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1. Introduction 

Cerebrovascular accidents carry significant morbidity and mortality and are vastly present 
in current society. One of the most prevalent causes of death and long-term disability within 
the United States, stroke was found to directly cause 6 million deaths in 2006 and was found 
to be indirectly attributed to $73.7 billion in health care costs in 2010 (Lloyd-Jones et al., 
2010). Current standard of care requires that patients present to a health care facility very 
early in disease onset so thrombolytic therapy can be initiated; however, this therapy, 
focusing on the establishment of reperfusion is not ideal as reperfusion often worsens 
ischemic injury (Yang and Betz, 1994). Clearly, new therapeutic and pharmacologic 
interventions are needed. 
Exercise has long been known to provide protection for ischemic stroke through the 
amelioration of stroke risk factors. Through its beneficial effects on hypertension, lipid 
profiles, obesity, and diabetes, exercise training has been associated with decreased stroke 
incidence and better outcomes after stroke (Evenson et al., 1999; Gillum et al., 1996; Hu et 
al., 2004). Despite risk factor management, exercise has also been shown to provide 
endogenous neuroprotection, preserving neuronal viability in the setting of ischemia/ 
reperfusion injury, resulting in decreased infarct volume and improved neurologic 
recovery (Chaudhry et al., 2010; Curry et al., 2009; Davis et al., 2007; Ding et al., 2004a, 
2004b, 2005, 2006a, 2006b; Guo et al., 2008a; Liebelt et al., 2010; Zwagerman et al.,  
2010a, 2010b). These beneficial endogenous effects of exercise preconditioning have  
been seen even after multivariate analysis has controlled for risk factor alterations (Hu et 
al., 2005).  
Multiple studies have shown the endogenous protection of rat myocardium following 
exercise preconditioning (Powers et al., 2002; Siu et al., 2004) through attenuation of 
apoptosis and better outcomes following reperfusion. Similarly, endogenous 
neuroprotection has been shown to take place through multiple mechanisms, including 
upregulation of neurotrophin expression, strengthening of the blood brain barrier (BBB), 
enhancing the cerebral capillary and arterial networks, decreasing inflammation and 
apoptosis, and improving cerebral metabolism. Through these mechanisms, exercise 
preconditioning provides valuable insight into the science of endogenous neuroprotection 
and its potential therapeutic and clinical implications. 
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Figure 1 Exercise
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Fig. 1. Exercise generates endogenous neuroprotection through the development of 
neurogenesis, improved integrity of the neurovascular unit, enhanced metabolism, 
decreased apoptosis, and amelioration of inflammation. 

2. Methods of preconditioning 

To date, no specific guidelines have been established through human studies to convey 
adequate or optimal neuroprotection.  Although exercise has been shown to convey 
endogenous neuroprotection and innate cardioprotection (Hu et al., 2004; Kloner, 2001), the 
extent, duration, and type of exercise has not been conclusively studied.  Despite this, a 
previous study revealed that moderate intensity and duration of exercise, as opposed to 
mild or strenuous, correlates with better outcomes and life improvements (Larson et al., 
2006). There are specific exercise modalities which convey more potent neuroprotection, and 
exercise of any duration appears to be neuroprotective.  Certainly more studies, especially 
with human subjects, need to be performed in order to determine exercise regimens 
resulting in maximal neuroprotection. 

2.1 Duration of preconditioning  

Despite its known neuroprotective effects, no specific duration of exercise has been shown 
to provide maximal neuronal survival or lead to better neurologic outcomes.  Through 
multiple studies in rats, it can be seen that exercise preconditioning prior to 
ischemia/reperfusion injury for a duration of as little as 2 weeks and up to 12 weeks 
provides similar levels of neuroprotection (Ang et al., 2003; Curry et al., 2009; Davis et al., 
2007; Ding et al., 2004a; Stummer et al., 1994; Wang et al., 2001). In addition to the 
duration of exercise needed, another important factor revolves around the extent of 

www.intechopen.com



 
Mechanisms of Neuroprotection Underlying Physical Exercise in Ischemia – Reperfusion Injury 

 

301 

neuroprotection after exercise has stopped.  Another study revealed that the 
neuroprotective effects of exercise preconditioning appear to be long-lasting, showing 
that 3 weeks after cessation of exercise, rats still maintained lower levels of neurologic 
deficit and decreased stroke volume when compared to non-exercise rats (Ding et al., 
2004b).  Future human studies ought to determine the exact duration needed for maximal 
endogenous neuroprotection. 

2.2 Preconditioning modalities 

While various modalities, such as treadmill running, voluntary running, simple and 
complex exercise, have been shown to provide variable amounts of neuroprotection.  When 
comparing forced exercise on a treadmill to voluntary running on a running wheel, rats 
forced to exercise on a treadmill tend to have better neurologic outcomes after stroke (Hayes 
et al., 2008). Previous studies have shown that forced exercise on a treadmill is slower but 
more constant than voluntary exercise occurs in shorter spurts with faster speed, although 
the total distance is equal in the two groups (Noble et al., 1999). This neuroprotection in 
forced exercise subjects led to decreased stroke volume, lessened neurologic deficit, 
upregulation of heat shock proteins, increased neurogenesis and cerebral metabolism 
(Hayes et al., 2008; Kinni et al., 2011; Leasure and Jones, 2008). These findings show that 
moderate exercise over a longer time period conveys more efficient and greater 
neuroprotection than more vigorous exercise over shorter time periods. 
In addition to the studies assessing forced and voluntary exercise, differences have also been 
established when comparing simple and complex exercise. This study analyzed simple 
exercise as the repetitive movements of treadmill running, whereas complex exercise 
constituted enriched activities which required both balance and coordination (Ding et al., 
2003). Following ischemia/reperfusion injury, rats preconditioned with complex exercise 
demonstrated increased synaptogenesis and improved neurologic outcomes when 
compared to simple treadmill exercise (Ding et al., 2003; Jones et al., 1999).  Simple exercise 
training also alleviates much of the injury following ischemia/reperfusion, but its benefit is 
less pronounced than what is observed with complex exercise training.  Although no human 
studies have definitively shown the most effective means of exercise for enhanced 
neuroprotection, these animal studies provide a solid framework for the development of 
appropriate exercise regimens. Moderate exercise intensity, including components of 
balance, coordination and stress, taking place over a sustained duration seem to be the most 
neuroprotective when compared to other exercise modalities and intensities. 

