
About stroke

Inflammation: good or bad after a stroke?
Stroke is one of the leading causes of disability and morbidity around the world. Understanding the processes that lead to and occur because of stroke is vital in order to develop mechanisms to reduce or prevent the brain damage and resulting deficits. Inflammation has been highlighted as one of the main immune responses following stroke, but whether it is fundamentally beneficial or detrimental is still under question. Due to the complex nature of inflammation and the natural immune system's response, perhaps this question cannot be answered in its entirety; instead, individual factors within the inflammation process need to be examined so that pharmacological interventions can be designed to inhibit the detrimental ones, while the beneficial ones are enhanced.

Lakhan, Kirchgessner and Hofer (2009) state that 85% of strokes are acute ischemic events; embolic or thrombotic, usually caused by a blood clot outside or within the brain respectively. This results in a decreased level of blood circulation, with ischemia defined as blood flow lower than 20ml/100g brain tissue/ minute (Frizzell, 2005) and cell death can result as the surrounding tissue is deprived of oxygen and glucose. The other 15% of cases are classified as haemorrhagic strokes, either intracerebral or subarachnoid, caused by the rupture of a blood vessel and often seen in patients with vascular malformations (Del Balzo et al, 2009) or hypertensive disorders (Kelley and Gonzalez-Toledo, 1999). The result of any of these events is the damage or death of the cells, through apoptosis and necrosis (Yuan, 2009) which result in ruptured cell membranes allowing the intracellular organelles and contents to be released into the extracellular space (Lelekov-Boissard et al, 2009). It is this that leads to the initiation of the inflammatory response following detection by microglia.

Inflammation is an important part of the general immune response to infection or injury throughout the body. It is characterised by the accumulation of immune cells including leukocytes and macrophages in an area of damaged tissue to aid the destruction and removal of pathogens and debris. The inflammatory response can be described in four main stages: i) vasodilation ii) activation of endothelial cells iii) increased vascular permeability iv) chemotactic factors (Wood, 2006). Vasodilation increases the blood flow through a vessel, resulting in more immune cells coming into contact with the endothelial cells. Adhesion molecules on the surface of both cell types bind together to form a weak connection. Some molecules associated with the inflammatory response can act to increase the permeability of the blood vessels, allowing the immune cell to pass through into the tissue where chemotactic factors then act directly or indirectly to guide the cell to the damaged area. Progression through these stages is generally due to the activation of the many different inflammatory cells and molecules of which there are two broad categories: pro-inflammatory and anti-inflammatory, generally viewed as initiators and resolvers of inflammation respectively.

This paper will focus on discussing the evidence for the beneficial and detrimental effects of inflammation following an acute ischemic event, the type responsible for the majority of stroke cases, through investigating the roles and effects of the main inflammatory mediators responsible for the inflammatory response. It will examine how their actions are considered to contribute to the overall outcome of the average patient, including neuronal degeneration or death. Finally the information will be summed together to suggest whether or not post-ischemic inflammation is a desirable response and suggest directions for future research.
Effects of inflammation within the central nervous system (CNS).
The CNS reacts in a different way to other tissues in response to injury or infection. Excessive inflammation results in neuronal cell contents flooding the extracellular space, causing oedema which compresses the surrounding neural cells, extending the damage through the action of the neurotoxins released as a result of the inflammatory process. Neurons within the CNS are unable to regenerate, unlike the neurons in the peripheral nervous system (PNS). Severed nerves in the PNS can regenerate, growing 1-2mm per day, despite still having an effective inflammatory response (Stoll, Jander and Schroeter, 2002). The brain is highly specific with particular areas corresponding to particular functions. If the neurons within an area suffer permanent damage this can impact on the functioning of the individual, resulting in life long disability.

