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REVIEW

Blood-brain barrier breakdown in septic encephalopathy

and brain tumours*
D. C. Davies
Department of Anatomy and Developmental Biology, St George’s Hospital Medical School, London, SW17 ORE, UK

Abstract

Septic encephalopathy is associated with breakdown of the blood-brain barrier and cerebral oedema. These
features are also common properties of brain tumours. Perimicrovessel oedema, disruption of associated astrocyte
end feet and neuronal injury occur in a porcine model of acute septic encephalopathy. The adrenergic system has
been implicated in the inflammatory response to sepsis and may play a role in controlling blood-brain barrier per-
meability, since the B,-adrenoceptor agonist dopexamine inhibits perimicrovessel oedema formation whereas the
o,-adrenoceptor agonist methoxamine provokes it. Electron microscopy revealed tight junction opening in high-
grade astrocytoma microvessels. Expression of the tight junction protein occludin is reduced in these microvessels
and this reduction is inversely correlated with the degree of cerebral oedema. Normal astrocytes secrete factors
that induce barrier properties in endothelial cells, whereas high-grade astrocytomas secrete vascular endothelial
growth factor, which stimulates angiogenesis, down regulates occludin and increases endothelial cell permeability.
The water channel protein aquaporin-4 is normally expressed in astrocyte foot processes around cerebral micro-
vessels. Its expression is massively up-regulated in high-grade astrocytoma and around metastatic adenocarcinoma.
There is a significant correlation between aquaporin-4 expression and the degree of cerebral oedema, but it is not
clear whether increased aquaporin-4 expression enhances oedema formation or clearance. These results suggest
that the pathophysiology of brain oedema is multifactorial, but that there may be common processes operating
regardless of the aetiology.
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Blood-brain barrier breakdown and oedema
formation in septic encephalopathy

Systemic sepsis and its consequences (septic shock,
sepsis syndrome and acute respiratory distress syndrome)
are the commonest causes of death in intensive care
units (Pine et al. 1983; Parillo et al. 1990; Tran et al.
1990). It is associated with widespread endothelial cell
damage from uncontrolled inflammation (Bone, 1992;
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ively causes multiorgan failure (Knaus et al. 1985).
There is a considerable amount of information about
the deleterious effects of systemic sepsis on the lung,
liver kidney and heart (Coalson et al. 1975; Lang et al.
1984; Tighe et al. 1989, 1990; Deng et al. 1995; Tighe
et al. 1995, 1998). However, despite the facts that an
acutely altered sensorium is a frequent sequel to sepsis
and is associated with a significantly increased mortal-
ity (Jeppsson et al. 1981), it is only relatively recently
that the effects of sepsis on the brain have begun to
receive attention.

Septic encephalopathy is the commonest form of
encephalopathy presenting in intensive care units
(Bleck et al. 1993). It is a symmetric diffuse brain dys-
function that varies in its presentation from impaired
attention/concentration, to delirium and coma. The
blood-brain barrier appears to be compromised in
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septic encephalopathy, since the cerebrospinal fluid of
patients contains elevated protein levels (Young et al.
1992). Moreover, colloidal iron oxide (Clawson et al.
1966), “C-amino acids (Jeppsson et al. 1981) and '*I-
albumin (Deng et al. 1995) have been shown to enter
the brain parenchyma from the circulation in rodents
with systemic sepsis.

The cellular pathology underlying the blood-brain
barrier dysfunction in systemic sepsis is beginning to
be revealed. In an early study, Clawson et al. (1966)
reported increased pinocytosis in cerebral microvessel
endothelia and swelling of astrocytes in the brains of
rabbits with endotoxaemia. More recently, the effect
of systemic sepsis on porcine frontal cortex was invest-
igated 8 h after the induction of caecal peritonitis
(Papadopoulos et al. 1999). In comparison with sham-
operated controls (Fig. 1A), severe perimicrovessel
oedema was present in septic pigs (Fig. 1B) and astrocyte
endfeet surrounding cortical microvessels were fre-
quently grossly swollen and their membranes ruptured
and detached from the microvessel walls. This perimi-
crovessel oedema is likely to impair the movement of
oxygen, nutrients and metabolites across the microvessel
wall and swelling of astrocyte endfeet is known to be
a consequence of blood-brain barrier breakdown
(Norenberg, 1994). In addition, astrocytes are an important
source of factors that ‘tighten’ endothelia (Janzer &
Raff, 1997) and so damage to their endfeet may further
impair blood-brain barrier function in sepsis.