3. Mechanisms of neuroprotection 

Exercise clearly provides substantial endogenous neuroprotection in addition to its role in 
risk factor reduction for ischemia/reperfusion injury.  These effects have been shown 
through a wide variety of neuroprotective mechanisms all which increase neuronal survival 
in the setting of ischemic stroke.  These protective effects revolve around the neurovascular 
unit, composed of neuronal, glial, and vascular cells. This unit is significantly enhanced 
through exercise training and is injured through ischemia/reperfusion. As such, its integrity 
is paramount for proper cerebral functioning and is the focal point of the neuroprotective 
effects of exercise in ameliorating ischemic injury.  This neuroprotection is, in part, conveyed 
through the upregulation of neurotrophin expression, including brain derived neurotrophic 
factor (BDNF) and nerve growth factor (NGF).  These important regulatory proteins increase 
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neurogenesis, providing a richer neuronal network prior to injury and a more potent 
neuronal regenerative ability.  
In addition to enhanced neurogenesis, exercise neuroprotection also serves to enhance 
neurovascular unit integrity through strengthening of the blood brain barrier (BBB).  
Exercise has been shown to enhance the expression of basal lamina proteins and to increase 
astrocytosis, effectively providing greater stability to the BBB and the neurovascular unit.  
Matrix metalloproteinases have also been shown to be downregulated following exercise, 
enzymes which normally degrade the BBB. Furthermore, angiogenic factors, such as 
vascular endothelial growth factor (VEGF) and angiopoietins (Ang1 and Ang 2), are 
upregulated following exercise and correlated with increased blood vessel density and 
increased cerebral blood flow (CBF). These changes provide further stability to the 
neurovascular unit and have been shown to provide better outcomes following 
ischemia/reperfusion injury.  
Exercise also regulates apoptotic pathways in such a way as to tip the balance in favor of 
anti-apoptotic to pro-apoptotic gene expression.  Carried out through mediators, such as 
tumor necrosis factor (TNF)-α, extracellular regulated kinase (ERK)-1/2, and heat shock 
protein (HSP)-70, increasing the anti:pro-apoptotic ratio effectively decrease apoptosis and 
prolongs neuronal survival, providing obvious benefit following ischemia/reperfusion 
injury. Furthermore, exercise preconditioning decreases the expression of vascular adhesion 
molecules (ICAM-1), which decreases leukocyte infiltration and secondary damage 
following ischemic stroke. These changes ameliorate much of the neuronal damage and 
death after hypoxic conditions.  Finally, neuronal metabolism is upregulated following 
chronic exercise, correlating with increased ATP production in the acute phase following 
ischemia/reperfusion injury.  This is done through upregulation of glucose transport 
enzymes, glycolytic enzymes, and the upstream regulator protein hypoxia-inducible factor 
(HIF)-1α. The pathways underlying these mechanistic changes in response to exercise 
preconditioning will be defined in detail as each provides valuable clues to understanding 
the protective ability of exercise following ischemia/reperfusion injury. 

3.1 Neurotrophin expression 

Neurotrophins are well known to enhance neurogenesis and synaptogenesis while working to 
promote cerebral integrity at its most basic unit.  Multiple human and animal studies have 
revealed that brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF) 
facilitate this process (Cohen-Cory et al., 2010; Kim et al., 2004; Kuipers and Bramham, 2006). 
These trophic factors generate more abundant neuronal and synaptic networks, and they have 
also been shown to be protective of the neural and cerebrovascular systems. BDNF and NGF 
mRNA levels have been shown to be upregulated following several weeks of continuous 
exercise (Ding et al., 2004b), which has been specifically seen in astrocytes and neuronal cells. 
In addition, providing exercise in an enriched environment, including running wheels, toy 
balls, ladders, and wooden planks, increased synaptogenesis and neurologic functioning  even 
more than previously seen with basic exercise preconditioning, which was also associated with 
an increase in BDNF and NGF mRNA levels (Neeper et al., 1996; Ickes et al., 2000). This further 
implies that complex exercise, requiring balance and coordination, transmits greater 
neuroprotection that basic repetitive exercise. 
Upregulation of these proteins following chronic exercise generates increased neurogenesis, 
which is protective in advance of ischemia/reperfusion injury. Several studies have shown 
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that exercise preconditioned rats have elevated levels of BDNF and NGF following 
ischemia/reperfusion injury, which correlates with decreased neurologic deficit and 
decreased stroke volume when compared to non-exercised rats (Ang et al., 2003; Ding et al., 
2004a).  Another study has shown these factors to be upregulated within the reperfusion 
stage as well (Schabitz et al., 2007), suggesting a possible reparative role post-ischemic 
insult.  The ability to upregulate these neurogenic factors in the reperfusion stage provides 
the potential for cell survival and regeneration, especially within the ischemic penumbra 
zone.  These results suggest a temporally duel role of BDNF and NGF in exercise 
preconditioning in which their upregulation via chronic exercise training strengthens the 
neurovascular unit before and after injury. Altogether, the upregulation of BDNF and NGF 
seen following exercise preconditioning promotes neuronal survival following 
ischemia/reperfusion injury. 

3.2 Integrity of the neurovascular unit 

In addition to neuronal health and viability, integrity of the neurovascular unit as a whole 
requires maintenance of the blood brain barrier (BBB), structural support provided by 
astrocytic glial cells, and an intact cerebrovascular network.  Composed of capillary 
endothelial cells, the basal lamina, and astrocytic end-feet, the BBB provides a robust 
filtration mechanism which serves as the functional barrier for neurovascular unit integrity 
in the setting of ischemic stroke. Also the first structure injured after ischemia/reperfusion 
injury, the strength of the BBB is of utmost importance and is a key component to the 
neuroprotection afforded by exercise training. 
While viewing the neurovascular unit as the most basic structure for neuroprotection and 
stability, astrocytes also play a key role in maintaining the cerebral architecture. Seen 
following chronic exercise, astrocytosis strengthens the BBB and neurovascular unit, 
providing a rigid framework to withstand ischemia/reperfusion insults against the 
neurovascular unit.   
Not only does exercise promote neuronal health, BBB integrity, and astrocytic structure, but 
it also generates an increased blood vessel density.  Increased collateral circulation coupled 
with richer capillary beds allows a more efficient and effective response to ischemia.  The 
angiogenesis and arteriogenesis seen after exercise allow the brain to be rapidly reperfused. 
In exercised subjects with enhanced BBB integrity, this elevated reperfusion potential occurs 
much more proficiently and with less damage than is seen in non-exercised subjects.  These 
neuroprotective changes in exercised animals in the setting of ischemia/reperfusion injury 
underlie the importance of pre-ischemic exercise conditioning and provide potential novel 
therapeutic interventions. 