In the CNS, when a fibre tract is damaged, scar tissue forms over the stump and the myelin debris caused by the rupturing of the cells, release growth inhibiting factors: Nogo and myelin associated glycoprotein MAG (Qiu, Cai and Filbin, 2000). These prevent the nerve from regenerating or being repaired and could be as a result of insufficient or slow macrophage activation and accumulation, in comparison to the response in the PNS.
Process
Following an ischemic event in the brain, there is an influx of immune cells into the oxygen deprived area initiated as a local response by microglia, the resident macrophages in the brain, which are activated 2-4 hours after ischemia (Zheng and Yenari, 2004). Leukocytes, initially neutrophils, are then activated within 4-6 hours (Wang, Tang and Yenari, 2007). Once activated, these immune cells release inflammatory mediators, both pro- and anti- inflammatory, and mediate phagocytosis, a vital stage in the immune response, resulting in the destruction and removal of the debris or pathogens.
Microglia
Evidence suggests that microglia cause activation of the pro-inflammatory transcription factor kappa B (NF-kB) which migrates into the nucleus of the cell, initiating the transcription of the pro-inflammatory genes. The pro-inflammatory molecules that are produced are likely to trigger the up-regulation of adhesion molecules in endothelial cells, which are/is necessary for the movement of leukocytes into the tissue from the blood (Zheng and Yenari, 2004), along with stimulating the release of other substances.
Leukocytes
Leukocytes access the ischemic area via micro-vessels which are distributed through the brain tissue. The blood vessels within the brain are far less permeable than in the rest of the circulatory system due to the endothelial cells being interconnected by tight junctions. This is known as the blood brain barrier (BBB) and is important to prevent macromolecules, pathogens and other contents of the blood, diffusing into the brain (Yang et al, 1999). For this reason, there is a complex process that enables the movement of the leukocytes into the interstitial fluid. This requires the up-regulation of adhesion molecules including P-selectin and E-selectin onto the endothelial cells, chemotactic agents such as chemokines and pro-inflammatory mediators such as TNF-α which is thought to increase the permeability of the BBB (Yang et al, 1999). This process comprises of three steps: i) rolling ii) activation and firm attachment iii) transendothelial migration (Wood, 2006). The P-and E- selectins on the endothelial cells bind to the L-selectins on the leukocyte cells to lightly bind them to the area of the vessel near the site of injury, the chemokines then make the attachment stronger so that the cell can migrate through the vascular wall (Stoll, Jander and Schroeter, 2002).

There is significant evidence suggesting that the recruitment of leukocytes could exacerbate brain damage through the blocking of microvessels and increased levels of pro-inflammatory cytokine release, resulting in a cyclic self-enhancing process involving greater expression of adhesion molecules and further leukocyte recruitment (Zheng and Yenari, 2004; Wang, Tang and Yenari, 2007; Weiliang et al, 2010). Further weight is added to this hypothesis as experiments have also shown that inhibiting neutrophil infiltration by injecting anti-neutrophil antibodies in experimental stroke results in a reduced infarct volume with reduced oedema (yamasaki et al, 1995).
Inflammatory Mediators
In order to understand the process of inflammation in regard to stroke it is important to appreciate the roles of a number of the inflammatory mediators, most of which are cytokines, a large family of polypeptides. Most of these molecules exist in an inactive form, a precursor, which needs to be cleaved by specific enzymes to become active (Allan and Rothwell, 2001).The following are the most commonly studied pro-inflammatory mediators in this area: Interleukin-1 (IL-1), tumour necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), while interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β) are the most commonly studied anti-inflammatory mediators (Wang, Tang and Yenari, 2007). Evidence for their effects and roles will be examined.

Most in vivo experiments investigating these molecules have used rodent models with one of two processes to simulate an ischemic stroke. One is induced transient or permanent middle cerebral artery occlusion (MCAO) which is used because the size of the resulting infarct can be easily controlled by varying the duration of ischemia. Secondly, photothrombosis, which allows vascular occlusion or BBB disruption targeted at a particular area of the brain, again with reproducible size of infarct (Stoll, Jander and Schroeter, 2002). The controlled size of infarct is important when comparing the different effects each molecule has on the resulting damage when using knockout studies or transient alteration of molecule expression because there is an established baseline to which infarct volumes can be compared.
Pro-Inflammatory Cytokines

Mechanisms that exacerbate tissue damage
Aside from the damage caused by the movement and accumulation of cells in the damaged areas, pro-inflammatory molecules can also initiate the release of neurotoxins which attack the neural cells and regulate cell death through apoptosis or necrosis. They have been shown, in vitro, to directly affect neurons, while indirectly affecting glia, blood vessels and temperature (Allan and Rothwell, 2001).