Dark, shrunken neurones were present in the oede-
matous cerebral cortex of pigs 8 h after the induction
of peritonitis and the cytoplasm of the remaining
neurones appeared ‘dilute’ (Papadopoulos et al. 1999).
These observations suggest that neurodegenerative
change occurs in the septic brain, but the mediators/
mechanisms involved are unknown. Cerebral blood
flow is decreased in sepsis (Bowton etal. 1989;
Maekawa et al. 1991), but this decrease is unlikely to
be sufficient to cause neuronal degeneration (Astrup
1981; Hossman, 1994). However, circulating
inflammatory mediators (Goris, 1990) could gain access
to the brain parenchyma in sepsis through the impaired

et al.

blood-brain barrier and act directly on neurones, pos-
sibly initiating apoptosis. On the other hand, neuronal
damage could result from sepsis-damaged astrocytes
being unable to fulfil their important homeostatic
function (Landis, 1996) within the brain.

The ultrastructure of cortical microvessel endothelial
cells from septic pigs appeared normal and was

Fig. 1 Electron micrographs of porcine frontal cortex
showing: (A) A normal microvessel from a sham-operated
control pig, with negligible perimicrovessel oedema.
Magnification = 3500x. (B) A microvessel from a pig 8 h after
the induction of caecal peritonitis, with severe perimicrovessel
oedema. Magnification = 4400x. (C) A microvessel from a pig
treated with the B,-adrenoceptor agonist dopexamine, 8 h
after the induction of caecal peritonitis. Less oedema is
present than in (B). Magnification = 3500x. ecn = endothelial
cell nucleus, rbc = red blood cell.
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indistinguishable from that of non-septic controls. The
intercellular tight junctions appeared morphologically
intact and sepsis did not result in a change in the mean
cross-sectional area of microvessel endothelial cells or
lumina (Papadopoulos et al. 1999). This is perhaps
surprising in view of the other evidence (perimicrovessel
oedema, swelling and rupture of astrocyte endfeet,
neuronal degeneration) suggesting blood-brain barrier
breakdown in these animals. However, it is possible
that the relatively short time period (8 h) between the
induction of sepsis and harvesting brain tissue was
insufficient to cause gross structural alterations in
cerebral microvessel endothelial cells. Nevertheless, the
lack of such morphological change does not preclude
impairment of microvessel endothelial cell function.
Increased pinocytosis such as that reported to result
from endotoxaemia (Clawson etal. 1966) might
occur in sepsis, or the interendothelial cell junctional
proteins could be disrupted, leading to leakage across
the normally tight junctions and the development of
oedema and tissue damage. Both of these possibilities
require investigation in order to understand the
development of the neuropathology associated with
septic encephalopathy.

The adrenergic system has been implicated in the
inflammatory response to sepsis (Tighe et al. 1996).
B,-adrenoceptors have been shown to have anti-
inflammatory properties and B,-adrenoceptor stimulation
in vitro decreases vascular endothelial cell permeability
(Zink et al. 1993). In the porcine caecal peritonitis model
of systemic sepsis, intravenous treatment with the
B,-adrenoceptor agonist dopexamine (0.6 mg kg™ h™")
protected against
oedema (Fig. 1C) in the cerebral cortex (Davies et al.
2001). In contrast, intravenous administration of the o,-
adrenoceptor agonist methoxamine (80 mg h™") caused
perimicrovessel oedema in non-septic pigs and f,-
adrenoceptor blockade with ICI 118 551 (a 20-ug kg™
bolus given intravenously every hour) did not prevent

