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The CNS can exhibit features of inflammation in response to injury, infection or disease, whereby resident cells generate
inflammatory mediators, including cytokines, prostaglandins, free radicals and complement, chemokines and adhesion
molecules that recruit immune cells, and activate glia and microglia. Cerebral ischaemia triggers acute inflammation, which
exacerbates primary brain damage. The regulation of inflammation after stroke is multifaceted and comprises vascular effects,
distinct cellular responses, apoptosis and chemotaxis. There are many cell types that are affected including neurons,
astrocytes, microglia and endothelial cells, all responding to the resultant neuroinflammation in different ways. Over the past
20 years, researchers examining brain tissue at various time intervals after stroke observed the presence of inflammatory cells,
neutrophils and monocytes at the site of injury, as well as the activation of endogenous glia and microglia. This review
examines the involvement of these cells in the progression of neural injury and proposes that the Toll-like receptors (TLRs) are
likely to be an integral component in the communication between the CNS and the periphery. This receptor system is the
archetypal pathogen sensing receptor system and its presence and signalling in the brain following neural injury suggests a
more diverse role. We propose that the TLR system presents excellent pharmacological targets for the design of a new
generation of therapeutic agents to modulate the inflammation that accompanies neural injury.
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AP-1, activator protein-1; BBB, blood-brain barrier; G-CSF, granulocyte-colony stimulating factor; IFN, interferon; IKK,
Ik B kinase; IL, interleukin; IRAK, interleukin receptor associated kinases; IRF, interferon regulatory factor; JNK, c-Jun
N-terminal kinase; MBP, myelin basic protein; MCP-1, monocyte chemoattractant protein-1; MCAO, middle cerebral
artery occlusion; MKK6, mitogen-activated kinase kinase 6; MMP, matrix metalloproteinase; MyD88, myeloid
differentiation factor-88; OGD, oxygen glucose deprivation; RIP, receptor interacting protein; ROS, reactive oxygen
species; TAB2, TAK1-binding protein; TAK1, transforming growth factor B-activated kinase; TANK, TRAF family
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tumour necrosis factor-o; TRAF-6, tumour necrosis factor receptor associated factor-6; Tregs, T-regulatory cells; TRIF,
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there are multiple cell types and considerably more
inflammatory mediators activated and released,

The immune system and the CNS have traditionally
been thought of as two separate entities, and any

interaction between the two has been seen as a sign
of malfunctioning systems. However, over the past
few years, evidence for a relationship between the
two systems, particularly in neural injury, has been
building (Zierath et al., 2010). During neural injury,

regardless of the origin of the injury. Resident cells,
including microglia and astrocytes, primarily
control the immediate response to neural injury;
secondary to this there is recruitment of non-
resident cells including macrophages. During
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traumatic and ischaemic neural injury, the integrity
of the blood-brain barrier (BBB) is disrupted, leading
to increased and often unregulated communication
between the CNS and the immune system. However,
communication between the two systems also
occurs during injury that does not necessarily
damage the BBB (Kaur and Ling, 2008). The precise
methods of communication between the two
systems is yet to be elucidated, however, we are
starting to gather clues as to how the messages from
the damaged cells are relayed to the wider circula-
tion, regardless of the integrity of the BBB. This
review will examine the responses of the various cell
types to neuro-inflammation that is a part of most
CNS injuries, with a particular focus on ischaemic
injury, and then attempt to integrate this in to a
cohesive view of possible methods of communica-
tion between the cell types involved. Finally this
information will be used to summarize the pharma-
cological challenges and opportunities presented.

Pathology of stroke

The most common form of ischaemic injury in the
brain is stroke, caused by the loss of blood flow to a
specific region of the brain. This is most often the
result of an embolism in one of the arteries supplying
the brain (Bejot et al., 2009). The immediate result is
a decrease in perfusion of the area previously sup-
plied by these arteries, causing metabolic stress on
resident cells, in particular, the neurons, which do
not store ATP and have a high energy demand. This
causes immediate death in the area where perfusion
is most significantly decreased (Nishino et al., 1994).
Surrounding this area is a significant proportion of
tissue that suffers a reduction in perfusion and also
reacts to the adjacent death of severely affected tissue
(Globus et al., 1990), creating a core of terminally
damaged tissue and a surrounding penumbra of
inflamed and slowly dying tissue.

Cell death mechanisms

It has been suggested that there is a combination of
both apoptosis and necrosis as a result of stroke.
With regard to neuroprotection the timing and the
type of cell death will have consequences for poten-
tial neuroprotective therapies. Early investigation in
to the type of cell death has focused on models of
ischaemic death, including the in vivo model of
stroke middle cerebral artery occlusion (MCAO) and
in vitro simulation of ischaemia by oxygen and
glucose deprivation (OGD). Much of the early work
focused on the time immediately following the
occlusion and found that during this time the
primary means of death was necrosis (Smith et al.,
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1984). Further research has found evidence for apo-
ptosis (Smith et al., 1984; Li et al., 1995; Hata et al.,
1999). More recently, the idea that neuronal death is
both apoptotic and necrotic has been supported by
post-mortem studies in humans that have suffered
stroke (Love et al., 2000; Sairanen et al., 2009). It is
now accepted that the initial cell death seen in
stroke is mnecrotic and following prolonged
ischaemia and subsequent reperfusion, apoptosis
becomes the primary mode of cell death. The apo-
ptosis generated by stroke has been shown in
animals and humans to continue for days (Kirino,
1982; Petito et al., 1987), suggesting that there is
potential to interfere pharmacologically with this
ordered process and provide neuro-protection.

