines observed 
during the course of bacterial meningitis [20]. Similarly, de Vries et 
al., using cultured bovine models, supported the role of cytokines by 
demonstrating disruption of the blood-brain barrier in the presence 
of proinflammatory cytokines. Additionally, they proposed that 
cerebral endothelial cells exposed to cytokines increased production 
of vasoactive eicosanoids, with increased BBB permeability as a 
consequence [21]. Ultimately, The production of cytokines, leukocyte 
migration and recruitment, and breakdown of the blood brain barrier 
are pivotal events in mediating the sequential development of increased 
blood brain barrier permeability and cerebral edema development in 
bacterial meningitis. 

In rabbit and human models of gram-negative bacterial meningitis, 
both TNF and IL-1 have been noted in the cerebrospinal fluid. 
During the course of bacterial meningitis, tumor necrosis factor has 
frequently been demonstrated in the cerebrospinal fluid [22-25]. In 
fact, monocytes and macrophages challenged with gram negative 
bacterial lipopolysaccharide endotoxin are commonly observed 
to upregulate synthesis of TNF [9] produced by endothelial cells, 
monocytes, macrophages, and supporting cells of the central nervous 
system (microglia and astrocytes), TNF is a proinflammatory cytokine 
with biological actions on the vascular endothelium and leukocytes. In 
vivo, TNF-alpha is responsible for the activation of proinflammatory 
functions of leukocytes and interleukin-1 production by the vascular 
endothelium. Building on this, TNF-alpha exerts its action on the 
cerebrospinal fluid and the adjacent blood brain barrier, leading 
to blood brain barrier injury followed by plasma and leukocyte 
cerebrospinal fluid influx with the attendant development of cerebral 
edema and accumulation of granulocytes in the cerebrospinal fluid. In 
an experimental model of pneumococcal meningitis involving rabbits, 
intracisternal injection of human recombinant TNF-alpha resulted 
in increased CSF leukocyte influx, blood brain barrier permeability, 
and brain edema. Likewise, the extent of blood-brain barrier damage 
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In experimental models of pneumococcal meningitis, intraperitoneal 
injection of TGF-B resulted in reduced formation of brain edema, 
procuring a favorable clinical course with bacterial meningitis [26]. 

Although the decisive role of proinflammatory cytokines in 
mediating brain edema in bacterial meningitis remains to be elucidated 
further, it is plausible that the cytokines TNF-alpha and IL-1 represent 
an important component in the pathway for the development of brain 
edema occurring during the course of bacterial meningitis by altering 
structural and functional properties of the blood brain barrier.

Lipopolysaccharide Endotoxin

In addition to proinflammatory cytokines, gram negative bacterial 
biologically active products also play a contributory role in the 
development of cerebral edema and increase in intracranial pressure. 
Cerebral edema is most commonly associated with meningitis caused 
by gram negative bacteria such as Haemophilus influenzae and 
Escherichia coli and less commonly in gram positive Streptococcus 
pneumonia [1,41]. The predilection for gram negative bacteria causing 
meningitis to lead to the development of cerebral edema stems from 
specific released bacterial structural components.  More specifically, 
the endotoxin lipopolysaccharide released during the course of gram 
negative bacterial meningitis is vital to influencing the development of 
cerebral edema [42,43]. Indeed endotoxin released during the course 
of gram negative bacterial infections is clearly associated with adverse 
outcomes and the development of complications [44,45]. Gram 
negative bacterial products such as the cell wall and the endotoxin 
lipopolysaccharide released following the initiation of antibiotic 
therapy are important stimulators of brain edema development. In 
line with the above, gram negative models of bacterial meningitis 
frequently demonstrate the presence of endotoxin in the cerebrospinal 
fluid of patients during the time of diagnosis [7]. In an experimental 
model of E.coli meningitis, antibiotic therapy with cefotaxime, a 
third generation cephalosporin, induced rapid bacterial cell wall lysis 
leading to a significant increase in endotoxin concentration in the 
cerebrospinal fluid. Further, the increase in endotoxin concentration 
in the cerebrospinal fluid was positively correlated with an increase 
in cerebral edema development. Similarly, in a different experimental 
model of pneumococcal meningitis, lysed components of the cell wall 
were shown to be associated with the formation of brain edema and an 
increase in intracranial pressure [46]. Moreover, rats when inoculated 
intracisternal with Hib lipopolysaccharide were observed to have a 
significant increase in the breakdown of the blood brain barrier with 
an attendant increase in permeability and CSF leukocyte trafficking [1]. 