TNF-α and IL-1β, the main pro-inflammatory cytokines, activate interferon regulatory factor 1 (IRF), a transcription factor that initiates transcription of genes for proteins such as inducible nitric oxide synthase (iNOS) and IL-1β converting enzyme (ICE). iNOS synthesises nitric oxide (NO), a free radical that in low concentrations is neuroprotective but when overproduced, as in the early stages of ischemia, it becomes neurotoxic. NO is synthesised through oxidation of L-arginine (Iadecola, 1997). It has been suggested that NO exerts its toxic effects by causing damage to the DNA through the formation of perioxynitrate (Cui et al, 2000), a mutagenic agent (Cuzzocrea, 2001) in the ischemic cells.

Following ischemia, there are elevated levels of ICE which acts to induce apoptosis and cleave precursors to produce active cytokines, both of which lead to increased inflammation and damage (Bhat et al, 1996). IRF-1 knockout mice displayed smaller infarcts following MCAO in comparison to controls (Stoll, Jander and Schroeter, 2002).
Interleukin-1 (IL-1)
IL-1 exists in two isoforms; IL-1α and IL-1β (Wang, Tang, and Yenari 2007), both of which are agonists at type 1 IL-1 receptors (IL-1R1) and have been implicated in exacerbating ischemic brain damage (Boutin et al, 2001). The latter has been heavily associated with the pro-inflammatory response, through experimental evidence. Initially IL-1β is released from microglia. In healthy tissues, the neurons suppress the microglial release of IL-1β, but when the neurons become damaged, they activate the microglia and result in the release of IL-1β (Wang et al, 2008). This could contribute to the cyclic inflammatory response involving cytokine production, neurotoxin release and further tissue damage. IL-1 acts on most of the cell types within the brain including astrocytes, neurons and endothelial cells (Allan, Tyrrell and Rothwell, 2005).

Inhibiting acute expression of IL-1β during experimental stroke in rodents, by injection of anti-IL-1β neutralising antibodies, reduced the infarct volume when compared to the wildtype (Yamasaki et al, 1995). Consistent with this, injection of recombinant human IL-1β increased levels of brain damage when injected immediately after reperfusion. Interestingly, studies in knockout mice show that the chronic inhibition of both IL-1α and IL-1β, resulted in reduced infarct volume but deletion of either gene individually had no effect. There is the suggestion of compensatory effects potentially via the the IL-1 system or other inflammatory mediators that replace the action within the inflammatory response, when either gene is missing (Boutin et al, 2001).

Surprisingly, IL-1β has also been strongly implicated in ischemic tolerance (Ohtsuki et al, 1996) and the maintenance of long-term potentiation (Schneider et al, 1998), which is involved in neural plasticity, and could potentially be important in the repair of damaged tissues.

An endogenous inhibitor of IL-1β, IL-1 receptor antagonist (IL-1ra), is an important anti-inflammatory molecule as it opposes the action of IL-1β (Wang, Tang and Yenari, 2007). Administration of IL-1ra reduces the amount of inflammation and brain damage (Yamasaki et al, 1995), while deletion of this gene leads to an increased infarct volume, supporting the idea that it has a neuroprotective role (Boutin et al, 2001).
Tumour Necrosis Factor-Alpha (TNF-α) PROOF READ FROM HERE!!!!!
TNF-α has been implicated as a pro-inflammatory mediator, however, this is more controversial, with some studies suggesting it may also exert a neuroprotective effect after the acute phase of the ischemia (Allan and Rothwell, 2001). Again, like IL-1β, TNF-α is expressed initially by macrophages and microglia. TNF-α may be involved in increasing the permeability of the BBB, and thus enabling more cells and molecules to access the ischemic area. The increased number of cells within the ischemic area has being implicated as a potential contributor to secondary tissue damage (Yang et al, 1999). TNF-α has the ability to induce apopotsis and inhibit or induce necrosis depending on the concentration of TNF- α and location of the ischemic damage (Allan and Rothwell, 2001) Levels of TNF-α in the blood are elevated within 3 hours after MCAO (Stoll, Jander and Schroeter, 2002), corresponding to the heightened inflammatory status of damaged tissues, supporting its proposed role as a pro-inflammatory mediator.