Necrosis. As mentioned earlier, neurons have a
high metabolic rate and are reliant on oxidative
metabolism, therefore when the oxygen supply is
significantly decreased, the cells quickly suffer meta-
bolic stress. As the mitochondria begin to function
incorrectly the delicate redox balance is disrupted,
causing a pro-oxidant state. As the reactive oxygen
species (ROS) are created in the proximity of the
mitochondria, it is here that they elicit most of their
damage (Choi et al., 2009). The ROS attack the lipid
bilayer that surrounds the mitochondria and cause
the release of cytochrome-c through loss of mem-
brane integrity, leading to the activation of the apo-
ptosome through caspases (Ferrer ef al., 2003). ROS
produced during ischaemic stress can also cause
necrotic death by making holes in the cell mem-
brane and causing the loss of membrane potential.
This in turn opens the calcium channels causing a
massive increase in intracellular calcium and the cell
subsequently dies (Levraut et al., 2003).

Apoptosis. Both the intrinsic and extrinsic apop-
totic pathways are used to cause cell death following
ischaemia. The intrinsic pathway is activated when
the neurons are unable to maintain ion balance
causing a loss of membrane potential, this in turn
leads to a calcium influx causing a disruption of the
mitochondria. This disruption induces the opening
of the mitochondrial membrane, releasing cyto-
chrome ¢, allowing the apoptosome to be formed
and causing the apoptosis of the cell through the
actions of caspase 9 and 3. It has been shown that
inhibiting this pathway can lead to a decrease in the
size of infarct following stroke (Guan et al., 2006).
The same study also showed that by inhibiting the
extrinsic pathway, the infarct size was decreased,
suggesting that in the pathology of stroke, both
pathways are activated. The extrinsic pathway is
activated by the death ligand, FasL binding to
the death receptor, Fas. This in turn causes the
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dimerization, cleavage and activation of caspase 8,
leading to apoptosis. Further studies have also
shown that inhibition of this pathway leads to
increased primary neuronal survival following OGD
and that tumour necrosis factor-o. (TNF-o, neutral-
izing antibodies decreased infarct size in vivo
(Martin-Villalba et al., 2001).

Recently mechanisms that do not fall in to the
either of the categories of apoptosis or necrosis have
been identified as playing a role in the neural injury
seen after stroke. This suggests that there is con-
tinuum of cell death mechanisms, of which apop-
tosis and necrosis are the extremes. One group has
labelled one of these forms ‘necroptosis’, which is a
description of Fas receptor signalling that can acti-
vate alternative pathways to the extrinsic pathways,
leading to autophagy (Degterev et al., 2005). Further
work has shown that this type of death, autophagy,
is important in cerebral ischaemia (Adhami et al.,
2006). More detailed analyses of cell death mecha-
nisms are provided in the following reviews
(Bredesen et al., 2006; Blomgren et al., 2007; Deg-
terev and Yuan, 2008).

While there are many ways that ischaemia can
cause necrosis, apoptosis and other forms of cellular
death in the affected neuronal tissue, there has been
much work done to understand how this affects the
surrounding, surviving cells. The penumbra that
surrounds the dying core is exposed to the cyto-
plasm of cells dying, via apoptotic, necrotic and
other means, creating a potentially severe inflam-
matory environment.

Inflammation

Ischaemia-induced death of adjacent cells produces
local inflammation, including the recruitment of
leukocytes, macrophages and the production of
inflammatory mediators. The immediate inflamma-
tory response is primarily co-ordinated by the resi-
dent microglia (Giulian and Vaca, 1993). These cells
have been shown to be activated within minutes of
the infarct (Banati etal., 1993). Adjacent cellular
damage is detected by receptors such as the Toll-like
receptors (TLRs) whose ligands include the intracel-
lular components hyaluronic acid (Termeer et al.,
2002), mRNA (Kariko et al., 2004a) and various heat
shock proteins (Ohashi efal.,, 2000; Asea etal.,
2002). The activation of microglia leads to the
release of important inflammatory cytokines and
chemokines including TNF-o. (Lambertsen etal.,
2005), various interleukins (ILs; Minami et al., 1992;
Block etal., 2000), and the up-regulation of the
TNEF-a receptor (Lambertsen ef al., 2007), suggesting
that the production of TNF-a can act in an autocrine
manner. The chemokines, CCL2 and CCL3, are also
released at this time from the activated microglia,
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leading to the attraction of macrophages and mono-
cytes (Cowell et al., 2002; Schilling et al., 2009).

The activation of microglia is a process that has
not been clearly shown to either help or hinder the
recovery from stroke. Some studies have shown that
through TNF-0, microglia can actively protect
neurons (Lambertsen et al., 2009) and that mice
lacking the pS5 receptor for TNF-oo have an
increased stroke volume (Gary efal., 1998).
However, others have shown that over-expression of
TNEF-a is detrimental to stroke outcome (Pettigrew
etal., 2008). The most likely answer is that the
timing and the degree of the expression of the
inflammatory cytokines is the most important
determinant of stroke outcome. This increases the
importance of understanding the timing of the
endogenous response and, consequently, creates a
difficult situation for researchers wanting to care-
fully modulate the expression of a particular cytok-
ine, as the duration and the magnitude of cytokine
expression, artificially induced or applied, will criti-
cally affect the results.