Experimental models of bacterial meningitis document an increase 
in brain water content secondary to infection in the subarachnoid space. 
In experimental models of pneumococcal meningitis, an increased 
formation of brain edema is commonly noted during the acute phase 
of infection. Cerebral edema development following gram negative 
bacterial infections appears to stem from cell wall components by the 
invading microbial agent. In particular, release of bacterial cell products 
fragments appears to be initiative- most commonly lipopolysaccharide 
endotoxin and cell walls. For example, pneumococcal cell wall 
fragments have been demonstrated to induce marked meningeal 
inflammation with the attendant development of brain edema and an 
increase in intracranial pressure [5,6]. Further, intracisternal injection 
of purified pneumococcal cell wall fragments resulted in the formation 
of brain edema, thereby supporting the observation that bacterial cell 
products, either cell wall components or LPS endotoxin) initiates the 
formation of brain edema in bacterial meningitis [47]. Besides the 
release of LPS endotoxin by the invading microorganism during the 

course of bacterial meningitis, endotoxin release during antibiotic 
treatment also contributes to the development of brain edema. 
Following the institution of antibiotics, cellular damage and lysis of the 
microorganism results in the large elaboration of a number of bacterial 
components- none more biologically active as the LPS endotoxin. 
Several pieces of clinical and experimental evidence agree that the 
introduction of antibiotics in treating gram negative bacterial infections 
is associated with the release of massive amounts of LPS endotoxin [48-
50]. The common association of LPS endotoxin with local and systemic 
complications of gram negative bacterial infections lends support to 
its deleterious effect in bacterial meningitis [46]. Bacterial release of 
endotoxin into the surrounding CSF space exerts direct deleterious 
effects on the brain. One notable consequence is the development 
of brain edema, arising from the observation of a dramatic increase 
in brain water content following initiation of antibiotic therapy. In 
an experimental model of E. coli meningitis, antibiotic therapy with 
cefotaxime, a third generation cephalosporin, procured a significant 
increase in cerebrospinal fluid endotoxin levels. Moreover, the massive 
increase in endotoxin levels netted a corresponding increase in cerebral 
edema formation. Separately, chloramphenicol and cefotaxime were 
studied in an attempt to substantiate changes in CSF concentrations 
of endotoxin in gram negative models of meningitis with pathological 
alterations such as brain edema. Cefotamine, a cell wall synthesis 
inhibitor belonging to cephalosporins, resulted in massive increases 
in endotoxin concentration. Contrastingly, Chloramphenicol, an 
inhibitor of protein synthesis belonging to tetracyclines netted only a 
marginal increase in endotoxin concentrations [51]. In a separate study 
with similar results, rabbits with gram-negative sepsis were observed to 
orchestrate a massive release of endotoxin following antibiotic therapy. 

