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Neisseria meningitidis is the leading cause of meningitis in the Western world. Recent studies have
begun to elucidate the molecular mechanisms underlying the interactions of pathogenic meningococci
with human epithelial and endothelial cell barriers in the early stages of meningococcal disease.
However, there is little information on the later stages of infection concerning the interactions of
meningococci with the cells of the leptomeninges. The human meninges comprise a series of three
membranes- the dura mater, arachnoid and pia mater- which surround and protect the brain and the
spinal cord. During meningitis, meningococci are thought to bind to and possibly invade the
leptomeninges (arachnoid and pia mater), and initiate a compartmentalised inflammatory response.
Normal leptomeningeal cells do not grow in culture whilst cells can be cultured from meningiomas
which are tumours of the meninges. Meningioma cells share many of the same basic characteristics
as normal meninges and can therefore be used as a model for investigating meningococcal -
meningeal cell interactions.

Meningiomas of the meningothelial, transitional and anaplastic subtypes were taken at biopsy and
meningioma cell lines were cultured from them. These cell lines were characterised for the presence
of desmosomal desmoplakin which is indicative of normal leptomeninges and meningiomas, and also
for the presence of other cytological markers including epithelial membrane antigen (EMA),
cytokeratin and vimentin. A model was established to study the interactions of Neisseria
meningitidis with meningioma cells. A panel of meningococcal phenotypic variants was selected
from the pathogenic strains MC58 and MCS59 which differed in their pilus, Opa and Opc expression.
All bacteria were encapsulated and of the same LPS immunotype, although an acapsulate mutant was
included as a comparison. Meningioma cells were cultured and infected with these meningococci.
Total bacterial association was determined by viable counting, and internalisation was determined by
pre-incubation with gentamicin. Meningococcal association with meningioma cells was also
visualised by scanning and transmission electron microscopy and by confocal microscopy.

The adherence of encapsulated meningococci to human meningioma cells was predominantly pilus-
mediated and subject to antigenic variation of the pilin subunit. In organisms with less adherent pili,
the presence of Opa protein did increase adherence slightly, but Opc had no effect. Experimental
evidence suggests that meningococci do not invade meningioma cells.

The work described in this thesis has established an in vitro model for studying the interactions of
Neisseria meningitidis with cells of the human meninges which will can be used for further studies
including receptor-mediated adhesion of meningococci to the meninges, and the production of pro-
inflammatory cytokines and chemokines in the inflammatory response of meningitis. A greater
understanding of these mechanisms may highlight possible avenues for therapeutic strategies to
alleviate the sequelae associated with meningococcal meningitis.
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CHAPTER 1 INTRODUCTION

I.1  Neisseria meningitidis

Neisseria meningitidis is responsible for worldwide epidemic and endemic human disease, ranging
from sub-clinical nasopharyngeal infection to fulminant, life threatening disease, and is the leading
cause of meningitis in the Western world. In the UK, after the introduction of successful antibiotic
therapy and despite increased public awareness of the symptoms associated with infection, in recent
years the mortality rate of meningococcal disease has only decreased slightly, whereas the tncidence
of disease has increased (Figure 1.1) (Tunkel ez al., 1990; Cartwright, 1993a).

Although Hippocrates described symptoms now associated with meningitis in the 5™ century BC, in
modern times, the first clear description of meningococcal disease was not until 1806 when
Vieusseaux identified it as a clinical entity. Subsequent identification of the aetiological agent was
not achieved until 1887 when Anton Weichselbaum isolated an organism from the meningeal
exudate of meningitis patients. The bacteria were initially called Diplococcus intracellularis

meningitidis and were not assigned to the genus Neisseria until the turn of the twentieth century
(Fredlund, 1993; Cartwright, 1995a).

The genus Neisseria includes the pathogenic Neisseria meningitidis (meningococci) and Neisseria
gonorrhoeae (gonococct), but also includes organisms that generally do not cause disease, such as
Neisseria lactamica and Neisseria sicca. Meningococci are aerobic, gram negative diplococci that
are closely related to gonococci. Both of these species are obligate human pathogens, and both have
an affinity for mucosal surfaces. The only known natural reservoir of meningococci is the human
nasopharynx, and at any given time, approximately 10% of the British population are carriers.
Transmission between individuals is thought to occur via aerosols of nasopharyngeal secretions
between close contacts (Hart & Rogers, 1993; Cartwright, 1995a). Meningococcal disease is most
common amongst young children (less than one year old), and there are smaller peaks of infection
amongst teenagers and those entering closed communities, such as fresh military recruits
(Cartwright, 1995a). In the UK, Neisseria meningitidis of serogroup B are the most prevalent cause
of meningococcal meningitis, and in 1999 accounted for about 53% of cases, followed by 36% due
to group C, and the rest from other serogoups or non-groupable strains (from PHLS communicable
disease reports, 2000). Group A disease is more prevalent in third world countries, where it is
associated with epidemics, especially in the “meningitis belt” of sub-Saharan Africa, Other
serogroups rarely cause disease although group Y meningococci seem to have a predilection for

causing pneumonia (Cartwright, 1995b).
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A death rate of up to 90% is associated with untreated cases and prior to the antibiotic era (Wolf &
Birbira, 1968). The use of the sulphonamide antibiotics in the late 1930’s resulted in a dramatic
decrease in mortality. However, during the middle of the 20" century meningococcal strains
became increasingly resistant to sulphonamides and their use was discontinued. Fortunately
meningococci remain sensitive to penicillin although there has been a gradual decline in
susceptibility to this antibiotic over recent years (Cartwright, 1995a). The shortage of medical
expertise in third world countries, and the difficulty in accurate early diagnosis in developed
countries means that mortality due to meningococcal disease remains unacceptably high. This
coupled with the prospect of antibiotic resistance raises the desirability of prophylactic measures to
prevent disease. A polysaccharide vaccine against groups A and C gives limited protection against
disease in adults and a new vaccine against group C disease that is supposed to be immunogenic in

infants has just been released. Yet, despite global efforts, an effective vaccine against group B

meningococcal infection has remained elusive.