3.2.1 Blood Brain Barrier integrity 

The integrity of the blood brain barrier (BBB) is paramount to maintaining proper filtration 
of nutrients from the vascular system and in providing the necessary structure to the 
neurovascular unit.  Composed of endothelial cell walls, the basal lamina, and astrocytic 
end-feet, this filtration barrier is the first structure injured during ischemia/reperfusion 
injury (del Zoppo and Hallenbeck, 2000; del Zoppo and Mabuchi, 2003), making its integrity 
a key focal point in the neuroprotective nature of exercise. While an intact endothelial cell 
wall and astrocytic end-feet are necessary for proper BBB functionality, the basal lamina 
provides the central structural support and selective permeability necessary to maintain a 
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healthy cerebral environment.  The basal lamina is composed of various proteins of the 
extracellular matrix, including collagen type IV, laminin, heparan sulphate, proteoglycan, 
and fibronectin, which are produced by surrounding endothelial cells and astrocytes.  The 
importance for proper integrity and functionality of this structure has been repeatedly 
established (Lo et al., 2003, Lo et al., 2005). When this barrier is damaged, as is the case 
following ischemia/reperfusion injury, its ability to selectively discriminate products of the 
cerebrovascular system is compromised, which is clinically evident as vasogenic edema.   
In a hypoxic setting, this loss of BBB integrity and introduction of cerebral edema further 
disturbs cerebral homeostasis in a step-wise manner.  Soon after arterial occlusion, the 
endothelial permeability barrier is lost and matrix proteins, primarily fibronectin, collagen, 
and laminin, also begin to lose their integrity (del Zoppo and Mabuchi, 2003). As ischemia 
continues, a lack of selective permeability and continued vasogenic edema lead to cellular 
swelling. Swelling of astrocytes and endothelial cells separates them further from the basal 
lamina, further promoting leakage of vascular contents into the cerebral interstitial spaces 
(del Zoppo and Mabuchi, 2003). Reperfusion tends to worsen this damage, despite its role as 
the current mainstay of therapy for ischemic stroke. These alterations in the ischemic phase 
severely damage the integrity of the BBB, and the sudden increase in cerebrovascular flow 
in the reperfusion stage leads to excessive leakage of water and generation of oxygen free 
radicals, further promoting cerebral damage (Ayata and Ropper, 2002; Yang and Betz, 1994). 
Studies have shown that exercise training increases basal lamina thickness, adding both 
strength and stability to the BBB (Davis et al., 2007). These changes were associated with 
decreases cerebral edema, decreased stroke volume, and improved neuronal recovery 
following ischemia/reperfusion injury.  Collage type IV, a major component of the basal 
lamina, was found to be upregulated in exercise preconditioned rats, and these subjects 
maintained a decreased net loss of collagen type IV levels after stroke as well (Davis et al., 
2007). Also confirmed by immunocytochemistry, elevated levels of collagen type IV-positive 
cells were observed in previously exercise rats, and these rats had significantly lower levels 
of neurologic deficit following stroke (Davis et al., 2007). 
In a similar manner to collagen expression, integrin proteins also provide stability to the 
basal lamina and BBB, providing additional support to the neurovascular unit. Composed of 
α and ┚ heterodimers, these proteins serve as cell adhesion molecules within the basal 
lamina and extracellular matrix, anchoring astrocytes and endothelial cells together, 
ultimately maintaining the integrity of these structures and the neurovascular unit as a 
whole (Dans and Giancotti, 1999; Hynes, 1992). Integrins, which are anchored to astrocytic 
and endothelial cytoskeletons, serve as receptors for numerous ligands and proteins within 
the basal lamina matrix, primarily collagen and laminin (del Zoppo and Mabuchi, 2003; 
Tawil et al., 1994). These structural proteins also serve as signalling receptors for astrocytes 
and endothelial cells, allowing for dynamic alterations of the BBB in response to exercise, 
ischemia, and other noxious stimuli (Hynes, 1992). Following ischemic/reperfusion injury, 
these proteins rapidly lose affinity for their associated ligands within the basal lamina, 
decreasing the connective integrity between endothelial and astrocytic cells and the 
extracellular matrix (Tagaya et al., 2001; Wagner et al., 1997). However, in exercised-trained 
rats, integrin expression was found to be significantly higher in astroglia and endothelium 
following ischemic stroke (Ding et al., 2005; Tawil et al., 1994), which correlated with a 
decrease in neurologic deficit (Ding et al., 2006b). These changes suggest that integrin 
expression is uniquely important to BBB integrity as it serves to bind all three components 
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together, and this increased expression following exercise serves as another mechanism of 
its neuroprotective nature.  Through both increased collagen and integrin expression 
following exercise preconditioning, the enhanced integrity of the BBB decreases vasogenic 
edema, secondary damage, and neuronal death following ischemia/reperfusion. 
While it can clearly be seen that exercise increases the thickness and integrity of the basal 
lamina and BBB as a whole, pre-ischemic exercise also improves integrity of the 
neurovascular unit by decreasing BBB breakdown. Matrix metalloproteinase (MMP) is an 
enzyme produced by endothelial cells, microglia, and astrocytes with a primary function to 
degrade extracellular matrix and basal lamina proteins (Lo et al., 2003). Expression of MMPs 
increases exponentially following cerebral damage and, as a result, has been heavily 
implicated following ischemia/reperfusion injury (Lo et al., 2003). Upregulation of MMP 
following stroke has been implicated in multiple animal and human studies (Clark et al., 
1997; Gasche et al., 1999), leading to increased BBB permeability and vasogenic edema. In 
addition to these damaging changes, MMP expression has also been correlated with 
increased inflammation and leukocyte infiltration (Romanic et al., 1998). Pharmacologic 
inhibition (Romanic et al., 1998) and genetic knockout (Asahi et al., 2001) of MMPs leads to a 
dramatic decrease in associated edema and neurologic damage. MMP-induced damage 
following ischemia/reperfusion is mechanistically linked to extracellular matrix breakdown, 
including degradation of collagen, leading to loss of integrity of the BBB and the 
neurovascular unit.   
Following exercise preconditioning, rats were found to have reduced MMP-9 expression, 
which correlated with elevated collagen IV levels (Davis et al., 2007), and similar results 
were seen following pharmacologic inhibition.  This neuroprotective effect of exercise is 
mediated by improved microvascular integrity and basal lamina reinforcement, ultimately 
decreasing neurologic deficit, infarct volume, and leukocyte infiltration following 
ischemia/reperfusiom injury (Curry et al., 2009). Interestingly, when these same rats were 
treated with tumor necrosis factor (TNF)-α antibody or inhibition of extracellular regulated 
kinase (ERK), MMP-9 levels were not decreased, and the positive effects on neurologic 
outcome and infarct volume were no longer seen (Curry et al., 2009; Hosomi et al., 2005), 
suggesting that TNF-α and ERK serve as regulators of MMP expression.  Further studies 
have shown that ERK1/2 mediates a TNF-α induced an increase in MMP-9 expression in the 
acute setting (Arai et al., 2003), while the gradual increases in TNF-α and ERK1/2 have been 
shown to decrease MMP-9 expression and lead to decreased neuronal cell death (Chaudhry 
et al., 2010). These gradual changes are seen following exercise training, in which gradual 
upregulation of TNF-α and ERK1/2 lead to decreased levels of MMP-9 expression, which 
also correlates with better outcomes following ischemia/reperfusion injury (Chaudhry et al., 
2010). In this study, following ischemic injury, neuronal apoptosis was seen to be reduced in 
association with decreased levels of MMP-9 expression in exercise preconditioned rats 
(Chaudhry et al., 2010). Following pharmacologic inhibition of both ERK1/2 and MMP-9, 
similar effects were also seen, resulting in less neuronal apoptosis and better neurologic 
outcomes; however, when only ERK1/2 was inhibited, MMP expression returned to the 
level of non-exercised control rats, suggesting a pathway involving regulation by ERK1/2 
and TNF-α of MMP-9 expression (Chaudhry et al., 2010).  ERK1/2 has previously been 
shown to also work through upregulation of tissue inhibitors of metalloproteinases (TIMPs) 
(Tong et al., 2004), and TIMPs have been previously shown to be upregulated following 
chronic exercise in association with decreased MMP-9 levels (Guo et al., 2008a). The 
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upregulation of ERK1/2 and TNF-α following exercise preconditioning, leads to decreased 
MMP-9 expression, decreased BBB dysfunction, improved neurovascular unit integrity, and 
better neurologic outcomes.  In addition to these important findings regarding the role of 
ERK1/2 and TNF-α, heat shock proteins (HSP-70) are also thought to play a synergistic role 
in the downregulation of MMP-9 expression (Liebelt et al., 2010). HSP-70 works in concert 
with TNF-α to decreased MMP-9 expression and has been shown to be increased following 
chronic exercise training.  Taken together, these various pathways reveal multiple 
synergistic pathways which function to reduce the breakdown of the BBB, reinforcing the 
integrity of the neurovascular unit and the cerebral environment. 