Recruited cells in stroke

Although microglia are able to respond to adjacent
cellular stress engendering an activated phenotype,
during the recovery phase of stroke, cells from the
periphery are recruited to the CNS (Garcia etal.,
1994). The release of IL-1B, TNF-a, CCL2 and CCL3
by microglia attracts the immune cell to the area
that has been damaged. A recent and comprehen-
sive study has examined the time over which the
immune cells are attracted to the infarct (Gelder-
blom et al., 2009).

The first cells to arrive are the neutrophils and
macrophages with the primary role of removing cel-
lular debris and releasing further cytokines to
further attract more immune cells to the site. These
cells arrive within minutes and 24 h respectively
(Petry et al., 2007; Yilmaz and Granger, 2008). As
part of their action, potentially damaging mol-
ecules, such as ROS and nitric oxide are released,
despite the apparent dual action of these cells, the
majority of research has shown that decreasing
attraction of leukocytes to the injury site is benefi-
cial, suggesting that the detrimental aspects out-
weigh the beneficial (Hartl et al., 1996). Inhibition
of the chemoattractant chemokine, CXCL8 (IL-8)
decreases damage following stroke (Villa et al., 2007)
and this is supported by earlier work showing that
inhibition of the proteasome blocked NFkB activa-
tion and decreased leukocyte infiltration via
reduced IL release and resulted in a better stroke
outcome (Phillips et al., 2000).

The cells next attracted to the site of injury are
the myeloid dendritic cells and these have been



detected at the site of injury 24 h post occlusion
(Felger etal., 2010). These cells use interferon-y
(IFN-y) to attract T-cells to the injury (Gottfried-
Blackmore etal., 2009). The presence of
T-lymphocytes has been shown up to 3 days after
infarct (Jander et al., 1995) and to be damaging in
the response to stroke (Yilmaz et al., 2006).However,
there is still insufficient information regarding the
activity of T-regulatory cells (Tregs) with respect to
the benefit or detriment of controlling the T-cell
response in stroke.

Neutrophils

The neutrophils are recruited earliest in the minutes
following cerebral ischaemia, and have been shown
to remain with in the brain up to 15 days post-
injury (Weston et al., 2007). Although decreased
neutrophil numbers in the brain has been correlated
with a better outcome, the methods used to decrease
infiltration also have anti-inflammatory effects
(Allahtavakoli etal., 2009). In humans, a high
peripheral neutrophil count is associated with
greater stroke damage (Buck et al., 2008). However,
once again, the high neutrophil counts maybe a
result of a greater infarct, rather then higher
numbers of neutrophils increasing the infarct size. It
has also been shown that decreasing neutrophil
degranulation can lead to a decrease in stroke
damage, as the matrix metalloproteinase (MMP)-9
that is released contributes to the breakdown of the
BBB (Strbian et al.,, 2007; Cuadrado et al., 2008).
Excessive attraction of neutrophils to the damaged
area has been thought to produce micro-clots in the
smaller blood vessels, increasing the period of
hypoxia and therefore subsequent damage (del
Zoppo and Mabuchi, 2003). However, recently, mice
deficient in granulocyte-colony stimulating factor
(G-CSF), a chemo-attractant for neutrophils have
been shown to have an increased stroke volume and
this was rescued with the application of exogenous
G-CSF (Strecker et al., 2010). As well as contributing
directly to the response to cerebral ischaemia, the
neutrophils also attract other cell types.

Monocyte/macrophages

Early work into the role of this cell type showed that
over expression of the chemokine CCL2 [(monocyte
chemoattractant protein-1 (MCP-1)] was detrimen-
tal in stroke (Chen et al., 2003), and that deficiency
in this protein lead to an improved stroke outcome
(Hughes et al., 2002). More recently further work
has confirmed the presence of high levels of
chemokines in both the periphery and the brain
following stroke, but it has been suggested that
detection of macrophages in the brain represents
activated microglia and not the accumulation of
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monocytes from the periphery (Denker et al., 2007).
This has been disputed by an exhaustive study
published early in 2009 that shows large increases
in infiltrating cells in the most common animal
model of stroke, MCAO (Gelderblom et al., 2009).
Although the presence of these cells is well accepted,
their roles following stroke remains somewhat
clouded. Macrophages in the brain have been
shown to release the inflammatory mediators TNF-a
and IL-1B (Clausen et al., 2008). Although the exact
consequences of the presence of these mediators
following stroke remains to be discovered, it is gen-
erally accepted that IL-1B is neurotoxic and IL-1B
antagonists applied after stroke have been shown to
be beneficial (Mulcahy et al., 2003). TNF-o. on the
other hand has been suggested to have a dual role,
with TNF-o inhibition causing a smaller infarct
(Dawson et al., 1996). In contrast to this, mice
lacking the p55 TNF-o receptor were shown to have
a greater brain injury (Gary et al., 1998). This study
also showed that removal of the p75 receptor had
no effect on infarct size, suggesting that antagonist
specificity is required. To add further confusion to
the TNF-a story, different mouse strains behave dif-
ferently in regard to TNF-a production following
stroke (Lambertsen et al., 2002).