1.1.1 Meningococcal disease

In 1948, Banks (Banks, 1948) described meningococcal disease as a ‘protean disease’ due to its
variable nature; he defined several meningococcal syndromes and designated the term
‘meningococcosis’ to encompass them all. Today, N. meningitidis is typically associated with
causing illness of an acute form, usually meningitis and/or septicaemia, but it is also responsible for
benign and chronic syndromes. Most commonly, acute disease presents as purulent meningitis, and
this accounts for up to 50% of cases, whilst fulminant septicaemia alone is responsible for about
10% of disease (Steven & Wood, 1995; Hart & Rogers, 1993). However, meningitis and
septicaemia are not mutually exclusive and the remainder of cases presents a mixed picture of

disease. Isolated meningococcal meningitis has a mortality rate of approximately 5%, but this 1s
increased if there is some septicaemic component to disease (Pollard et al., 1998). It is not clear
why or how meningococci cause different disease processes amongst individuals, but the

immunological status of the subject may play a key role.

Infected patients can present with a number of symptoms, of which most are common to other less
serious illnesses. As meningococcal disease tends to progress rapidly, misdiagnosis can contribute
to increased mortality. There is often considerable overlap of the symptoms of meningococcal

meningitis and septicaemia, but these syndromes can be broadly categorised as follows:

Meningitis is typically characterised by a severe headache, often of a bursting nature. There is also
fever, vomiting, photophobia, lethargy, neck stiffness and a rash is often present. The very young
will often present with fever and a tense or bulging fontanelle, but the disease is just as likely to

present as an altered state of alertness or mood including poor feeding, irritability, and a high



pitched cry. With disease progression, signs of cerebral dysfunction (confusion, lethargy, decrease
in consciousness) and raised intracranial pressure (ICP) may develop (including coma, bradycardia,
cranial nerve palsies) (Tunkel & Scheld, 1995; Pollard et al., 1998). Laboratory findings regarding
the CSF in meningococcal meningitis, typically show increased protein concentration and raised

leukocyte count (predominantly neutrophils), with a decrease in glucose concentration as well as in
the overall blood:CSF glucose ratio (Tunkel & Scheld, 1995; Brandtzaeg, 1995).

Septicaemia is typified by fever, rash, vomiting, myalgia, abdominal pain sometimes with diarrhoea,
tachycardia, hyptotension and cool peripheries, and there may be headache even in the absence of
meningeal irritation. The early symptoms of disease are identical to other viral illnesses and when
myalgia is prominent, meningococcal septicaemia is often confused with influenza. Fulminant
septic shock can develop at a frightening speed, with disseminated intravascular coagulation (DIC)
and pulmonary oedema, and in fatal cases death is usually a result of irreversible circulatory
collapse and multiple organ failure (Pollard et al., 1998; Steven & Wood, 19935; Devoe, 1982).

Of particular importance in meningococcal disease is the presence of a petechial or purpuric rash,

haemorrhages in the skin caused by microbial damage to the endothelium with activation and
depletion of the human coagulation system (Brandtzaeg, 1995), and found in the majority of cases
of meningococcal disease. The presence of a rash is more likely to be present in illness of shorter

duration prior to hospitalisation.

Approximately 14% of the survivors of acute meningococcal disease are left with long term
sequelaec (Steven & Wood, 1995). In meningitis survivors, these usually take the form of
neurological complications due to cerebral herniation, resulting from raised ICP and thrombotic
occlusion of blood vessels within the subarachnoid space (SAS) resulting in cerebral vasculitis.
Hearing impairment is the most common neurological complication and probably occurs in about
9% of paediatric cases (Steven & Wood, 1995). The cranial nerves pass through the SAS and
cranial nerve palsies also occur in meningococcal meningitis (Weller, 1990). The sequelae of
meningococcal sepsis are generally a result of impaired circulation, most commonly renal failure
and skin infarction, with some survivors even requiring skin grafts or the amputation of digits or
whole limbs (Hudson et al., 1993).

Other rarer forms of meningococcal disease include benign and chronic meningococcaemia, with V.

meningitidis being present in blood cultures of both. The benign (or occult) form is an acute illness
with fever and often a rash but no symptoms of meningitis or septicaemia; more serious disease may
progress but the disease often resolves spontaneously. The symptoms of chronic disease last for

longer than a week and include fever, a rash and painful joints (Steven & Wood, 1995).Other
manifestations of meningococcal disease include arthritis, pericarditis and vasculitic skin lesions.
In addition, N. meningitdis can cause primary arthritis, urethritis and pneumonia without features of

acute meningococcal disease (Andersson & Krook, 1987).



1.1.2 Meningococcal carriage and immunity

Meningococci are normally carried in the human nasopaharynx as commensal organisms. In
temperate climates the peak carriage rates of 25-40% occur in teenagers and young adults, whereas
the peak incidence of disease is in children under one year of age. Transmission between
individuals occurs during prolonged close contact, and probably by airborne spread of aerosol
droplets of nasopharyngeal fluids, as occurs during sneezing and coughing. In susceptible
individuhals the development of disease is quite rapid, a virulent strain of meningococci may cause
invasive disease within 2-10 days of acquisition (Hart & Rogers, 1993). There is general
acceptance that the presence of bactericidal antibodies against meningococci in serum correlates
with natural immunity to this infection (Goldschneider et al., 1969). It has been suggested that in
children, immunity against meningococci may be induced primarily by the carriage of the closely
related but non-pathogenic organism Neisseria lactamica, resulting in the production of cross-
reacting antibodies, as well as by the asymptomatic carriage of meningococct themselves
(Cartwright, 1995b). The peak incidence of disease in children between the ages of six months and
two years is probably due to the decline of maternal immunity coupled with the fact that such

infants have not yet produced their own antibody repertoire (Goldschneider et al., 1969; Cartwright,
1995b).