Experimental models of bacterial meningitis demonstrate 
structural modifications of the blood brain barrier following exposure 
to bacterial cell wall components- namely lipopolysaccharide. In 
particular, increased vascular permeability to proteins and fluid in 
bacterial meningitis positively correlates with structural modifications 
of the vascular endothelium of the blood-brain barrier. More 
specifically, gap junctions between endothelial cells have been shown 
to be distorted and widely placed [52]. LPS endotoxin, released during 
the course of bacterial meningitis, exerts its biological actions either by 
directly damaging the vascular endothelium leading to an impairment 
of endothelial structural integrity or by activating granulocytes with 
the subsequent release of inflammatory cytotoxic byproducts [53-
55]. Similarly, intrathecal injection of lipopolysaccharide endotoxin 
derived from bacterial cell membranes elicits an inflammatory reaction 
culminating in the development of brain edema [56]. Following 
inoculation of endotoxin, activation of granulocytes sets into precedent 
an inflammatory reaction resulting in the release of proinflammatory 
cytokines such as tumor necrosis factor (TNF), interleukin-1 and 
interleukin-6. Subsequently, released proinflammatory cytokines lead 
to an upregulation of granulocyte specific adhesion molecules (ICAM 
and VCAM) on the vascular endothelium, facilitating leukocyte rolling, 
adherence and transcellular endothelial migration to the paracellular 
spaces, and breakdown of the blood brain barrier [57]. Additionally, 
rats intracisternally inoculated with Hib LPS were observed to have 
a marked increase in the permeability of the blood brain barrier 
and CSF white blood cell concentrations, highlighting previous 
suggestions that LPS contributes to brain edema formation through 
a inflammatory mediated perturbation of the structural integrity 
of the vascular endothelium. In a separate study, involving rabbits 
with E. coli meningitis, monoclonal antibodies directed against the 
lipopolysaccharide endotoxin prevented the formation of brain edema 
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[58]. Given the potent role of lipid A in mediating the biological activity 
of endotoxin in gram negative bacterial infections, therapies directed 
against protein A appear to be protective against the development of 
cerebral edema. Polymyxin B is a polypeptide antibiotic that binds to 
lipid A, thereby neutralizing the deleterious effects of endotoxin [59-
62]. Similarly, pretreatment with polymyxin B followed by inoculation 
of Haemophilus influenzae type b lipopolysaccharide prevented 
inflammatory CSF changes provoked by LPS [1]. 

Granulocytes: Neutrophils

Several pieces of experimental evidence propose that the 
development of post-infectious neurological sequelae and increased 
morbidity and mortality in bacterial meningitis may begin with 
inflammatory central nervous system perturbations mediated by 
granulocytes- namely neutrophils. Tuomanen et al. independently 
suggested that during the course of bacterial meningitis, increased 
leukocyte-endothelial interaction is observed, potentially highlighting 
a role of granulocytes in mediating cerebral alterations such as cerebral 
edema and increases in intracranial pressure [5]. Granulocytes are 
able to interact with the cerebral endothelium through two specialized 
interactions involving CD18 receptor complexes present on leukocytes 
as well as endothelial-leukocyte adhesion molecules present on the 
vascular endothelium [2,5]. Following stimulation by infectious stimuli, 
activated leukocytes upregulate cell surface expression of CD18 receptor 
complex molecules allowing adhesion to the vascular endothelium. 
Alternatively, the vascular endothelium induces expression of 
endothelial-leukocyte adhesion molecule in the presence of infectious/
inflammatory stimuli (Lipopolysaccharide, TNF, or IL-1), facilitating 
leukocyte-endothelial cell interactions [63]. During meningeal 
inflammation, infiltrating leukocytes, in addition to combating invading 
microorganisms, contribute to tissue injury through the elaboration of 
potentially cytotoxic byproducts - namely cellular proteases, reactive 
oxygen derived species, nitric oxide, polyunsaturated fatty acids and 
glutamate [64-66]. Specifically, arachidonic acid and polyunsaturated 
fatty acids, derived from the granulocyte cell wall, are present in high 
concentrations in inflammatory exudates [67]. Furthermore, these 
leukocyte derived products appear to be involved in the nascent genesis 
of brain edema in experimental bacterial meningitis models. Likewise, 
Fishman et al. [68], Chan et al. [69], and Chan et al. [70] observed 
that leukocyte products- polyunsaturated fatty acids and oxygen-free 
radicals- were capable of mediating the formation of brain edema and 
increases in intracranial pressure in cortical specimens of rats, thereby 
emphasizing the role of granulocytes in the development of cerebral 
edema following bacterial meningitis. 