T cells

The attraction of T cells to the site of injury has been
suggested to be a double edged sword. Cytotoxic T
cells are capable of increasing the infarct size, by
attacking both damaged tissue and healthy neigh-
bouring tissue. T helper (Th) cells also add to the
inflammatory reaction, with Th-1 cells releasing the
pro-inflammatory mediators IL-2, [L-12, TNF-o. and
IFN-y (Yilmaz et al., 2006) and Th-2 cells producing
the anti-inflammatory cytokines IL-10 and IL-13
(Pelidou et al., 1999). The Tregs further add to the T
cell response by controlling the immune response to
ischaemic damage (Liesz et al., 2009b). The Tregs are
thought to produce their neuroprotection through
IL-10, a cytokine that has been shown to both modu-
late neuronal viability thresholds (Grilli ef al., 2000)
and reduce injury in rats following focal stroke
(Spera et al., 1998). Liesz and colleagues showed that
depletion of Tregs leads to increased damage follow-
ing MCAO and that this phenotype could be recov-
ered with the intracerebroventricular administration
of IL-10 (Liesz et al., 2009b). Production of IL-10 by
many cell types, including monocytes, Th-2 cells
and Tregs, is dependent on the TLR signalling
pathway in particular TLR4, myeloid differentiation
factor-88 (MyD88) and TRIF-dependent signalling
(Boonstra et al., 2006; Samarasinghe et al., 2006).
IL-10 is thought to mediate its neuroprotective
effects through modulation of IFN-y and TNF-a.
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Depletion of Tregs leads to an increase in both of
these inflammatory mediators following stroke and
IFN-y antagonists have been shown to decrease
damage when administered up to 3 days post-stroke
(Yilmaz et al., 2006; Liesz et al., 2009b), significantly
extending the previously short window of therapeu-
tic opportunity and providing a potential for treat-
ment in the days post-stroke. IL-10 from Tregs
inhibits the production of TNF-o. by down-
regulating MyD88 (Dagvadorj et al., 2008) suggest-
ing that the regulation of TLR pathways is important
for stroke recovery. It is becoming clear that
although the TLRs have a central role to play, it may
not always be on either the neuroprotective or neu-
rototoxic side of the equation. The response to
stroke does not only involve multiple cell types,
signalling systems and mediators, but each of these
components can contribute to both damage and
protection, depending upon the time and magni-
tude of action. The remaining cells that are involved
in the response to stroke have far reaching effects
that extend beyond the immediate CNS response
and further into the immune system.

Breakdown of the BBB

In a closed head model of injury, such as MCAO, the
BBB should initially remain intact, however, the
release of proteases can decrease the integrity of the
BBB and the metabolic stress can alter the perme-
ability of the endothelial cells. It has been shown
that, following MCAO, there is an increase in the
expression of MMPs (Rosenberg et al., 1998). Inhibi-
tion of these enzymes can not only keep the BBB
intact, it can reduce injury (Fujimoto et al., 2008;
Maddahi et al., 2009), suggesting that the initial
attraction and infiltration of peripheral cells is dam-
aging. There has also been a suggestion that the CNS
responds to peripheral infection, altering the way
the brain functions through the expression of TNF-o
and microglial activation (Riazi et al., 2008). This
suggests that, without any interruption to the integ-
rity of the BBB, there is crosstalk between the
peripheral immune system and microglia, demon-
strating the existence of at least one-way and possi-
bly two-way communication between the CNS and
periphery. One proposal is that the TLRs act to trans-
mit messages from one side of the BBB to the other,
regarding pathogens and cellular stress (Singh and
Jiang, 2004). TLR4 in particular is expressed on the
circumventricular organs and its adjuvant CD14 is
up-regulated following systemic LPS infection
(Laflamme and Rivest, 2001). During the pathology
of stroke, regulation of the BBB function and access
to the brain could be an important pharmacological
target and the TLRs may prove to be a key compo-
nent of this puzzle.
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Immune system down-regulation
While much of the research on stroke has focused

on the immediate inflammatory processes that
occur during the ischaemia and reperfusion phase,
clinically, one of the most important secondary
factors affecting mortality is post-stroke infection
(Roth et al., 2001; Vargas et al., 2006). The severity
of the infection in most cases correlates with the
severity of the stroke, but it is difficult to determine
which is cause and which is effect. It is unclear
whether a large infarct causes a subsequent large
suppression of the immune system and more serious
consequences of an infection, or if a serious infec-
tion will significantly inhibit neuronal recovery
resulting in a more severe infarct. An initial increase
in immune cell numbers in the first 24 h after stroke
(Offner etal., 2006a) is followed by a significant
decrease in immune function in the days following
stroke (Offner etal., 2006b; Liesz etal., 2009a),
which is matched with an increase in Tregs. The
Tregs are thought to cause spleen atrophy and dras-
tically decrease the number of circulating immune
cells. However, once again there is uncertainty, as
splenic atrophy could be caused by neural stimula-
tion from the damaged brain and the apparent
increase in Tregs could be a symptom of their ability
to survive splenic atrophy, causing further dampen-
ing of the immune system. Considering however,
that immune suppression may in itself be a contrib-
uting factor to the severity of stroke, perhaps an
increase in Tregs in the days and weeks, rather than
hours, following stroke should be considered a
factor to be modulated to provide optimum protec-
tion from infection and minimization of infarct.
Systemic infection following stroke can lead to an
increased core temperature, increased acidosis and
contribute to excitotoxicty, all leading to a larger
infarct (Reith ef al., 1996).