3.2.2 Astrocytosis 

Another vital player in the neurovascular unit is the astrocyte, which also forms the cerebral 
side of the blood brain barrier (BBB). Astrocytic glial cells are well known to induce 
strengthening of the BBB (Park et al., 2003; Petty and Lo, 2002).  Specifically, these cells have 
been shown to cover 90% of the cerebrovascular surface and primary function to restrict the 
permeability across the BBB, providing crucial integrity to the neurovascular unit (Igarashi 
et al., 1999; Janzer and Raff, 1987; Kondo et al., 1996; Willis et al., 2004). The density and 
integrity of astrocytes within the brain have also been shown to maintain neurovascular 
integrity in the setting of acute ischemic stroke (del Zoppo and Mabuchi, 2003; Lo et al., 
2005).  The damaging effects of ischemia/reperfusion are primarily seen at the BBB, 
classically affecting endothelial cells and astrocytes and their corresponding adherence to 
the extracellular matrix.  This interaction between endothelial cells, the extracellular matrix, 
and astrocytes provides the central trigger for neuronal injury and death in the setting acute 
stroke (Petty and Wettstein, 2001).  In addition to its other effects, pre-ischemic exercise 
conditioning has been shown to upregulate the degree of astrocytosis, and this upregulation 
has been shown to be correlated with better outcomes following ischemic/reperfusion 
injury (Li et al., 2005). An increased number of astrocytes within the neurovascular unit, 
provided by exercise training, cover a greater percentage of the BBB. This increased 
coverage allows the neurovasculature to be more restricted in the blood products that are 
allowed to permeate the BBB, providing important integrity in the setting of 
ischemia/reperfusion injury. 