Given the role of leukocyte derived products in the formation of 
brain edema, several studies indirectly highlight the role of neutrophil 
inflammation and granulocytic influx into the CSF as a contributory 
factor towards the development of cerebral edema, increases in 
intracranial pressure and adverse neurological sequelae in bacterial 
meningitis. In cytokine induced models of meningitis, mice devoid of 
vascular endothelial cell selectin expression 

were shown to have decreased leukocyte flux into the CSF [9]. 
Alternatively, intravenous injection of monoclonal antibodies (MAb) 
directed against b2 integrins (anti-CD18, leukocyte-specific endothelial 
adhesion molecules, was shown to influence leukocyte migration 
across the vascular endothelium. Here, it was shown that b2-integrin 
directed MAbs prevented transcellular migration of leukocytes into 
the CSF and the development of brain edema following inoculation 
of rats with either live Streptococci pneumonia or pneumococcal cell 
wall components, Neisseria meningitidis, and Haemophilus influenzae 

B [71]. Similar results were observed, in a separate study, involving 
rabbits inoculated with Hemophilus influenza B lipopolysaccharide or 
live Haemophilus influenza B. Rabbits with either Hib LOS-induced 
or live Hib meningitis were treated with MAB directed against anti-
CD18 molecules. Anti-CD18 directed monoclonal antibodies blocked 
inflammatory responses in the cerebrospinal fluid, preventing the influx 
of granulocytes into the leukocytes [72]. In an experimental model of 
meningitis, McAllister et al. documented that rabbits challenged with 
pneumococci displayed a positive association between the time of 
death and the degree of inflammation noted in the CSF. Rabbits with 
a more significant degree of meningeal inflammation were found to 
suffer from fatal consequences earlier compared to rats with lesser 
degrees of inflammation [73]. Similarly, Petersdorf and Luttrell et al. 
showed that granulocytic knockout dogs challenged with pneumococci 
were able to survive for approximately 62 hours compared to normal 
animals without impairments in the acute inflammatory response [74]. 
Tauber MG et al. demonstrated that, in rabbit models of pneumococcal 
meningitis, intracisternal administration of formyl methionyl leucyl 
phenylalanine lead to increased activation of granulocytes. Further, 
heightened activation of CSF granulocytes was accompanied by a 
corresponding increase in cerebral edema formation. Interestingly, 
in the same study, no marked differences in brain water content were 
observed between normal and neutropenic rabbits even after 24 hours 
of pneumococcal infection, hinting at the possibility that granulocytes 
mediate a late occurring but sustained structural modification of the 
blood brain barrier that contributes to the development of cerebral 
edema. Along the same lines, normal rabbits were shown to develop 
brain edema following intracisternal inoculation of salmonella 
minnesota Re 595 endotoxin compared to neutropenic rabbits [75].

Conclusion
Bacterial meningitis is a serious disease of the central nervous 

system, despite the widespread prevalence of multiple modern 
antimicrobial regimens. Even with the use of effective antimicrobial 
agents, complications of bacterial meningitis remain ever so prevalent. 
In particular, our understanding of the development of brain edema and 
increase in intracranial pressure following bacterial meningitis remains 
to be more clearly elucidated, but several pieces of experimental work 
advance our knowledge of the underlying pathogenic mechanisms 
at play. In particular, inflammatory byproducts (proinflammatory 
cytokines and granulocyte products) and bacterial cell wall components 
(lipopolysaccharide endotoxin) have all been implicated in the 
development of brain edema. Inflammatory cytokines and granulocyte 
derived products increase brain water content by interfering with the 
structural integrity of the blood brain barrier leading to an increase in 
blood brain barrier permeability and large fluxes of water into the brain 
parenchyma. 
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