Bactericidal antibodies are those antibodies capable of activating the complement cascade leading to

the formation of a membrane attack complex (MAC) and ultimately bacterial lysis (Griffiss, 1995).

Complement-mediated lysis of meningococci by the classical and alternative pathways is believed
to be the most important defence against invasive disease, and people who are deficient in terminal
complement components (C5b-C9) are known to be at increased risk of infection, especially if they

also lack antibodies against meningococci (Jarvis & Vedros, 1987; Densen, 1989).

It is possible that IgA antibodies for meningococci can have deleterious effects on the immunity to

meningococcal infection. IgA molecules are less efficient complement activators than IgG or IgM,

and IgA bound to meningococcal capsules are not bactericidal. From patients convalescing from
meningococcal disease, IgA molecules have been identified that can block the binding of IgG and
IgM binding and thus prevent their bactericidal activities. In addition, it has been proposed that
exposure to certain enteric organisms can result in the production of secretory IgA antibodies that
cross-react with meningococci in the nasopharynx, and which subsequently block the actions of

lytic IgG and IgM molecules upon meningococcal invasion (Griffiss, 1995).

In summary, immunity to meningococcal infection is still not fully understood, but the presence of
meningococcal antibodies and an intact complement system is recognised as being important, if not
essential, in successful host immunity. The carriage of commensal Neisseria species and non-

pathogenic meningococci throughout childhood is also likely to have a protective role.



1.1.3 Molecular structure of the meningococcus

Existing as diplococct with the flat surfaces of each organism opposed to one another, meningococci
are approximately 0.6 x 0.8um in size. As with other gram negative bacteria the cell envelope of
the meningococcus consists of two cell membranes, one each side of a rigid peptidoglycan layer,
and is frequently surrounded by an acidic polysaccharide capsule. The outer membrane (Figure 1.2)

houses the bacterial structures that come into closest proximity with the host cells, and some of

these structures are known to be important in meningococcal colonisation, invasion and disease
outcome. Many of the exposed epitopes of meningococcal surface structures are known to vary
(antigenic variation), whilst the expression of some surface structures can be turned on or off (phase
variation). Antigenic variation may be an important evasion mechanism of the host immune
response. Structures present in the outer membrane include lipopolysaccharide, pili, and the outer
membrane proteins (OMPs), Opa, Opc and porins. During the course of normal growth,
meningococci are known to release a substantial amount of the outer cell wall layer into the

surrounding medium in the form of blebs (Devoe & Gilchrist, 1973). Such blebs contain a large

proportion of LPS and also outer membrane proteins.

1.1.3.1  Capsule

Meningococci express a polysaccharide capsule on the surface of its outer membrane, which is not
present in the related Neisseria gonorrhoeae. Meningococci are divided into the serogroups A, B,
C, D, 29-E, H, I, K, L, W-135, X, Y, Z according to structural and antigenic differences in their
capsular polysaccharide (Poolman et al, 1995). The biosynthesis pathway of the group B
meningococcal polysaccharide is controlled by the cps gene complex, which consists of five
regions. Different regions are involved in the synthesis of capsular polysaccharide, its transport
from the cytoplasm to the periplasm and from periplasm to the cell surface, and for the regulation of

capsule production (Frosch et al., 1990).

The capsule of the disease-associated serogroup B consists of repeating units of N-acetylneuraminic
acid (sialic acid) and serogroups C, Y and W-135 also contain sialic acid in their polysaccharide.
The presence of sialic acid in the capsule confers resistance to human complement-mediated attack.
Attempts to produce a group B anti-capsule vaccine have failed due to the poor immunogenicity of

this polysaccharide. This is thought to be due to structural similarities between the bacterial capsule

and polysaccharides present on neural cell adhesion molecules (NCAMs) in the host brain (Finne et
al., 1983).

1.1.3.2  Lipopolysaccharide (lipooligosaccharide, endotoxin)

The outer membrane lipopolysaccharides (LPS) of the related organisms, N. meningitidis and N.

gonorrhoeae, are structurally and antigenically similar. LPS is a bacterial glycolipid consisting of a



hydrophobic lipid backbone (lipid A) and a variable hydrophilic core of oligosaccharide moieties,
but lacking O-side chains (van Putten, 1993). It is possible to use neisserial LPS as a typing
antigen, resulting in a possible 12 immunotypes, designated L1 through to L12 (Poolman et al.,
1995). Immunotypes result from differences in the oligosaccharide component of LPS and most
strains often express more than one immunotype. In group A meningococci, immunotypes L8, L9,
L10 and L11 are found, with L10 and L11 being most prevalent and uniquely associated with this
group. The immunotypes L1 through L9 are found in group B and C meningococci with L3,7,9
being more prevalent than the L2 and L1,8 immunotypes (Verheul et al., 1993). The majority of
meningococci isolated from the nasopharynx of carriers are of a short LPS species, whilst isolates
from the blood and CSF are of a long LPS species. The longer LPS molecules contain additional
carbohydrate residues, lacto-neotetraose groups (Galf31-4GIcNAcP1-3GalfB1-4Gle), that are
endogenously sialylated (Meyer et al., 1994). The addition of sialic acid to the terminal sugar
residues 1s mediated by a membrane-associated sialyltransferase using cytidine 5’-monophosphate-
N-acetylneuraminic acid (CMP-NANA) as the sialyl donor. Both meningococci and gonococci

possess a sialyltransferase but only the former can synthesise CMP-NANA (Meyer et al., 1994).