3.2.3 Angiogenesis and arteriogenesis 

Exercise training transforms the neurovascular system of the neurovascular unit, developing 
a vital metabolic response network in response to ischemia/reperfusion injury. Under 
normal conditions, angiogenesis and endothelial cell proliferation is scant in the adult brain 
(Ogunshola et al., 2000). Nonetheless, as a major element of the neurovascular unit, it plays 
a crucial role in maintaining an appropriate and healthy cerebral environment. Previous 
studies have shown that physical activity on a treadmill increases blood vessel density in the 
brain (Black et al., 1990; Isaacs et al., 1992; Kleim et al., 2002; Swain et al., 2003), and forced 
exercise on a treadmill induces cortical and striatal angiogenesis (Ding et al., 2004a, 2004b).  
In addition to these increases in angiogenesis, exercise preconditioning also increases 
arteriogenesis, which promotes cerebral blood flow (CBF), increases collateral circulation, 
and ameliorates neuronal injury and death following ischemia/reperfusion injury (Lloyd et 
al., 2003, 2005). Closely linked to the metabolic requirements needed by the brain during 
levels of high activity, the amount of blood supply provides the necessary avenue to 
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produce the needed glucose and oxygen. Through increasing this metabolic demand, 
exercise leads to permanent structural alterations, such as angiogenesis and arteriogenesis, 
and these changes allow the increased delivery of vital nutrients to active neurons (Isaacs et 
al., 1992; Vissing et al., 1996). These structural changes not only facilitate increased glucose 
and oxygen delivery, but they have also been shown to reduce brain damage as well (Ding 
et al., 2004a). 
The structural alterations seen with angiogenesis are driven by several regulator proteins, 
namely vascular endothelial growth factor (VEGF) and angiopoietins (Ang) 1 and 2.  VEGF 
and Ang1/2 are known to be expressed in greater abundance following exercise training, 
and these changes lead to increased blood vessel density (Ding et al., 2004b).  Expression of 
Ang 1 and 2 mRNA has been shown to be increased as early as 1 week after the onset of 
exercise training (Ding et al., 2006b), and VEGF mRNA expression has been shown to be 
mildly increased at 1 week but exponentially higher after 3 weeks of exercise training 
(Matsumori et al., 2005; Nawashiro et al., 1997; Sawatzky et al., 2006; Yong et al., 2001).  
Exercise-induced angiogenesis was also seen in aging rats with associated increases in VEGF 
and Ang1/2 mRNA levels (Ding et al., 2006b), suggesting that angiogenesis can be expected 
in the adult brain.  Although most proliferation of the neurovascular system occurs during 
cerebral development, these findings reveal that VEGF and Ang1/2 drive this process in 
aging brains as well, further promoting the endogenous neuroprotection afforded by 
exercise preconditioning. 
These changes occurring after chronic exercise also lead to better outcomes following 
ischemia/reperfusion injury.  In addition to correlating with increased cerebral blood flow 
and glucose utilization, the angiogenesis and arteriogenesis observed following exercise 
preconditioning is associated with decreased neuronal cell death following 
ischemia/reperfusion injury (Li et al., 2005).  The process of angiogenesis provides 
considerably denser cerebrovascular networks, which bathes the brain in a network of 
vessels more apt to deliver the vital nutrients necessary for proper brain health and 
functioning.  The additional benefit seen from arteriogenesis, following exercise 
preconditioning underscores the importance of increased collateral circulation, particularly 
vital in saving vital brain volume in the ischemic penumbra. Especially when coupled with 
astrocytosis, the angiogenesis seen following exercise preconditioning substantially 
contributes to the development and integrity of the BBB, further promoting the 
neurovascular unit and protecting against ischemic/reperfusion injury.   

3.2.4 Cerebral blood flow and glucose uptake 

As previously discussed, exercise training increases angiogenesis and arteriogenesis, 
providing more avenues for potential blood delivery to the cerebral system.  Previous 
studies with Laser Doppler flowmtery (LDF) and 15O-H2O positron emission tomography 
(PET) have shown that preischemic exercise preserves the cerebral blood flow (CBF) 
during the reperfusion stage in ischemia/reperfusion injury (Zwagerman et al., 2010b).  
Although CBF was similar in exercised and non-exercised groups during ischemia, CBF 
was significantly higher in the exercise preconditioned animals during reperfusion and 
was associated with a decreased volume of the infarct.  This increase in perfusion during 
the reperfusion stage in preconditioned animals suggests that this training may partial 
ameliorate the “no reflow” phenomenon often seen following ischemia/reperfusion 
injury. 
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In the same study, intracerebral glucose uptake was also assessed using an 18F-fluorodeoxy-
D-glucose (FDG) radiotracer (Zwagerman et al., 2010b). Following ischemia/reperfusion 
injury, cerebral metabolism was significantly reduced as evidenced by a decrease in glucose 
uptake.  However, in rats preconditioned with physical exercise, brain glucose uptake and 
metabolism was substantially preserved following reperfusion and was associated with a 
decrease in infarct volume and functional neurologic deficit. CBF and metabolism also 
increase during the act of physical exercise, signifying the increased metabolic demand on 
neuronal cells during training (Hellstrom et al., 1996; Ide and Secher, 2000; Vissing et al., 
1996; Williamson et al., 1997) and the likely underlying mechanism through which 
neuroprotection is obtained. The angiogenic changes that occur following exercise 
preconditioning provide the brain with an enriched vascular bed with an enhanced ability 
for proper cerebral blood flow and glucose delivery to neurons, yielding more tolerance to 
reperfusion injury in the setting of ischemia/reperfusion. 

3.3 Inflammatory response 

The “no reflow” phenomenon refers to the tendency towards hypoperfusion during the 
reperfusion stage following ischemia. This hypoperfusion following transient ischemia is 
thought to stem from multiple mechanisms, including microvascular damage and 
cerebrovascular occlusion from cellular elements (Aspey et al., 1989; Dietrich et al., 1987; 
Mori et al., 1992; Nishigaya et al., 1991). In addition to these observed changes, 
hemoconcentration, red blood cell sludging, hyperviscosity, and platelet plugging tend to 
occur as well in the reperfusion phase, further exacerbating the damage seen in 
ischemia/reperfusion injury (Choudhri et al., 1998). While these effects of reperfusion injury 
causes significant damage, the accumulation of polymorphonuclear leukocytes are the 
primary contributors to the perfusion abnormalities observed following transient ischemia. 
The secondary inflammation after ischemia/reperfusion injury plays a major role in 
secondary brain damage through increased leukocyte infiltration, microvascular damage, 
and free radical accumulation during reperfusion. 

3.3.1 Adhesion molecules and toll-like receptors 

In the setting of ischemia/reperfusion injury, cytokines tend to stimulate the expression of 
cellular adhesion molecules, attracting leukocytes to the cerebrovascular system and 
promoting their diapedesis into the interstitial space.  Two central cytokines in this process, 
interleukin-1┚ (IL-1β) and tumor necrosis factor-α (TNF-α), are known to be upregulated 
following periods of hypoxia and promote the expression of intercellular adhesion molecule 
1 (ICAM-1), P-selectin, and E-selectin on leukocytes and endothelial cells. These changes 
lead to the leukocyte accumulation classically seen in ischemia/reperfusion, leading to 
adhesion of leukocytes to the damaged vascular endothelium, clogging of the neurovascular 
vessels, and infiltration into the brain parenchyma. Previous studies have shown that pre-
ischemic exercise training reduces the expression of ICAM-1, leading to decreased leukocyte 
infiltration and accumulation, in the reperfusion stage (Ding et al., 2005).  This 
downregulation leads to decreased inflammation following ischemia/reperfusion injury 
and serves as another neuroprotective mechanism of exercise preconditioning. 
Another mechanism underlying the inflammatory damage in the reperfusion stage pertains 
to the expression of toll-like receptors.  These cell surface receptors are found within the 
brain and throughout the body and are actively involved in the immune response by 
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binding endogenous and foreign materials and triggering a cytokine cascade (Gleeson et al., 
2006). Previous research studies have also revealed that exercise preconditioning reduces 
the expression of Toll-like receptor-4 (McFarlin et al., 2006), and reduction of these receptors 
in Toll-like receptor-4 deficient mice has been shown to decrease tissue damage and 
neurologic deficits following ischemia/reperfusion injury (Cao et al., 2007). Another study 
looking at both of these factors has indicated that exercise preconditioning simultaneously 
reduces expression of Toll-like receptor-4, which leads to a reduction in brain injury 
following ischemic stroke (Zwagerman et al., 2010a).   