sepsis-induced  perimicrovessel

the formation of perimicrovessel oedema in septic pigs.
Methoxamine treatment also caused swelling of micro-
vessel endothelial cells in both septic and non-septic
pigs. Conjoint dopexamine and methoxamine treat-
ment did not prevent this endothelial cell swelling
(Davies et al. 2001). Therefore, B,-adrenoceptor stimu-
lation appears to inhibit the inflammatory response in
sepsis and blood-brain barrier permeability. On the
other hand, o,-adrenoceptor stimulation appears to
provoke the inflammatory cascade and open the blood-
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brain barrier, even in the absence of sepsis. Although
the results of these studies have implications for the
development of therapeutic strategies to control opening
of the blood-brain barrier, it is still important to deter-
mine which substances normally act through the adren-
oceptors, how these actions are triggered and whether
their activation leads to modulation of tight junction
permeability or transcellular permeability.

Tight junction proteins and blood-brain
barrier opening in brain tumours

Cerebral oedema is a consequence of the two com-
monest types of human brain tumour, high-grade
astrocytoma and metastatic adenocarcinoma and it
contributes to morbididty and mortality (Thapar et al.
1995). The microvessels of brain tumours characteristic-
ally lose their blood-brain barrier properties and leak
fluid into the brain (Seitz & Wechsler, 1987; Groothuis
etal. 1991). Investigation of the ultrastructure of
human gliomas has revealed opening of intermicro-
vessel endothelial cell tight junctions (Long, 1970;
Bar-Sella et al. 1979; Nir et al. 1986; Shibata, 1989). The
microvessels of metastatic adenocarcinomas are also
‘leaky’. They exhibit the characteristics of the tissue
from which they are derived and hence fail to form
tight junctions (Long, 1979). Thus, the open tight
junctions between microvessel endothelial cells in
astrocytomas and metastatic adenocarcinomas are
likely to underlie the associated oedema formation.
The molecular composition of tight junctions com-
prises the proteins occludin (Fig. 2A; Furuse et al. 1993;
Hirase et al. 1997), claudins (Furuse et al. 1998; Morita
etal. 1999a, 1999b, 1999¢) and junctional adhesion
molecule (Martin-Padura etal. 1998). These trans-
membrane proteins bind the adjacent endothelial cell
membranes together. They also bind to the intracellular
proteins ZO-1 (Stevenson et al. 1986; Watson et al.
1991), ZO-2 (Gumbiner et al. 1991), ZO-3 (Haskins et al.
1998), cingulin (Citi et al. 1988), 7H6 (Zhong et al. 1993)
and symplekin (Keon et al. 1996) that couple the tight
junctions to the actin cytoskeleton of endothelial cells.
Liebner et al. (2000) reported that claudin-1 expres-
sion was lost from nearly all microvessels in high-grade
astrocytomas. In contrast, claudin-5 and occludin
expression were only down regulated in hyperplastic
vessels and ZO-1 expression was largely unaffected.
Papadopoulos (2001)
expression by microvessels in non-neoplastic cerebral

et al. investigated occludin
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Fig. 2 Photomicrographs of cerebral microvessels in longitudinal section from: (A) non-neoplastic human brain showing a tight
junction (arrow) immunolabelled with the monoclonal occludin antibody MOC37 (Saitou et al. 1997); (B) occludin
immunonegative grade IV astrocytoma. The sections are counterstained with cresyl violet. Scale bars = 10 um.

cortex, low-grade astrocytomas and high-grade astro-
cytomas. There was a significant inverse correlation
between occludin expression and increasing malignancy.
In high-grade astroctomas more than two-thirds of
the microvessels did not show any occludin expression
(Fig. 2B) and in agreement with the results of Liebner
et al. (2000), hyperplastic microvessels did not show
any occludin expression. Microvessels in metastatic
adenocarcinomas to brain did not show occludin
expression (Papadopoulos et al. 2001), as they are
derived from tissues whose microvessels do not exhibit
tight junctions. These results reveal that the molecular
structure of microvessel tight junctions is altered in
high-grade astrocytomas as well as their ultrastructure
(Liebner et al. 2000; Papadopoulos etal. 2001).
Moreover, the presence of a significant inverse
correlation between brain CT enhancement (a measure
of oedema) and occludin expression (Papadopoulos
et al. 2001) suggests that loss of junctional proteins is a
central event in opening of the blood brain barrier.
The fact that loss of claudin-1 expression appears to
be more severe than loss of occludin expression in high-
grade astrocytoma and occludin expression decreases
with increasing malignancy suggests that down-
regulation of claudin-1 expression is the earlier event
in tight junction opening. Liebner et al. (2000) provided
freeze-fracture evidence that tight junction particles
that are normally located on the P-face (Kniesel et al.
1996) are shifted to the E-face in high-grade astrocy-
toma. In view of the fact that an increase in the E-
face : P-face ratio of tight junction particles correlates
with an increase in transendothelial permeability
(Wolburg et al. 1994; Tsukita & Furuse, 1999), Liebner