Clinically, it is quite difficult to determine if the
stroke causes increases infection severity or if a
severe infection increases stroke damage. It is
becoming accepted that the ischaemia, reperfusion
and subsequent neural damage causes, at first a
heightened immune response and secondarily to
that, immune suppression. When put in the context
of the possibility of autoimmunity, this hypothesis
appears to have a better fit. As a result of the stroke,
immune cells have access to the usually off-limits
CNS and in order to prevent the development of
autoimmunity, the immune system is suppressed. It
is rare to find a stroke patient who subsequently
develops autoimmune disease, however, multiple
clinical studies have shown the presence of brain-
specific antibodies following stroke (Bornstein et al.,
2001; Gromadzka etal., 2001; Dambinova et al.,
2003). It has also been shown in experimental



models of multiple sclerosis that astrocytes are
responsible for stimulating T cells to become regu-
latory and limit autoimmunity (Trajkovic etal.,
2004). However, this has not been extended to the
paradigm of stroke. In experimental neural trauma,
the autoimmune reaction can be modulated to
produce a better outcome. Mice that were tolerant
to myelin basic protein (MBP) prior to MCAO and
had concurrent LPS treatment suffered a smaller
infarct than those unexposed to MBP and autoim-
munity was prevented (Gee ef al., 2008). It was also
shown that pre-treatment with LPS dampened the
cellular immune response to stroke, but this may be
more to do with preconditioning the TLRs in both
the CNS and immune system, thus obscuring the
precise reason for neuroprotection (Rosenzweig
etal.,, 2004). Many studies have suggested that
autoimmunity is detrimental in stroke, as mice with
B and T cells removed suffer a smaller infarct (Hurn
etal.,, 2007). However, this approach does not
account for the different stages of inflammation,
nor does it account for the contribution of different
types of T cells. Both the CNS and peripheral
response could be co-ordinated by TLR signalling, in
the immediate response of the microglia and also
the delayed response of the various immune cells.
TLR ligands are present immediately following the
infarct and are secreted into the periphery following
BBB breakdown. TLRs are currently being targeted
for various immune therapies, including autoim-
mune disease states (Gomariz et al., 2010) and the
link between these receptors and the autoimmune
consequences of stroke could provide potential
therapies to minimize secondary damage following
stroke. The current situation appears to be that
autoimmunity can be developed after stroke and
unless there is a subsequent infection, the conse-
quences are minimal. As far as clinical treatments
go, however, understanding the underlying mecha-
nisms that control the immune reaction to the CNS
will need to be known in greater detail in order
facilitate pharmacological development in this area.
One signalling system that appears to play a role in
both the CNS and the peripheral response to stroke
are the TLRs. Given the potential for these receptors
to be involved as a bridge between the CNS and the
periphery during ischaemic insult, a brief overview
of TLR signalling will follow.

TLRs: the bridge between the CNS
and periphery

TLRs are capable of signalling through NFKB to
produce chemokines such as CCL2 (MCP-1) (Ueda
etal.,, 1994), CCL3 (MIP-1o) (Grove and Plumb,
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1993) and CCL4 (MIP-1B) and a murine orthologue
of CXCL2 (MIP-2) (Widmer etal., 1993). After
detecting damage to the CNS, TLRs on microglia are
activated to produce a host of chemokines that are
then thought to attract monocytes, leukocytes and
neutrophils to the site of injury. These cells then
pass through the endothelial cells into the brain
parenchyma, where they contribute to the patho-
genesis of stroke.

TLR expression in the brain

As a receptor system that is integral to the induction
of the immune system it is not surprising to find
TLRs highly expressed in tissue such as the lung and
spleen (Nishimura and Naito, 2005). The brain,
compared with the rest of the body, is relatively
protected from stimuli that provoke an immune
response, however, these receptors respond to both
exogenous and endogenous stress. With a high
glucose demand, the brain has a lower threshold for
decreased perfusion or oxygen supply and conse-
quently must have mechanisms in place that are
capable of responding to stress such as ischaemia-
reperfusion. While mRNA for all TLRs can be
detected in the brain it is TLR 2 and 4 that are most
highly expressed (Nishimura and Naito, 200S5).
There is further specificity when individual cell
types with in the brain are considered. Although
most studies have been done in mice and as yet have
primarily reported on mRNA, rather than the more
pertinent protein levels, a few studies have reported
varying TLR expression in human neurons, astro-
cytes and microglia. While only TLR 3 mRNA has
been detected in astrocytes in humans (Farina et al.,
2005), murine astrocytes express TLR 2, 4, 5 and 9
mRNA (Bowman et al., 2003). The same study was
also able to detect TLR 2 and 4 protein expression in
these cells. Although these results are quite recent
and yet to be supported by substantial literature
with regard to protein studies, the primary role of
the astrocyte is to provide structural and metabolic
support to the neural tissue, the microglia on the
other hand are the resident ‘macrophages’ of the
brain and as expected express many TLRs. While
mRNA for TLRs 1 through 10 has been detected in
mouse microglia (Olson and Miller, 2004) all except
TLR 10 have been detected in human microglia
(Jack et al., 2005). Therefore the microglia should be
able to respond quickly to both endogenous and
exogenous threats. In murine neurons, mRNA for all
TLRs has been detected (Mishra et al., 2006), human
neurons, however, appear to differ substantially, as
only mRNA for TLRs 3 (Lafon et al., 2006) and 8 (Ma
et al., 2006) has been detected. Cell-type variation in
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the expression of TLRs leads to a variation in the
inflammatory response dependent on cell type. It
has recently been shown that TLR 2 is responsible
for part of the damaging inflammatory response
that follows cerebral ischaemia (Lehnardt etal.,
2007). Through studies that develop tolerance with
a preconditioning TLR agoinst, it has been shown
that decreased TLR activity can lead to decreased
damage (Kariko et al., 2004b; Marsh et al., 2009).