3.3.2 Leukocyte invasion 

Through the downregulation of adhesion molecules and toll-like receptors, exercise 
preconditioning is able to significantly reduce the amount of damage seen following 
ischemia/reperfusion injury.  The underlying mechanism through which this process works 
focuses on the decreased leukocyte migration and diapedesis often seen in the reperfusion 
stage following stroke.  Decreased leukocyte infiltration decreases many of the secondary 
changes such as free radical formation and subsequent edema formation.  Ultimately, the 
decreased leukocyte invasion seen in exercise preconditioned subjects leads to better 
neurologic outcome following ischemia/reperfusion injury. 

3.4 Neuronal death and survival signalling pathways 

Neuronal survival depends on both external and internal stimuli and environments. Many 
of the changes following exercise preconditioning, involving inflammation, strengthening of 
the blood brain barrier, and increased integrity of the neurovascular unit, improve the 
cerebral environment in the setting of acute ischemia/reperfusion injury.  In addition, 
internal cellular stimuli and pathways have a profound effect on neuronal survival.  
Following exercise preconditioning, apoptosis is attenuated and heat shock proteins are 
upregulated through a variety of biomolecular mechanisms following ischemia/reperfusion 
injury. Likewise, external stimuli through tumor necrosis factor (TNF)-α protect the brain 
during hypoxia. These changes seen in rats preconditioned with physical exercise are 
neuroprotective in the setting of ischemia/reperfusion injury, decreasing neuronal death 
and improving neurologic outcomes. 

3.4.1 Anti:Pro apoptotic ratio 

Neuronal apoptosis following ischemia/reperfusion injury is regulated by cascades of pro- 
and anti-apoptotic proteins.  Notable among these include pro-apoptotic Bax, Bad, and Bak 
and anti-apoptotic Bcl-2 and Bcl-xL (Lazou et al., 2006; Mayer and Oberbauer, 2003). 
Upregulation of anti-apoptotic proteins (Bcl-2, Bcl-xL) and corresponding downregulation 
of pro-apoptotic proteins (Bax, Bad, and Bak) are seen following exercise preconditioning 
and are protective in the event of cerebral ischemia (Rybnikova et al., 2006; Wu et al., 2003). 
In addition to these key regulatory proteins, both caspase-dependent and caspase 
independent pathways appear to be involved in cerebral ischemia and neuronal death (Cao 
et al., 2003; Joza et al., 2001; Zhu et al., 2003), and apoptosis induced factor (AIF) also plays a 
key role in pro-apoptosis (Daugas et al., 2000; Susin et al., 1999). 
Exercise preconditioning has been shown to not only enhance the expression of anti-apoptotic 
Bcl-xL, but to also decrease the expression of pro-apoptotic AIF and Bax, ultimately leading to 
decreased apoptosis and prolonged neuronal survival (Chaudhry et al., 2010). Following 
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ischemia/reperfusion injury, this increased anti:pro apoptotic ratio generates decreased 
neuronal death and smaller infarct size. While these neuroprotective mechanisms of exercise 
are newly evolving, they provide a possible point of therapeutic intervention. While 
neuroprotective agents that target cell death pathways have been tried in the past, the 
potential for increasing cell survival reveals a potential novel strategy for improving outcomes 
following ischemia/reperfusion (Chan, 2004). This could provide a neuroprotective therapy 
that would simultaneously promote cell survival and decrease neuronal death, thus 
ameliorating much of the functional loss following acute ischemic stroke. 

3.4.2 TNF-α and TNF-α receptor 

Tumor necrosis factor (TNF)-┙ is a major deleterious pro-inflammatory cytokine found 
throughout the systemic circulation and upregulated following stroke and traumatic brain 
injury (Botchkina et al., 1997; Sairanen et al., 2001).  Despite its inflammatory and injurious 
effects, evidence also points to TNF-┙ as a beneficial factor in tissue repair and 
neuroprotection (Bruce et al., 1996; Feuerstein and Wang, 2001; Wang et al., 2000). 
Furthermore, this cytokine may serve to induce endogenous neuroprotection following 
chronic exercise preconditioning. It is believed that exercise training produces a chronic low 
grade increase in TNF-┙ concentration, ultimately generating neuronal tolerance and 
protection in the setting of ischemia/reperfusion injury (Ginis et al., 1999; Liu et al., 2000; 
Wang et al., 2000). In a similar manner, TNF-┙ concentration was chronically elevated 
following exercise, which resulted in reduced myocardial infarction (Yamashita et al., 1999); 
however, acutely elevated levels of TNF-┙ following ischemia results in harmful myocardial 
remodelling (Jobe et al., 2009).   
In the brain, exercise preconditioning also chronically increases the level of TNF-┙ that is 
exposed to neuronal cells, an effect which prevents the downstream inflammatory reaction 
which is induced by acutely elevated levels of TNF-┙ following cerebral 
ischemia/reperfusion injury (Ding et al., 2005).  Furthermore, TNF-┙ has also been shown to 
reduce blood brain barrier injury and neuronal damage following ischemic stroke (Guo et 
al., 2008b). This scenario reveals two sides to the effect of TNF-┙ on neuronal survival and 
cerebral integrity. With chronic low levels of the cytokine, it is profoundly beneficial and 
neuroprotective; however, following ischemia/reperfusion, the acute increase of TNF-┙ into 
the cerebrovascular circulation destroys the integrity of the neurovascular unit, increases 
cell death, and enlarges the infarct volume. Exercise preconditioning enhances the former 
effect, increasing chronic low grade levels of the cytokine, which ameliorates the latter effect 
and dampens the injury following acute increases of TNF-┙. 
Mechanisms underlying this complex picture of TNF-┙ have not been completely 
uncovered, but are thought to involve the expression of TNF-┙ receptors.  Previous studies 
have shown that the chronic exercise-induced levels of TNF-┙ serve to reduce the expression 
of TNF-┙ receptor after ischemia/reperfusion (Reyes, Jr. et al., 2006). Following ischemic 
injury in a rat model, pre-ischemic exercise was indeed found to decrease the expression of 
TNF-┙ receptors I and II, leading to reduced brain damage and enhance neurologic recovery 
(Reyes, Jr. et al., 2006). These results indicate a classic desensitization of the TNF-┙ receptor 
following exercise preconditioning, promoting neuronal tolerance to acutely elevated levels 
of TNF-┙ following ischemia/reperfusion injury. 