et al. (2000) suggested that the loss of claudin-1 from
tight junctions correlates with the switch of junction
particles from the P- to E-face. Papadopoulos et al.
(2001) reported the occurrence of two forms of human
brain endothelial occludin. The 55-kDa form was
present in non-neoplastic brain and its expression
decreases with increasing malignancy. In contrast, the
60-kDa form was absent from non-neoplastic brain, but
weakly expressed by all low-grade and some high-
grade astrocytomas. Thus, although the loss of occludin
expression occurs late in the series of events at the tight
junction that lead to opening of the blood-brain
barrier, the switch from the 55-kDa to 60-kDa form
occurs relatively early. The fact that claudin-5 and ZO-1
expression is not down-regulated in the majority of
high-grade astrocytoma microvessels (Liebner et al.
2000) suggests that these junctional proteins are not
directly involved in opening of tight junctions in
high-grade astrocytoma. This is supported by the fact
that the expression and localization of ZO-1 in tight
junctions do not correlate with transepithelial resistance
in canine kidney cell cultures (Stevenson et al. 1988).
The role that junctional adhesion molecule and the
intracellular proteins ZO-2, ZO-3, cingulin, 7H6 and
symplekin play in opening of the blood-brain barrier in
high-grade astrocytomas remains to be investigated.
The sequence of events leading to the disruption of
microvessel endothelial cell tight junctions and blood-
brain barrier opening in astrocytomas is poorly under-
stood. Given that normal astrocytes play a major role in
the induction of the blood-brain barrier (Janzer & Raff,
1997), it is possible that undifferentiated neoplastic
astrocytes in high-grade astrocytomas do not produce
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the factors necessary to maintain the blood-brain barrier
in the region of the tumour. However, the chemical
nature of any astrocyte-derived inductive signal is
not known, although several candidate molecules have
been suggested (see Abbott, 2002). A considerable
number of humoral factors have been demonstrated
to modulate blood-brain barrier permeability (Abbott
& Revest, 1991; Abbott, 2000); some of these may be
released by neoplastic astrocytes. A third possibility
arises from the fact that increased vascularization is a
major feature of high-grade astrocytoma. Vascular
endothelial growth factor (VEGF) is produced by astro-
cytomas (Machein etal. 1999) and VEGF receptor
expression is up-regulated on astrocytoma microvessels
with increasing malignancy (Plate et al. 1994; Valter
et al. 1999). VEGF promotes angiogenesis and increases
endothelial permeability (Connolly, 1991; Bates et al.
1999; Machein & Plate, 2000). It causes down regula-
tion of occludin expression (Kevil et al. 1998) and an
increase in its molecular weight by phosphorylation
(Antonetti etal. 1999). Scatter factor/hepatocyte
growth factor (SF/HGF) is also expressed by astrocytomas
and its expression is up-regulated with increasing
malignancy (Lamszus et al. 1999). This cytokine also
decreases occludin expression and increases endo-
thelial cell permeability (Jiang et al. 1999). It is therefore
possible that VEGF/SF/HGF expression by neoplastic
astrocytes causes the phosphorylation of occludin
and its subsequent down-regulation, leading to tight
junction opening, increased endothelial permeability
and cerebral oedema. Current evidence suggests that
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hypoxia is the driving force for VEGF production in
high-grade astrocytomas and thus hypoxia is the most
important trigger for angiogenesis and cerebral
oedema formation (Plate & Warnke, 1997).