TLRs on invading cells

Some of the first TLR expression studies were carried
out on immune cells. TLR expression on these cells
is important not only for pathogen recognition but
also activation, suggesting that TLR expression and
function on the invading cells in stroke is not
trivial.

Haematopoietic cells have been shown to express
mRNA for all the TLRs. In particular, monocytes
have been shown to express TLRs 1, 2, 5, 6 and 8
mRNA (Muzio et al., 2000; Hornung et al., 2002),
macrophages TLRs 1, 4 and 9 (Medzhitov etal.,
1997; Muzio et al., 2000; An et al., 2002) and T cells
2, 4 and 8 (Xu et al., 2005). The varied expression
amongst these cells suggests a diverse role for the
TLRs in haematopoietic cell function. While these
receptors are obviously capable of responding to
exogenous and endogenous stress, research has
shown that the TLRs and their associated pathways
are involved in the differentiation and maturation
of haematopoietic cells.

In Drosophila, the TOLL pathway that gives its
name to the TLRs has been shown to be involved in
the regulation and differentiation of haematopoietic
cells (Qiu et al., 1998). This has since been translated
to show that the TLRs are involved in human hae-
matopoiesis in response to inflammation (Ueda
et al.,, 2005). The maturation of dendritic cells is
reliant on the MyD88 dependent TLR pathway, as
MyD88 deficient mice do not develop this cell type
(Nagai et al., 2006). Ligation of TLRs on immune
cells causes an increase in cell number and activity.
Given that during cerebral ischaemic injury, TLR
ligands are released from the injured CNS into the
periphery, this receptor family has a significant role
to play in all the aspects of neuronal ischaemic
injury.

TLR signalling following inflammation

The control of early CNS inflammation is a careful
balancing act, as both too much and too little
inflammation will lead to decreased or delayed
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recovery. This suggests that the TLRs are well placed
to initiate the inflammatory response, as their acti-
vation leads to the release of both pro and anti-
inflammatory mediators.

Depending on which of the 11 TLRs activated by
the signalling will either be MyD88 dependent,
independent or some receptors have the ability to
activate both types of pathway. Understanding the
modes and consequences of TLR signalling could
lead to novel therapies that regulate both the CNS
and peripheral response to stroke. Figure 1 illus-
trates the pathways of TLR signalling.

MyD88-dependent signalling

Upon ligand binding it is thought that a conforma-
tional change in the receptor allows association
with adaptor proteins. Once MyD88 is bound to the
receptor, IL receptor associated kinases (IRAK) 1 and
4 associate with MyD88 through the death domain,
leading to phosporylation of both IRAKs (Wesche
etal., 1997; Li et al., 2002). The IRAKs oligomerize
with the tumour necrosis factor receptor associated
factor-6 (TRAF-6), leading to activation and poly-
ubiquitination of the oligomer itself (Deng et al.,
2000). This oligomer then uses transforming growth
factor B-activated kinase (TAK1), via the TAKI-
binding protein (TAB2), to activate Ik B kinase (IKK).
IKK is responsible for tagging IkB for degradation by
phosphorylation and once IkB is degraded, NFkB is
free to move to the nucleus and begin transcription
of various inflammation-associated genes (Qian
etal.,, 2001). TAK1, as well as activating IKK, is
responsible for the activation of mitogen-activated
kinase kinase 6 (MKK6) (Wang et al., 2001). MKK6
phosphorylates the kinases c-Jun N-terminal kinase
(JNK) and p38, activation of these kinases leads to
nuclear translocation and transcription of genes
controlled by activator protein-1 (AP1) and c-JUN
(Moriguchi et al., 1996). TLRs through MyD88 have
been shown to have a role in many of the functions
of the innate immune system, including leukocyte
recruitment to CNS following traumatic injury
(Babcock et al., 2008), wound healing (Macedo et al.,
2007) and dendritic cell maturation and activation
(Shen et al., 2008).

MyD88-independent signalling

TRIF was the third TLR adaptor discovered and path-
ways that are MyD88 independent rely on TRIF
(Yamamoto et al., 2002). It was first thought that
TRIF interacted with TRAF6 to induce NFkB and AP1
activation, however, TRAF6 knockout mice can still
activate NFkB following activation of the MyD88
independent TLR3 (Meylan et al., 2004). TRIF binds
to both TRAF6 and receptor interacting proteinl
(RIP), which can both in turn activate NFkB
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A diagram of the Toll-like receptor (TLR) pathways, indicating MyD88-dependent signalling on the left, MyD88-independent signalling on the

right and TLR 3 only signalling on the upper right.

pathways through interaction with IkB proteins. It
was also shown that RIP was essential for TLR3
mediated JNK activation (Yamamoto et al., 2003).
TRIF bound to TLR3 attracts TRAF3, causing the
activation of TRAF family associated NFkB activator
(TANK)-binding kinase or TBKI1, this kinase then
phosphorylates interferon regulatory factors (IRF),
releasing interferons, thus attempting to combat the
virus that activated TLR3 (Oganesyan et al., 2006).

TRIF is the most important adaptor protein in the
TLR response to viral infection, as TLR3 detects
double stranded RNA from viruses and only uses
this pathway.