LPS is an important virulence factor in the pathogenesis of meningococcal infection and, as an

endotoxin, has a key role in the initiation of the human inflammatory response resulting in

meningitis.
1.1.3.3  Pili

Pili are filament-like structures that extend several micrometres from the meningococcal and
gonococcal surface, with a diameter of approximately 6nm, and they are visible under TEM. Pili
have several functions; they are required for the initial binding of meningococci to human cells, are
implicated in interbacterial adherence and may play a role in transformation and in twitching
motility (Meyer et al., 1994). Neisserial pili undergo phase and antigenic variation, and the latter ts
considered a means by which bacteria evade the host immune system. Pilus fibres are formed by
the ordered association of thousands of identical pilin (PilE) subunits, plus a few copies of pilus-
associated proteins. Two types of pili, class I and II, have been identified in the meningococcus,
whilst only the former have been found in gonococci. The classes of pili are antigenically and
structurally distinct and are distinguished by the specific reaction of class I pili with the mAb SM1
which recognises the EYYLN epitope in the N-terminal domain of pilin (Diaz et al., 1984; Virji et

al., 1989).

Neisserial pilin molecules consist of approximately 160 amino acids, and belong to the family of
surface appendages termed type IV pili, whose other members include Pseudomonas aeruginosa,
Vibrio cholerae and Escherechia coli. The N-terminal sequences of pilins of these family members
share a high degree of homology and are highly conserved (Tonjum & Koomey, 1997). In contrast,

the C-terminal domain is the predominant site of antigenic variation. Meningococcal class I pilin
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range in size from 17 — 22kDa, whilst the class II subunits are slightly smaller ranging from 15 —
17kDa (Diaz et al., 1984). The neisserial genome harbours a complete pilin expression locus (pilE)
that carries the pilus structural genes, and incomplete silent gene loci (pilS) that lack the common N-
terminal coding sequence of pilin and instead contain small cassettes of variant sequence
information (Haas & Meyer, 1986; Gibbs et al., 1989). Phase and antigenic variation of pili is
associated with recombination events where variant DNA sequences from one of the pilS loci are

transferred to the pilE expression locus (Gibbs et al., 1989).

PilC is a 110kDa protein that has been identified as a pilus tip-located adhesin and that plays an
important role in pilus biogenesis in both meningococci and gonococci. Two slightly variant genes,
termed pilCl and pilC2, encode for PilCl and PilC2 proteins respectively, and the expression of
these genes is subject to phase variation. Most meningococci have both pilC loci, but in some
strains the pilC2 locus is missing. Meningococci are piliated if they express either PilC protein,
although only PilC1 has been implicated as an adhesin (Rudel et al., 1995).

Recently, a computational model of the structure of the gonococcal pilus fibre has been proposed
using X-ray crystallography and antibody mapping (Parge et al., 1995; Forest et al., 1996). These
studies have shown that the pilus is a three-layered spiralling fibre with an inner core of coiled a-
helices, surrounded by a (3-sheet layer, and with an outer hypervariable layer as the most exposed

region. The hypervariable regton consists of a 3-hairpin, extended C-terminal tail and a covalently
linked saccharide at the Ser® residue (Parge et al., 1995).

Although pili are in an exposed position and are therefore strong targets for an antibody response
that could interfere with receptor recognition, efforts to obtain a gonococcal pilus-based vaccine
have so far failed. This is because of the enormous antigenic variation of the exposed regions pilin
subunits as well as the concealed location of the sequence-conserved regions, effectively hiding

them from the host’s immune system (Meyer et al., 1994; Forest et al., 1996).
1.1.3.4  Opa and Opc proteins

The class 5 OMP Opa proteins are responsible for the opaque phenotype of agar-grown
meningococcal and gonococcal colonies when viewed under oblique sub-stage lighting (Virji et al.,
1996). Opc proteins are only present in meningococci and are of a similar size to Opa proteins.
Although Opc protreins are structurally distinct from Opa proteins they are still classified as class 5

proteins, and some workers justify this because they have observed that Opc expression still confers

colony opacity (Virji et al., 1992b).

The Opa and Opc proteins of meningococci are heat-modifiable, trimeric, transmembrane proteins
that migrate (after denaturation) on SDS-PAGE with an apparent size of about 28kDa (Achtman et

al., 1988). A structural model for Opa proteins predicts four surface-exposed loops and variation in
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these domains characterises distinct Opa proteins; loop 4 is conserved, loop 1 is semivariable with
some structural similarity between different Opa proteins, while loops 2 and 3 are hypervariable
(Bhat et al., 1991; Kupsch et al., 1993). It is predicted that Opc contains ten transmembrane strands
and five surface exposed loops (Merker et al., 1997); Opa proteins are subject to a high frequency
of phase and antigenic variation, whereas Opc undergoes phase variation but is also subject to
different levels of expression, which may vary from zero to the intermediate or high level. Whilst a
single gonococcal strain can possess up to 11 or 12 opa genes encoding for nine or more Opa
proteins (Bhat et al., 1991), meningococci only encode up to four such proteins (Virji ef al., 1993a).
In contrast, only one copy of the opc allele 1s present per genome for some meningococci, with other

meningococct having none (Merker et al., 1997).

Opa and Opc proteins are strongly implicated in the interactions of non-capsulated meningococci
with human cells and their expression may be required for the internalisation of meningococci into

these cells.