Aquaporin-4 expression and fluid balance in
brain tumours

The amount of oedema fluid present in the brain in
septic encephalopathy and tumours must reflect a
balance between its production and clearance. Evidence
has been presented above for the opening of inter-
endothelial cell tight junctions in these conditions, but
little is known about the passage of water across cell
membranes in the brain. The relatively recent discovery
of a family of homologous water channel proteins,
the aquaporins (see Borgnia et al. 1999; Ishibashi
et al. 2000; Verkman & Mitra, 2000; Verkman, 2002),
has stimulated renewed interest in trans-membrane
water transport. Ten aquaporins have been character-
ized in mammals to date. In normal brain, aquaporin-4
expression is restricted to perimicrovessel astrocyte
foot processes (Fig. 3A) and the astrocyte foot pro-
cesses forming the glial limiting membranes (Nielsen
et al. 1997; Saadoun etal. 2002). Aquaporin-4 is
assembled in endfeet membranes in square (orthogonal)
arrays of particles (Rash et al. 1998).

In high-grade astrocytoma, there is massive up-
regulation of aquaporin-4 expression throughout
the cytoplasm of neoplastic astrocytes (Fig. 3B) and
that of reactive atrocytes at the periphery of the
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Fig. 3 (A) Photomicrograph of a cerebral microvessel from histologically normal human cerebral cortex, showing aquaporin-4
immunolabelled (AB3068, Chemicon) astrocyte end feet surrounding the endothelial cell walls. (B) A photomicrograph showing
up-regulation of aquaporin-4 immunoreactivity in astrocyes from a grade IV astrocytoma. Scale bars = 10 um.
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tumour (Saadoun et al. 2002). Although metastatic
adencarcinoma cells do not express aquaporin-4, there
is strong up-regulation of aquaporin-4 expression
by reactive astrocytes associated with the tumours
(Saadoun et al. 2002). Furthermore, for both types of
tumour there was a significant correlation between
aquaporin-4 expression and the amount of cerebral
oedema present as indicated by the degree of contrast
enhancement on CT scans (Saadoun etal. 2002).
Therefore, in oedematous brain tumours in which
down-regulation of occludin expression indicates open
tight junctions (Papadopoulos et al. 2001), there is also
increased aquaporin-4 expression. It is unclear whether
aquaporin-4 associated with brain tumours functions
to enhance oedema fluid formation or its clearance.
However, evidence from aquaporin-4 null mice
suggests that it is the former, since these mice show
less cerebral oedema and a better clinical outcome
than controls, following middle cerebral artery
occlusion (Manley et al. 2000).

The up-regulation of aquaporin-4 expression is not
restricted to brain tumours, since chemical and physical
injury (Vizuete et al. 1999) and focal ischaemia
(Taniguchi et al. 2000) also lead to aquaporin-4
mMRNA up-regulation in regions where the blood-brain
barrier is disrupted. These results suggest that it is the
disruption of the blood-brain barrier itself and not the
cause of the disruption that stimulates aquaporin-4
up-regulation. Astrocytes have a close physical relation-
ship with microvessel endothelial cells (Kacem et al.
1998) and release factors that affect endothelial per-
meability (see above). There is also evidence that endo-
thelial cells can have a trophic influence on astrocytes
(Estrada et al. 1990). It is therefore possible that open-
ing of the blood-brain barrier changes the influence
of endothelial cells over neigbouring astrocytes, such
that they up-regulate aquaporin-4 expression.

Conclusion

Septic encephalopathy and brain tumours involve
disruption of the blood-brain barrier and cerebral
oedema formation. Although the initial insults to the
brain are quite different, the end-results of increased
endothelial permeability and oedema formation are
similar. It is therefore possible that a common final
pathological pathway exists and if this could be elucid-
ated, it would be an important target for the development
of therapeutic strategies. Understanding such a common

final pathway may prove useful for the treatment of
other conditions that involve breakdown of the blood-
brain barrier such as trauma and toxic encephalopathy
and allow the selective opening of the barrier for the
delivery of pharmacological agents to the brain.
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