The dual role for TLR signalling is exemplified by
the discordance in TLR knockout studies of stroke.
TLR2 has been shown to play an important role in
the progression of neural injury following MCAO,
a well-characterized model of stroke. This study
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showed that in the 96 h following stroke there was
a 10-fold induction of TLR2 mRNA in the damaged
hemisphere and that TLR2 knockout mice devel-
oped a smaller infarct (Lehnardt et al., 2007), this is
supported by earlier research from Ziegler et al.
(2007). However, in vitro experiments by another
group have shown that microglial TLR4, and not
TLR2, ligation is responsible for apoptosis (Jung
et al., 2005). As these cells show a broad expression
of TLRs, and multiple TLRs are activated when adja-
cent cells are dying, it is not surprising that studies
in to TLR activation deliver contradictory findings.
This result is typical of the complex role that these
receptors and cells that express them play in the
response to inflammation.

Further understanding of the role of the TLR
signalling in the brain following stroke may lead to
new pathways being identified to which potential
therapeutics could be targeted. One potential target
is the role that TLRs are now discovered to play in
the phenomena of ischaemic preconditioning. An
earlier and short exposure to ischaemia has been
shown to produce a decreased infarct size without
any pharmacological or genetic manipulations. The
study of how the brain endogenously produces an
improved outcome to stroke could guide pharmaco-
logical modulation. Three recent studies have
shown that the TLRs are important modulators of
the ischaemic tolerance phenotype (Hua et al., 2008;
Stevens et al., 2008; Xing et al., 2008). The study
targeting TLR 9 showed that TNF-o. up-regulation
was important for the neuronal protection afforded
by preconditioning, as mice without TNF-a were
unable to show a tolerant phenotype. These studies
are beginning to map the cytokine environment
that is required to produce the optimal amount of
inflammation at the right time to produce the least
damage following stroke. The understanding of this
environment will be important in the design of new
generation therapeutics.

Pharmacological challenges and
opportunities

TLRs as specific drug targets

Given that the TLRs are involved in all aspects of the
response to neuronal ischaemic injury, their poten-
tial for pharmacological modulation must be
explored. Potential areas for intervention are sum-
marized in Figure 2. These recently discovered
receptors have already proven to be valuable in
glioma treatment (Grauer efal.,, 2008) and as
vaccine adjuvants (Cooper et al., 2004). The ability
of TLR 8 to modulate the Treg response to injury and
infection suggests that a synthetic agonist could
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enhance the Treg response while not activating
other potentially damaging T cells (Peng etal.,
2005). The induction of T helper cell type 1 is
dependent on MyD88, while Th-2 cells are activated
through MyD88 independent pathways (Lin et al.,
2004), this presents an interesting pharmacological
opportunity to direct Th cell type and create an
infarct minimizing environment with the right TLR
agonist. The potential for TLR based therapeutics in
stroke is unlikely to be reached until there is further
progress made in understanding the pharmacoki-
netics of TLR ligand binding and interactions
between the TLR and the Toll/IL-1 receptor (TIR).
The crystal structures of the ligand-binding domains
for the TLR1 and 2 heterodimer, TLR3, TLR4 and
TLR10 have been solved (Bell et al., 2005; Choe
et al., 2005; Jin et al., 2007; Kim et al., 2007; Nyman
et al., 2008). All of the structurally solved TLRs have
also been shown to form dimers; TLR3 and 4 form
homodimers and TLR1, heterodimers with TLRs 2 or
6, and only do so upon ligand binding (Gautam
et al., 2006; Liu et al., 2008; Nyman et al., 2008; Park
etal.,, 2009). This behaviour presents a further
opportunity for pharmacological intervention by
binding to the ligand-binding site or the dimeriza-
tion site. Preventing dimerization may diminish sig-
nalling but not entirely inhibit it, and this ‘partial’
block maybe therapeutically better than complete
block, as some TLR signalling has been shown to be
beneficial while excessive activation can be detri-
mental. This approach may thus be able to strike a
balance and deliver an infarct minimizing environ-
ment. The crystal structures of the TLRs have aided
in successful drug design. However, in the response
to stroke, although the TLRs are known to be
involved, a better understanding of the underlying
mechanisms needs to be developed before the
potential for new therapies can be fulfilled.

As yet there are few compounds that have shown
potential in animal trials and subsequent efficacy in
human trials in combating stroke. This is symptom-
atic of the complex nature of stroke pathology.
Many of the processes and mechanisms involved are
seemingly beneficial at one time or location and
detrimental at another. Therefore it is unlikely that
there will be a single solution that will be applicable
to all patients at all treatment times, and to gain
enough useful knowledge to be able to create the
innovative solutions needed, we must use appropri-
ate animal and cell culture models.

As demonstrated here the response to stroke is
complex and not only involves multiple cell types
but two systems in the body that are often consid-
ered the most separate. Translating the complexities
of stroke to an in vitro set-up has inherent problems,
but does not mean that in vitro studies are lacking in
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A diagrammatic representation of the cell types involved in the inflammatory response to stroke. The left hand side of the image shows cells
migrating to the CNS from the periphery, where the integrity of the blood-brain barrier (BBB) is disrupted. The centre of the image shows the
response of the resident cells and the right hand panel shows infiltrating cells regardless of BBB integrity. Each of the numbers refers to Toll-like
receptor (TLR) involvement and potential for pharmacological intervention.

1. Neutrophils

a TLR 4 deficiency has been shown to be important in the recruitment of neutrophils expressing myeloperoxidase (MPO), following injury (Kilic
etal., 2008).

2. Macrophages

a TLR expression increases in inflammatory conditions associated with cerebral vasculature, such as aneurysm, and the receptors have a role in
activating macrophages in response to TNF-o. (Jayaraman et al., 2008).