1.1.3.5 Other OMPs

The class 1 (PorA) and class 2/3 (PorB) OMPs of meningococci are porins that permit the passage
of ions across the cell membrane. Gonococci also express a PorB OMP (PorB;a or PorB,g), but they
do not express a PorA protein, although they do possess a por4 pseudogene. The class 4 OMP is
called Rmp (reduction modifiable protein), and has homology with E. coli OmpA, which has been
shown to have some pore-forming properties. The mucosal surfaces of human airways are severely
iron depleted, and during such conditions of iron starvation the meningococcus expresses a number

of OMPs that are indirectly responsible for the capture of iron.
1.1.3.6  IgA proteases

In humans, IgA 1s secreted onto mucosal surfaces where it is the principal mediator of mucosal
immunity. There are two IgA subclasses, IgA1 and IgA2, but IgA1 predominates in nasopharyngeal
secretions, the site of meningococcal colonisation (Kilian et al.,, 1988). This is significant, as
pathogenic neisseriae constitutively produce either one of two closely related proteases specific for
human IgAl (Plaut & Mulks, 1978). IgA proteases are ~106kDa endopeptidases encoded by single

copies of iga genes, and are exported (secreted) into the extracellular environment in a two-step

process across both of the bacterial membranes (Pohlner et al., 1987). These enzymes cleave within

the hinge region of IgAl, and the type 2 IgA1 protease has recently been ascribed a second function

in which it can promote intracellular survival of meningococci and gonococct by altering the levels
of a major human lysosomal protein (Lin et al, 1997). In addition, Vitovski and co-workers
(Vitovski et al.,, 1999) have recently reported that although the majority of both invasive and

colonising isolates of meningococci had IgA protease activity, the pathogenic strains possessed
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elevated levels of the enzyme, supporting the view that IgA protease contributes significantly to

virulence.

1.1.4 Serological classification

The classification of meningococci utilises the variations, between strains, of structures present on
the surface of the outer membrane. Serogrouping makes use of differences in the polysaccharide
capsule, resulting in A, B, C etc. Serotyping uses differences in the conformational epitopes of
class 2/3 OMPs (PorB) to give 1, 2a, 2b etc. Serosubtyping resulting from variations in the linear
epitopes of class 1 OMPs (PorA) gives rise to P1.1, P1.2, P1.3 etc. Class 1 OMPs have two variable
regions (VR1 and VR2) resulting in serosubtypes such as P1.7,16b (Frasch et al, 1985).
Immunotyping results from differences in the oligosaccharide components of lipopolysaccharide

molecules, giving L1, L2, L3 etc.

1.2 Human meninges

The term meninx, meaning a membrane, was first introduced by Erasistratus in the Hippocratic
collection circa 400BC to describe the layers covering the central nervous system (CNS). The
meninges represent a series of three membranes that surround and protect the brain within the skull,
and the spinal cord within the spinal column (Figure 1.3). These are the dura mater, the arachnoid
and the pia mater. The arachnoid is not considered as one of the original maters as it was not

identified as a separate entity in its own right until the 17" century (O'Rahilly & Muller, 1986).

1.2.1 Origins of normal human meninges

During embryonic development the process known as gastrulation (gut formation) gives rise to the

three primary germ layers common to higher animals:

ENDODERM - the innermost layer that forms the gut tube (and other organs),

ECTODERM - the outermost layer of epithelium (epidermis) that also gives rise to the entire

nervous system,
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MESODERM - between the two other layers, this is a looser layer of tissue composed of

mesenchyme cells that form connective tissue and muscle.

The vertebrate nervous system is principally derived from two sets of ectodermal cells after
gastrulation (Lu, 1998). The neural tube is created in the human embryo (O'Rahilly & Muller,
1986) during neurulation, whereby a thickened region of the ectoderm rolls up (neural fold) and
pinches off to form a tube. This neural tube initially consists of a single cell layer of epithelium and
will eventually form the neurons and supporting glial cells of the brain and the spinal cord (CNS).
Neural crest cells are ectodermal cells that break loose from the epithelium along the line where the
neural tube pinches off, and migrate out through the mesoderm to form most of the peripheral
nervous system (Lu, 1998). In most of the body, cartilage, bone and other connective tissues arise
from the mesoderm, whereas in the developing human head such tissues are derived from the
differentiation of many of the neural crest cells, due to their pluripotent nature (Napolitano et al.,
1963; Lu, 1998). The meninges originate from cells of the neural crest and from mesodermal cells

that migrate into the area of the developing neural tube in the form of undifferentiated mesenchyme
(O'Rahilly & Muller, 1986; Al-Rodhan & Laws, 1991).

Despite the CNS being the most anatomically complex system in the body, there are principally just
five groups of constituent cells: neurones, glial cells, microglial cells, connective tissue (that gives

rise to the meninges) and endothelial cells (blood vessel components) (Underwood, 1992).

1.2.2 Structure and function of the normal human meninges

Three closely associated yet distinct membranous layers constitute the meninges; these are the dura
mater (pachymeninx), arachnoid and the pia mater. Together, the arachnoid and pia mater comprise
the leptomeninges, and there are many structural similarities between the cells of these membranes
(Weller, 1995). Located between the arachnoid and pia is a well-organised, fluid containing space,
the sub-arachnoid space, and this space is traversed by leptomeningeal trabeculae which join the
arachnoid and pial layers (Figure 1.4) (Al-Rodhan & Laws, 1991; Weller, 1995). Overall, the

meninges are composed primarily of meningothelial cells and varying amounts of extracellular

connective tissue (Al-Rodhan & Laws, 1991).

1.2.2.1 The dura mater

The dura mater, hard mother, is intimately associated with the skull and comprises layers of
fibroblasts intervened by dense extracellular collagen. The dura is a relatively thick membrane of
two indistinctly separated parts. The periosteal (endosteal) region is outermost acting as the skull
periosteum (Al-Rodhan & Laws, 1991), and osteoblasts are also found in this region (Weller, 1995).