3.4.3 Heat shock proteins 

Neuronal survival and neuroprotection appears to be further driven by heat shock protein 
(HSP)-70, a highly inducible protein of 70 kDa. HSP-70 is well known to respond to various 
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types of stress, including heat shock, hypoxia, oxidative stress, and exposure to metals and 
toxins (Kiang and Tsokos, 1998). Constitutively expressed, this molecular chaperone protein 
assists in the folding both nascent and denatured proteins during times of neuronal stress 
(Schlesinger, 1990). Overexpression of HSP-70 has previously been shown to be 
neuroprotective in the setting of ischemia/reperfusion (Giffard and Yenari, 2004). This 
neuroprotective protein interferes with apoptosis inducing factor (AIF), a pro-apoptotic 
protein. HSP-70 also increases the levels of anti-apoptotic proteins, Bcl-2 and Bcl-xL, thus 
serving as another mechanism to increase the anti:pro apoptotic ratio and push neurons 
toward cellular survival, especially in the setting of ischemia/reperfusion (Liebelt et al., 
2010; Ohtsuka and Suzuki, 2000).  
Multiple studies have shown that ischemic preconditioning induces HSP-70 expression and 
promotes neuroprotection (Chen and Simon, 1997; Kirino et al., 1991; Masada et al., 2001). 
Despite these benefits, the effects of HSP-70 are limited. If the insult is very severe or if 
expression of HSP-70 is too low, the beneficial effects may not be seen (Giffard and 
Yenari, 2004; Lee et al., 2001; Matsumori et al., 2005).  Nonetheless, HSP-70 mice convey 
more potent neuroprotection than wild type mice, underlying its importance as a key 
factor in exercise-induced neuroprotection for ischemia/reperfusion injury (Matsumori et 
al., 2005). In addition to its neuroprotective effects, HSP-70 has also been seen to be 
cardioprotective following upregulation after exercise preconditioning (Hamilton et al., 
2003; Lennon et al., 2004).   
Also, HSP-70 alone does not appear to be neuroprotective, but it requires other proteins for 
optimal neuroprotection (Lee et al., 2001).  Upregulation of TNF-┙ appears to be critical for 
HSP-70 to effectively reduce apoptosis and prolong neuronal survival (Liebelt et al., 2010). 
Furthermore, TNF-┙ and HSP-70 appear to work in concert through an ERK1/2 signal 
transduction pathway to increase the expression of anti-apoptotic genes and decrease the 
expression of pro-apoptotic genes (Goel et al., 2010). These results reveal the 
neuroprotective nature of HSP-70, but they also reveal its limitations.  For HSP-70 to truly be 
effective in the setting of ischemia/reperfusion injury, it requires a large insult, significant 
HSP-70 expression, and the upregulation of other proteins as well, including TNF-┙. Despite 
these constraints, HSP-70 does appear to induce neuroprotection in ischemia/reperfusion 
injury following exercise preconditioning. 

3.5 Extracellular signal-regulated kinase 

Extracellular signal-regulated kinases (ERK1/2) are involved in mitogen-activated protein 
kinase pathways and are constitutively expressed in the adult brain (Fiore et al., 1993; 
Sharony et al., 2005).  These ERK1/2-regulated pathways are pivotal in signal transduction 
and neuroprotection in the setting of ischemia/reperfusion injury. Numerous studies have 
shown a pro-apoptotic role for ERK1/2 in neurons and other cells as well (Chu et al., 2004; 
Shackelford and Yeh, 2006; Zhuang and Schnellmann, 2006). Although ERK1/2 has been 
shown to push cells towards death, a protective and beneficial role has also been established 
(Rybnikova et al., 2006). Activation of this regulatory kinase has been shown to enable tissue 
repair in the setting of ischemia/reperfusion injury, thus decreasing cell death (Cavanaugh, 
2004; Hetman and Gozdz, 2004; Ostrakhovitch and Cherian, 2005; Sawatzky et al., 2006). 
Furthermore, exercise preconditioning appears to upregulate ERK1/2, leading to an 
ischemic neuronal tolerance under hypoxic condition (Gu et al., 2001; Jones and Bergeron, 
2004; Shamloo and Wieloch, 1999). While ERK1/2 is upregulated following ischemic 
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preconditioning (Lecour et al., 2005), ERK1/2 activation also is detrimental following stroke, 
trauma and degenerative disease (Chu et al., 2004). This dual role of ERK1/2, being both 
beneficial and detrimental, may be similar in mechanism to the effects of TNF-α in which 
chronic upregulation following exercise preconditioning generates neuronal tolerance and 
improved outcome following ischemia/reperfusion injury. 
Following inhibition of ERK1/2 in exercise preconditioned animals, neuroprotection was 
substantially reduced in ischemia/reperfusion, suggesting the pertinent role of ERK1/2 in 
exercise-induced neuroprotection (Guo et al., 2008b). However, exercise preconditioned 
animals did have elevated levels of ERK1/2 and TNF-α following exercise training, which 
correlated with decreased neurologic deficit, smaller brain infarcts, and less inflammation 
(Curry et al., 2009). A recent study has shown that ERK1/2 activation also helps to regulate 
apoptosis (Liebelt et al., 2010). Again, pre-ischemic exercise led to minor increases in 
ERK1/2, which was neuroprotective against the large acute elevations seen following 
ischemia/reperfusion injury. In the setting of hypoxic injury, ERK1/2 regulates the anti- and 
pro-apoptotic pathways involving such regulators as Bcl-xL, Bax, and AIF. Following 
exercise preconditioning, the upregulation of ERK1/2 served to promote anti-apoptosis, 
leading to decreased neuronal apoptosis and infarct volume.   
ERK1/2, while shown to ameliorate ischemia/reperfusion through its apoptotic 
regulatory effects and inflammatory changes, has also been linked with HSP-70 and TNF-
α. Several studies have shown these three important proteins to be fundamentally linked 
in a relationship where TNF-α and HSP-70 activate the MEK/ERK signalling pathway, 
leading to neuroprotection (Gortz et al., 2005; Lee et al., 2001,2005).  While ischemic 
preconditioning has been shown to induce ERK1/2-mediated neuroprotection, 
pharmacologic pre-treatment with TNF-α has not shown similar results (Lecour et al., 
2005), suggesting that multiple interacting pathways and proteins are likely necessary to 
observe the full neuroprotective effect.  It seems likely that a cross talk between TNF-α, 
HSP-70, and ERK1/2 occurs in exercise training, allowing for a greater neuroprotective 
response following ischemia/reperfusion injury. Nonetheless, these studies have clarified 
a dual role of ERK1/2 in neuroprotection, in which chronic low levels protect against 
acute elevations of the protein and ameliorate the damage and neuronal loss following 
ischemia/reperfusion injury. 