Other evidence to support its pro-inflammatory status comes from MCAO models where the infarct volume was greatly increased when TNF-α was injected into the brain 24 hours before the ischemic event. Barone et al (1997) suggest this is likely to be due to the enhanced permeability of the BBB through increased levels of matrix-damaging metalloproteinases, which act by breaking down extracellular proteins such as collagen (Wang, Tang and Yenari, 2007). It was also found by Barone et al (1999) that injection of a TNF-α inhibitor 1-2 hours post MCAO resulted in a greatly decreased infarct volume.

The neuroprotective effects of TNF-α have been seen in later stages of the inflammatory response, where it plays an essential role in recovery and repair. During the neuroprotective phase activation of TNF-α does not result in the production of iNOS (Stoll, Jander and Schroeter, 2002).

Although IL-1βand TNF-α are both pro-inflammatory molecules initially expressed by the same cells, they are actually expressed, almost entirely, by different subsets of macrophages and microglia (Clausen et al, 2008). This leads to the possibility that inhibition of particular classes of these immune cells could prevent the exacerbation of brain damage by preventing or reducing the expression of either molecule, without inhibiting the entire inflammatory response, as different subsets may have different roles.
Interleukin-6 (IL-6)
There has been a significant debate over whether IL-6 should be classed as pro-or anti-inflammatory, with no firm consensus, although currently there appears to be more support for its primary role being a pro-inflammatory cytokine. The argument for the pro-inflammatory action includes evidence documenting mice which show chronic overexpression of IL-6 develop increased levels of neural damage (Campbell et al, 1993). Clinical studies have also supported this role as stroke patients were found to have higher levels of IL-6 in their blood12 hours after the ischemic event, compared with controls. Early neurological deterioration (END) occurs within the first few hours following a stroke, and it is this that leads to functional deficits. Elevated IL-6 concentrations in the cerebrospinal fluid (CSF) and plasma have consistently indicated the presence of END (Rodríguez-Yáñez and Castillo, 2008). The levels of IL-6 corresponding to the severity of the stroke and outcome; those with the highest levels of IL-6 being most severely affected (Kes et al, 2008).

In contrast, others have suggested that IL-6 does not have a direct effect on the inflammatory response. Clark et al (2000) found that mice deficient in IL-6 showed no difference in the size of the infarct following transient ischemia in comparison to controls but, the knockout mice also expressed lower levels of IL-1β and TNF-α which may suggest that IL-6 has an indirect anti-inflammatory response.
Anti-inflammatory cytokines

Mechanisms that reduce tissue damage
Anti-inflammatory mediators work by inhibiting the expression of the pro-inflammatory mediators through different mechanisms including: blocking the action of the enzymes, such as ICE, needed to activate cytokine precursors (Allan and Rothwell, 2001) and acting as an antagonist to the mediator itself like IL-1ra. Consequently, this prevents the production of the neurotoxic factors and reduces the amount of damage to the cells. They often also have a role in mediating the repair of damaged tissues.
Interleukin-10 (IL-10)
IL-10 is one of the primary anti-inflammatory molecules that is discussed in research; this role being supported by evidence suggesting that lower levels of IL-10 in the acute phase of stroke can be associated with worse outcome, defined by increased neurological deterioration (Vila et al, 2003). Plasma and CSF levels of IL-10 increase through the acute phase of stroke, peaking 3-7 days post ischemia, which suggests that IL-10 could play a role in preventing the inflammation from continuing.