The meningeal region s the inner dural layer adjacent to the arachnoid. This innermost portion of
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the dura is composed of about five layers of flattened cells (modified fibroblasts) that form an
electron dense dural border cell layer (Lopes & Mair, 1974; Alcolado et al., 1988; Nabeshima et al.,
1975; Schachenmayr & Friede, 1978). Weed (1938) stated that these inner dural cells formed a
mesothelium. This layer is attached to the arachnoid and there is no sub-dural space (Al-Rodhan &
Laws, 1991). The dural border layer was previously thought to have formed part of the arachnoid
membrane (Lopes & Mair, 1974). However, this was probably due to a tear occurring between the
dural layers during the removal of the arachnoid from the dura, so that some dura was still attached
to the arachnoid before processing for microscopy. This would also explain the artifactual
appearance of a sub-dural space. Previous studies of the meninges have concentrated on mammals
other than man (Waggener & Beggs, 1967; Nabeshima et al., 1975; Alksne & Lovings, 1972). Such
studies confirmed the existence of direct contacts between the innermost dural border cells and the
outermost arachnoid cells. Schachenmayr and Friede (1978) demonstrated that the same is true for
humans and that the cells of these two membranes are attached much more tightly together than they
are between the cells of the layers they belong to. The cells of these two layers lack any connective
tissue fibres and can be designated as a dura-arachnoid interface layer. In comparison to small
animals, this collagen-free zone is substantial in man. Morphologically distinct cell junctions
between the fibroblastic cells of the dural periosteal and meningeal regions are rare and there are no
tight junctions. The great strength of the dura comes from the interlacing of collagen fibrils.
Occasionally cell junctions (gap junctions, desmosomes) are seen between the cells of the dural
border layer and between these cells and the underlying arachnoid layer. They are not found

between cells of the meningeal dura and the dural border layer, and are not as numerous in the dural

border layer as they are in the arachnoid layer (Al-Rodhan & Laws, 1991; Weller, 1995; Waggener
& Beggs, 1967).

1.2.2.2  The arachnoid and its relationship to the sub-arachnoid space

The arachnoid layer of the meninges is a delicate membrane consisting of two regions. The
arachnoid barrier cell layer consists of several layers of translucent, tightly packed cells that follow
with the dura. The arachnoid trabeculae are loosely organised, spindly cells that traverse the sub-
arachnoid space (SAS) and attach to the pta mater (Al-Rodhan & Laws, 1991). The SAS contains
cerebro-spinal fluid (CSF) and the larger blood vessels. The human arachnoid 1s similar to that of
other mammals but is considerably thicker (Alcolado et al., 1988). The arachnoid follows the
surface of the underlying brain but does not enter the sulci. Characteristic of the meningothelial
cells within the arachnoid barrier layer is the presence of morphologically distinct cell junctions
(Al-Rodhan & Laws, 1991; Nabeshima et al., 1975). The arachnoid barrier cells at the dural aspect

of the arachnoid are linked by numerous desmosomes and an extensive system of tight junctions

(Alcolado et al., 1988; Nabeshima et al., 1975). The presence of tight junctions is unique to these



Figure 1.3: Simplified schematic of the structural relationships
between the meninges, brain, choroid plexuses and route of CSF.
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cells in the meninges and confers the role of physiological barrier onto the arachnoid membrane.
Such junctions are impermeable to CSF, protein macromolecules, water, small molecules, ions, and
other soluble materials, whilst other junctions are nonobstructive but serve as attachment devices

(Waggener & Beggs, 1967; Nabeshima et al., 1975; Schachenmayr & Friede, 1978). Cells of the

outer aspect of the arachnoid barrier layer have sparse extracellular space and no extracellular
connective tissue (collagen) (Al-Rodhan & Laws, 1991; Schachenmayr & Friede, 1978). The cells

of the inner aspect border on the SAS, are more loosely packed, and are separated by bundles of
collagen fibres (Al-Rodhan & Laws, 1991; Alcolado ef al, 1988). The central region of the
arachnoid consists of closely packed polygonal cells joined by desmosomes and gap junctions
(Alcolado et al., 1988). The inner aspect of the arachnoid barrier cell layer is characterised by two
features. Firstly, a continuous basement membrane covers the inner surface of the arachnoid barrier
layer and thus borders on the SAS. Secondly, arachnoid trabecular cells penetrate the surface of the

basement membrane and attach to the inner surface of the archnoid barrier layer by desmosomes

and gap junctions (Lopes & Mair, 1974; Schachenmayr & Friede, 1978).

Arachnoid trabeculae enclose the SAS blood vessels within a collagen core produced by and coated
in leptomeningeal cells. The cellular coating of the trabeculae becomes continuous with the pia

mater at the interface of these cells. Trabeculae are of varying thickness, cross the SAS at irregular
intervals, and probably exist as sheets rather than narrow cords (Alcolado et al., 1988). The cells
appear to be specialised fibroblasts with long cytoplasmic processes. As well as attaching to the
arachnoid barrier layer and pial cells on the surface of the brain, they may also attach to each other
and to pial cells covering blood vessels in the SAS. Gap junctions and desmosomes connect these
leptomeningeal cells, and within this layer of the arachnoid, no tight junctions appear (Lopes &
Mair, 1974; Schachenmayr & Friede, 1978).

1.2.2.3  The pia mater and its relationship to the sub-arachnoid space

The pia mater, soft mother, completely covers the surface of the brain and spinal cord, following all
of their contours in detail and entering the sulct of the brain. The pia is a delicate membrane that is
mostly one cell thick, but in different regions of the CNS can be two to three cells thick. Cells of
the pia mater share a number of morphological similarities with arachnoid trabecular cells, being
flattened and joined by desmosomes and gap junctions (Al-Rodhan & Laws, 1991; Weller, 1995;
Alcolado et al.,, 1988). The pia has no basal lamina of its own (Waggener & Beggs, 1967;
Nabeshima et al., 1975).