3. T -cells

a TLR activation of microglia leads to activation of Th 1 cells (Jack et al., 2005).

b Treg release of anti-inflammatory IL-10 is MyD88 and TRIF dependent (Boonstra et al., 2006).

c Release of IL-10 from Tregs leads to a down-regulation of MyD88 (Dagvadorj et al., 2008).

d TLR 8 modulated the Treg response to injury (Peng et al., 2005).

e Th1 cell induction is dependent on MyD88 pathways, while Th2 cells are activated via MyD88 independent pathways (Lin et al., 2004).

4. Astrocytes

a TLR activation on astrocytes can lead to expression of MMP-9 and contribute to BBB breakdown (Hsieh et al., 2010).

5. Neurons

a TLR 2 and 4 mediate neuronal death during stroke (Ziegler et al., 2007).

6. Glia

a TLR 2 is expressed on microglia following ischemia and mice lacking TLR 2 suffer a smaller infarct (Lehnardt et al., 2007).

b TLR 3 on glia releases neuroprotective mediators following inflammation (Bsibsi et al., 2006).

7. Myeloid dendritic cells

a Myeloid related proteins 8 and 14 are thought to act as TLR ligands and increase recruitment of infiltrating myeloid cells (Ziegler et al., 2007).
b In response to inflammation TLR pathways mediate maturation (Ueda et al., 2005) of myeloid cells.

8. Endothelium

a TLR 4 expression on the endothelium increases following sub-arachnoid haemorrhage (Zhou et al., 2007).

b TLR ligands in the circulation lead to altered function of the BBB (Singh and Jiang, 2004).

c TLR 4 on non-haematopoietic cells is important for controlling the CNS inflammatory response to peripheral stimuli (Chakravarty and
Herkenham, 2005).

value. They provide an underpinning of knowledge this field is particularly important. Meta-analyses
concerning how individual parts of the puzzle act have revealed that experimental design may be the
and how they relate to one another. Most impor- reason that so many treatments appear promising in
tantly, these types of studies can be correlated with animal models in vivo but fail to deliver in clinical
in vivo work to confirm the findings. In vivo work in trials (Macleod et al., 2004; Philip etal., 2009).
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Appropriate methodological guidelines are now
available (Fisher et al., 2009) and should lead to
more realistic expectations from research and pre-
clinical trials. Another revelation from the meta-
analysis was the time in which the treatments are
given. Most stroke patients present some hours after
the onset of symptoms, whereas in experimental
systems, drug treatments are often given at the time
of stroke or onset of reperfusion. When these can-
didate drugs are moved to clinical trials they are
often given to patients in time windows signifi-
cantly after they were shown to be effective in
animals. The incredibly short window of opportu-
nity for current treatments for stroke highlights this
problem.

Secondary injury prevention

As ischaemic damage radiates from the core, there is
a greater opportunity for pharmacological interven-
tion to prevent secondary damage. Both the CNS
and the immune system contribute to this damage,
presenting two separate pharmaceutical targets. For
the immune system, it has quite recently been
reported that T cells infiltrate the brain and detri-
mentally produce cytokines; however, the infiltra-
tion can be decreased with the immunosuppressant
FTY720 causing a reduction in infarct size (Shichita
etal., 2009). Further development of this type of
treatment will be interesting, as some T cells have
been shown to beneficially enter the brain (Liesz
et al., 2009b). It may become a case of inhibiting the
detrimental, stimulating the beneficial or even both.

CNS-based treatments on the other hand have
shown little promise with regard to diminishing
delayed ischaemic damage. There are most likely a
number of reasons for this; firstly there is inad-
equate fundamental understanding of the processes
driven by the CNS that contribute to the extension
of damage. It is only recently that TLRs have been
revealed to play a significant role in not only the
detection of neural damage but also the secondary,
continuing cellular death. Second, the processes
that are relatively well understood can be shown in
various circumstances to be both beneficial and det-
rimental. The dual action of most pathways
involved in this pathology causes significant prob-
lems for the timing of pharmacological interven-
tion. Increasing the fundamental knowledge of the
response to neuronal ischaemic injury will consid-
erably increase the chances of overcoming both of
these hurdles.

Further to the disappointing outcomes of many
potential treatments has been the lack of effect in a
clinical setting after promising animal and pre-
clinical trials. Stroke is often related to cardiovascu-
lar disease, diabetes and old age (Fischer et al., 2006;
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Mulnier et al., 2006), whereas almost all experimen-
tal animals are young and healthy. When
co-morbidities are included in the experimental
design, it is rare that previously working treatments
maintain their effectiveness (O’Collins et al., 2009).
The reasons for this are most likely the increase in
oxidative stress involved in the co-morbidities that
therapies cannot overcome to engender neuropro-
tection, combined with an inability of the already
damaged body to respond using the normal physi-
ological response that some therapies attempt to
alter.

Conclusion

Further research into the complex pathology of
stroke will be helped with ideas derived from both
neuroscience and immunology. It is the innate
immunity that initializes the response to inflamma-
tion and cell death and primes the wider immune
system to respond. Understanding the interplay
between the CNS and the immune system will
provide greater insight into the many pathologies
that involve CNS inflammation and increase the
number of potential pharmacological targets. In
order to achieve this, innovative research methods
will need to address the temporal specificity of acti-
vation of inflammatory mediators. The TLRs
provide a tantalizing target, involved in many pro-
cesses and cell types responding to stroke.
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