IL-10 acts by inhibiting IL-1 and TNF-α potentially through a negative feedback system (Kes et al, 2008). It may also inhibit iNOS, thus preventing neurotoxic levels of NO being produced (Vila et al, 2003). Therefore, it is unsurprising that IL-10 knockout mice are more susceptible to brain damage after experimental stroke (Grilli et al, 2001). It has been suggested that the lack of this gene, upsets the natural balance that exists between the pro- and anti-inflammatory mediators, by preventing its inhibition of the pro-inflammatory mediators.
Transforming Growth Factor-Beta (TGF-β1)
There are 5 isoforms of TGF-β, however only 3 are expressed in mammals and of those, TGF-β1 is the type implicated in the anti-inflammatory response (Lu et al, 2005). Injection of a TGF-β recombinant antagonist into the striatum of rodents enhanced the infarct volume, while injection of exogenous TGF-β1 decreased the infarct volume (Ruocco et al, 1999). In vitro studies also found that application of TGF- β1 to LPS treated neurons, proved to have a protective effect (Qian et al, 2008). These results support the idea that TGF- β1 has a neuroprotective role.

TGF- β1 has a major role in repair following brain injury, potentially assisted by the chemotactic properties which may attract microglia to the injured area during the acute phase of ischemia. In the recovery phase of stroke, where TGF- β1 levels are increased, it has been found to deactivate macrophages, reduce microglial cytotoxicity (Flanders, Ren and Lippa, 1998) and prevent apoptosis (McCombe and Read, 2008).
Brain-induced immunosuppression
Deaths that occur within a week of the ischemic event, are generally associated with the direct neurological damage caused by the stroke, however, after this initial period, the majority of stroke related deaths are infection related. An average of about 40% of stroke patients fall ill to an infection such as pneumonia, urinary tract infection or sepsis after a stroke (Chamorro, Urra and Planas, 2007). This seems too high a proportion not to indicate an interaction between the conditions. Therefore, it is likely that there is a process that occurs within the immune response to the stroke that causes suppression of the immune system.

Studies have found that there is systemic inhibition of pro-inflammatory cytokine production following stroke, resulting in high concentrations of anti-inflammatory molecules such as IL-10, TGF-β and IL-1ra (Emsley and Hopkins, 2008b), in comparison to the pro-inflammatory molecules IL-1β, TNFα and IL-6. This suppression can lead to an increased susceptibility to infection as the initial inflammatory response, co-ordinated by the pro-inflammatory mediators, acting to isolate and prevent the spread of the pathogens, has been inhibited so the infection has more chance of infiltrating the body.

This could be mediated through the action of the sympathetic nervous system or hypothalamic pituitary adrenal HPA axis because these act as direct connections between the central nervous system and the immune system (Chamorro, Urra and Planas, 2007). This is supported by the documentation of high levels of stress related hormones, adrenocorticotrophin hormone (ACTH) and cortisol, in the blood of stroke patients (Emsley et al, 2008a). ACTH induces glucocorticoid release which is known to inhibit the production of pro-inflammatory mediators and increase the production of anti-inflammatory mediators (Chamorro, Urra and Planas, 2007).

This immunosuppressive effect is important when developing new pharmacological treatments as excessive inhibition of the pro-inflammatory mediators could enhance this effect and increase the chance of the patient developing a serious infection.
Problems with the research
Many of the clinical studies that have been documented are using blood and fluid measurements taken from stroke patients from 4.75 hours onwards (Emsley et al, 2007), after onset of symptoms. There are obvious difficulties in taking measurements earlier than this as other processes need to occur including the diagnosis of stroke and immediate treatments if required. However, if the microglia are being activated between 2-4 hours, then it is likely that there are going to be changes in the levels of many inflammatory substances in the blood around the same time. It may be that there are early opportunities within this period to target some of these cells or molecules and subsequently affect the progression of the immune response.
Future Directions
Many of the negative consequences of an ischemic event including extensive brain damage and immunosuppression, can be explained by the swayed balance between the pro- and anti-inflammatory actions. If there was some way of maintaining this balance following the ischemic event then it is likely that there would be less damage. Many of the pro-inflammatory mechanisms seem to be self-enhancing, by having effects that result in more pro-inflammatory molecules being recruited or produced. Potentially, if there was some way of limiting this exponential effect, the extent of inflammation could be limited without preventing the beneficial effects such as phagocytosis.