Between the pial cells of the meninges and the basement membrane of the glia limitans on the
surface of the brain, is the subpial space. In this space there are small clusters of collagen fibrils

and small arteries and veins entering and leaving the brain (Hutchings & Weller, 1986). The
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interface between pial cells and the brain surface is therefore very similar to that found between

leptomeningeal cells and the smooth muscle cells of vessel walls found in the SAS.

Perivascular spaces (PVS) (Virchow-Robin spaces) are the spaces between blood vessel and neural
tissue as vessels leave or enter the brain. Previously it was thought that the PVS of the brain were
in direct contact with the SAS, allowing free passage of CSF between the SAS and PVS. However,
more recent studies suggest that the pia mater separates these spaces from the SAS. The pia mater
is reflected off of the surface of the brain and is continuous with the meningeal coating of the
arteries and veins in the SAS. The perivascular and subpial spaces are therefore separated from the
SAS (Alcolado et al., 1988; Hutchings & Weller, 1986; Zhang et al., 1990). The perivascular
spaces of arteries are not continuous with the subpial space. As arteries extend downwards from the
SAS, through the subpial space, and into the cerebrum developing into arterioles, they are externally
bounded by a continuous layer of pial cells. As the arterioles get smaller, their pial coating becomes
incomplete. The same is not true with veins, which lose their pial coating as they enter the subpial
space. Arterioles within the subpial space have also been shown to have a coating of cells which
resemble pial cells, but which are not continuous with it. Such pial cells did not possess

desmosomes but instead were attached by nexus junctions (Zhang et al., 1990).

Just as cells within the arachnoid layer have a barrier role, so cells of the pia mater form a
regulatory interface between the surface of the brain and the CSF, and between brain arterioles and
surrounding neural tissue. This could have a role in the protection of the brain from metabolites in
the CSF. Hutchings and Weller (1986), studied the permeability of the pia to India ink in
postmortem samples and to inflammatory cells and red blood cells in patients who died from
leptomeningitis and sub-arachnoid haemorrhage (SAH) respectively. The pia was found to be
impermeable to India ink injected into the SAS and no ink particles were found in the cerebral
perivascular spaces. In the patients who died of SAH, the SAS was filled and distended by red
blood cells, but no erythrocytes were found in the cortical perivascular spaces. These observations
suggest that the pia is a barrier to particulate matter. In samples taken from patients who died of
leptomeningitis, polymorphonuclear leukocytes and macrophages were found in the SAS and the
perivascular and subpial spaces. The distribution of the inflammatory cells indicates that they must
have had to penetrate the pia mater as they pass from blood vessels and into the CSF (Hutchings &
Weller, 1986). The pia is also regarded as having enzymatic barrier functions, and glutathione S-
transferase (Carder et al., 1990) and catechol-O-methyltransferase are both present in pial cells
(Kaplan et al., 1981). Both of these enzymes have a role in the degradation of neurotransmitters
and thus may inhibit or regulate their entry through the pia and into the brain. Feurer and Weller
(1991) investigated the possible enzymatic and endocytotic barrier functions of the pia in normal
frozen leptomeningeal tissue, and of cultures of meningeal cells derived from meningiomas. They

found that cells derived from meningioma cells had similar barrier properties to those of the normal

leptomeninges.
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1.2.2.4 The arachnoid villi and granulations

Arachnoid villi and granulations are essentially specialised segments of the meninges whose apical
surface is opposed to the venous sinus. In humans, they provide the main pathway for CSF back
into the blood (Al-Rodhan & Laws, 1991; Weller, 1995). The difference between arachnoid villi
and granulations is due to the former being smaller and not visible to the naked eye. With
increasing age, granulations become more complex and lobulated, and when they are especially
pronounced or elaborate they are called Pacchionian bodies (Wolpow & Schaumburg, 1972). They
are most prominent in the superior saggital sinus but can be present in any of the major dural venous
sinuses. Granulations are an extension of the arachnoid and the SAS which extends from the
surface of the brain into the central portions of the arachnoid granulation. At the base of a
granulation, a thin layer of cells from the arachnoid barrier layer penetrates the outer dural layers of
the venous sinus and expands to form a central region of collagenous trabeculae and many
interwoven channels. Around most of the granulation is a thick fibrous dural cupola (Upton &
Weller, 1985; Yamashima et al., 1988). In some sites, the endothelium lining the dural venous
sinuses may cover the entire arachnoid granulation whilst in other sites, only the apex of the
granulation is covered. In the latter case, a specialised clump of arachnoid cells form a cap of about
150um thick located on top of the collagenous core. Such arachnoidal cap cells form an external
seal on the outer surface of the arachnoid membrane and are exposed to the venous blood of the
sinus (Kepes, 1986; Upton & Weller, 1985). The cap region of the granulation is only attached to
the venous endothelium by an area about 300um in diameter. The rest of the granulation is
separated from the endothelium by the dural cupola and a subdural space. The channels within the
granulations are coated with arachnoid cells and lined with collagen, and may contain macrophages.
Erythrocytes may be found in such channels following sub-arachnoid haemorrhage, suggesting that
these channels are continuous with the SAS, and that they are CSF drainage pathways (Upton &
Weller, 1985; Weller, 1995). The bulk flow of CSF from granulation to venous sinus probably
occurs via micropinocytotic vesicles and intracytoplasmic vacuoles in the venous endothelium
(Yamashima et al., 1988). Arachnoidal cap cells (or arachnoid cell clusters) are closely packed and
polygonal in shape with interdigitating processes. They have oval nuclei and translucent cytoplasm,

and are attached to each other by desmosomes. Based on their morphological characteristics, cap

cells are clearly a specialised segment of the arachnoid barrier layer (Al-Rodhan & Laws, 1991).

1.3 The blood-brain and blood-CSF barriers

The internal milieu of the brain is maintained by the presence of cellular and enzymatic barriers,

which restrict the passage of circulating cells, macromolecules and ions into the CNS. The CNS is
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essentially isolated from the intravascular space by the blood-brain barrier (BBB) and from the CSF
by the blood-CSF barrier (B-CSFB), and homeostasis is maintained. The BBB exists at the cerebral
capillaries of the brain parenchyma, whilst the B-CSFB exists at the choroid plexus epithelium, and
the blood vessels present within arachnoid trabeculae in the SAS (Figures 1.3 and 1.4).
Confusingly, many authors consider the BBB to encompass all three of the barriers mentioned

above, but for the purposes of this study, the barrier present within the leptomeninges is considered
as part of the B-CSFB.

1.3.1 Cerebral microvasculature

The endothelial cells of blood vessels within the brain differ from those of peripheral tissues in
several ways. Cerebral endothelial cells exhibit complex tight junctions with a high electrical
resistance, although the transcellular resistance of the endothelial cells within the vessels of the pia
(and presumably of the meninges) is much lower than that of the brain parenchymal vasculature
(Perry et al.,, 1997). These vessels are rarely fenestrated and possess few pinocytic vesicles. In
addition, they specifically express several proteins which may be required for protective, metabolic
or transport activities at the BBB, and presumably also at the B-CSFB (Dehouck et al., 1992;
Townsend & Scheld, 1995). It was previously assumed that the endothelial tight junctions
prevented the entry of leukocytes into the CNS and that such cells could only gain entry when the
BBB or B-CSFB was damaged in some way (e.g., from the inflammatory response associated with
meningitis). It is now known that leukocytes cross the BBB and B-CSFB as part of normal
physiology, although it is not known whether the route through the endothelium is trans- or

paracellular (Perry et al., 1997).

1.3.2 Choroid plexus epithelium

The choroid plexuses are microscopic fingerlike projections of the vascular system located in the

lateral, third and fourth cerebral ventricles (Weller, 1995). They consist of a central core of blood
vessels surrounded by a single layer of epithelial cells. Together with the leptomeninges, the
choroid plexus acts as a barrier between the blood and the CSF. Whilst the barrier properties of the
leptomeninges are largely passive, the choroid plexus is actively involved in regulating the
concentrations of molecules in the CSF. The endothelial cells within the choroid plexus are highly
fenestrated allowing the entry of CSF ingredients from the blood. Up to 90% of the CSF 1s
manufactured by the choroidal epithelial cells. The anatomical foundations of the choroidal B-

CSFB are the tight junctions between the cells of the epithelial layer. These tight junctions prevent
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the free passage of substances, and micronutrients are transported through the epithelial layer by

active pumplike carriers (Davson, 1976; Spector & Johanson, 1989; Pron et al., 1997).

1.4 Meningiomas

A meningioma is a benign tumour of the meninges of the CNS (Al-Rodhan & Laws, 1991). It is one
of the most common neoplasms of the CNS, accounting for between 13-19% of all primary
intracranial tumours (Cruikshank et al., 1975). The term ‘meningioma’ was given by Cushing to
encompass all of the tumours of the meninges. Previously, such tumours had been named to reflect
several of their different properties, such as their gross appearance and the histogenic characteristics

of the main tumour cell (Kepes, 1982).

1.4.1 Localisation and aetiology

Although meningiomas can occur anywhere where there are meninges, or cells of meningeal
derivation, they appear to have a predilection for certain locations. The most frequent anatomical
sites for meningiomas are the parasagittal region, sphenoidal wing, olfactory groove and foramen
magnum. Spinal meningiomas are less common than intracranial ones. Generally, cranial
meningiomas have an attachment to the dura, but pial forms without any such attachment also exist.
Whilst it is not uncommon for meningiomas to infiltrate the adjacent dura and overlying bone,

actual brain invasion ts rare (Kepes, 1982).

Meningiomas are derived from cells of the arachnoid membrane. The mechanism by which
arachnoid cells are transformed into meningiomas may involve the loss of part of, or the whole of
chromosome 22. It has been suggested that the aetiological agents of meningiomas include trauma,

high- or low-dose irradiation, DNA tumour viruses or neurofibromatosis (an autosomal dominant
hereditary disorder) (Al-Rodhan & Laws, 1991; Kepes, 1982).

The incidence of meningiomas occurs more frequently in females than males, at the ratio of 2:1.
This could be a result of the effects of female sex hormones on meningiomas. The female hormone
oestrogen is known to increase the rate of growth of some tumours and pre-existing meningiomas in
some women become larger during pregnancy when progesterone levels are at an increased level.
Meningiomas, in both men and women, have been shown to express oestrogen and progesterone

receptors, often at a high level (Kepes, 1982). Among other receptors that they express are insulin-
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like growth factor-1 (IGF-I) (Lichtor et al., 1993), integrins, and transmembrane glycoproteins such
as CD44 (Figarella-Branger et al., 1997).

14.2 Origins

Cushing and Eisenhardt believed that within a meningioma there is a basic cell that sometimes
exists in pure form but that otherwise undergoes morphological changes to create the different
meningioma variants. This pure component cell of a meningioma is called the meningothelial cell
(Kepes, 1982; Napolitano et al.,, 1963). In 1902, Schmidt noted histological similarities between
normal arachnoid villi and meningiomas and proposed that these tumours originated from the cap

cells of the arachnoid villi. The current theory is that meningiomas are derived from any part of the

arachnoid membrane.

Some knowledge into the nature of the non-neoplastic arachnoidal cells is necessary to understand
the nature of meningiomas. The arachnoid cap cells form the external covering cell layers of the
arachnoid membrane, and have no real histological parallels in the rest of the human body.
Normally epithelial cells assume the role of covering a surface or lining a cavity. However, in some
areas of the human body, there are non-epithelial cells assuming an epi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>