One of the biggest problems with regard to the resulting brain damage is the inability for regrowth of neural tissues within the CNS. There is currently a huge amount of research going into the development of stem cells. No treatment, as of yet, has been suggested that could help with the regeneration of CNS neurons, as the growth-inhibiting mechanisms within the inflammatory response prevent the successful transplantation of new tissue. Therefore, I propose that future research should attempt to elucidate the mechanisms which prevent this regrowth from occurring. The PNS is able to regenerate and has a very similar inflammatory response, so if the slight differences between these two processes could be found, there may be a way of combating the issue of permanent disability.

The other direction for research is to continue finding targets within the inflammatory process that, when inhibited, prevent the exacerbation of the tissue damage. One issue with this however, is the time course. Currently, there is only one drug that is used clinically to reduce the neural damage, a recombinant tissue plasminogen activator (rt-PA; alteplase), which is classified as a thrombolytic agent as it acts to restore the blood flow through occluded blood vessels. However, it is only given to 4-5% of patients as it must be taken within 3 hours of the ischemic attack to have any effect (Green, 2008).

Saver (2006) suggests that on average, the brain of an individual experiencing a typical ischemic stroke will age 3.6 years per hour it goes untreated, as a result of the loss of, as he calculated: 120 million neurons,830 billion synapses and 714km of myelinated fibres. The inflammatory response is initiated so quickly that any pharmacological treatment that is going to dramatically reduce the amount of damage would need to be taken immediately following the ischemic event, which itself does not always produce obvious symptoms. This would also mean that there would need to be a reliable method for determining high risk individuals so that they can acquire the treatment in anticipation of the stroke. The following are factors that seem to indicate risk such as elevated C-reactive protein (CRP),leukocyte count and IL-6 levels (Rodríguez-Yáñez and Castillo, 2008) along with associated conditions including atherosclerosis, obesity and hypertensive disorders (McColl, Allan and Rothwell, 2009). There would also have to be an emphasis on educating people about stroke symptoms to enable recognition of the early signs, so that the treatment could be delivered as quickly as possible after onset of symptoms.
Conclusion
Stroke is a major health problem worldwide, often resulting in permanent disability or death. This not only has implications for the individual, but also social and economic effects, (Green, 2008) with many stroke suffers requiring long-term care or medication. Therefore, finding methods to prevent the stroke or the subsequent neurological deficits that can occur is vital.

Inflammation has been indicated as an important event in the progression of stroke, particularly in the acute phase. This paper has examined evidence to support the roles and effects of the main pro-and anti- inflammatory mediators that have been studied so far. It has investigated the impact that these can have on stroke outcome, including the effects of neural degeneration and immunosuppression. It is obvious from this that some aspects of the inflammatory response are desirable and even essential, but the negative effects can be substantial and permanent. The inflammatory response encourages damaged tissues to be repaired, and the action of anti-inflammatory agents limits the damage that the pro-inflammatory mediators can cause, but still evidence points to inflammation exacerbating brain damage. There is significant evidence supporting both the beneficial and detrimental effects of inflammation following stroke, but fundamentally is it good or bad?

I must conclude that inflammation after a stroke is bad. The inflammatory response has repeatedly been found to exacerbate brain damage and the more damage that occurs, the greater the potential for permanent functional deficits. Despite the fact that there are obviously some beneficial effects, this, in my mind, outweighs those factors and points to inflammation, as a whole, being detrimental.
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