3.6 Metabolic enhancement 

The association between exercise preconditioning and neuroprotection in 
ischemia/reperfusion has been well established.  In addition to the aforementioned 
mechanisms, chronic exercise training also affects cerebral metabolism and energy 
production, allowing neurons to re-establish homeostasis more rapidly following acute 
ischemic stroke.  A recent study revealed that forced exercise resulted in enhanced cerebral 
glycolysis and cerebral metabolism (Kinni et al., 2011).  In addition to increasing glycolysis, 
exercise preconditioning is also well known to increase cerebral blood flow (CBF) and 
adenosine triphosphate (ATP) production (Ide and Secher, 2000; McCloskey et al., 2001; 
Ogoh and Ainslie, 2009). Exercise can be best viewed as a chronic state of metabolic stress, 
which requires increased glucose delivery, glycolysis, and ATP production in order to 
match the energy demand.  Chronic exercise preconditioning enables the neuronal cells to 
accumulate the necessary machinery for mass ATP production, which elevates the metabolic 
and ATP production potential in these cells.  In the setting of ischemia/reperfusion injury, 
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these preconditioned neurons have an increased metabolic capacity and are better able to 
avoid hypoxic damage. 

3.6.1 ATP production 

The process of ATP production requires several key steps, involving detection of low ATP 
stores, glucose transport and glycolysis.  5’-AMP-activated protein kinase (AMPK) serves 
as an energy sensor and is capable of detecting low ATP stores in cells (Minchenko et al., 
2003).  The protein is a heterotrimeric serine/threonine kinase, which becomes activated 
in times of metabolic stress and decreased ATP stores (Emerling et al., 2007; Hardie et al., 
2003; Zorzano et al., 2005).  When ATP concentrations drop, AMPK activates glycolysis in 
order to restore the cell’s energy balance, allowing it to serve as an excellent marker of 
metabolic demand (Kahn et al., 2005).  Following exercise training, levels of the active 
phosphorylated form of AMPK are increased in response to the elevated metabolic 
demand (Aschenbach et al., 2004; Kinni et al., 2011).  Following ischemia/reperfusion 
injury, the active phosphorylated form of AMPK has been shown to be upregulated in 
preconditioned rats, suggesting an increased metabolic response to hypoxia in these 
exercised animals (unpublished data).  This increased capacity for metabolism 
upregulation is mirrored in elevated levels of glucose transporters and glycolytic 
enzymes, which are also seen following exercise training and correlate with better 
outcomes following ischemia/reperfusion injury. 
While increases in cerebral blood flow associated with exercise facilitate greater transport 
of glucose to the neurovascular system, transport across the BBB and neuronal membrane 
are controlled by glucose transporters (GLUT).  GLUT1 is primarily found in the 
endothelial cells of the BBB and generates a basal glucose level, while GLUT3 is found 
exclusively in neurons, and both of these glucose transporters have previously been 
shown to increase in response to hypoxia and elevated metabolic demand (Maurer et al., 
2006).  The increased need for energy production following hypoxia requires more 
glucose to be available within neurons, and these two glucose transporters work together 
to shuttle glucose from the circulation into neurons.  GLUT1 and GLUT3 are known to 
have increased expression following exercise preconditioning (Kinni et al., 2011).  
Following ischemia/reperfusion injury, GLUT1 and GLUT3 levels are elevated in the first 
4 hours after reperfusion is established in exercise preconditioned rats, but expression is 
equal to control at 24 hours after injury (unpublished data).  This elevation in GLUT 
expression in the acute phase of reperfusion indicates that these preconditioned animals 
have the cellular machinery in place immediately when it is needed.  Non-exercised rats 
take longer to transcribe and translate the needed metabolic proteins, leading to increased 
metabolic dysfunction.  Thus, exercise preconditioning provides neuroprotection by 
increasing the levels of available glucose within neurons, providing the necessary 
substrate for ATP production. 
Once inside neurons, glucose must be metabolized to produce ATP for the cell.  The initial 
steps of glycolysis are primarily regulated by the key rate limiting step of 
phosphofructokinase (PFK), which catalyzes the phosphorylation of fructose-6-phosphate to 
fructose-1,6-bisphosphonate. PFK expression is known to be upregulated following 
increased metabolism and glycolysis and is has been shown to be neuroprotective in 
hypoglycemic conditions (Minchenko et al., 2003).  Another study has revealed PFK is 
increased following exercise preconditioning (Kinni et al., 2011), and this enzyme is 
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increased following ischemia/reperfusion injury, leading to increased neuronal metabolism 
and decreased neurologic deficits (unpublished data).  The elevated ability of neurons to 
process glucose through glycolysis in exercise preconditioned animals underlies another key 
component of exercise-induced neuroprotection.  Not only does exercise training increase 
glucose delivery to cells through angiogenesis and glucose transport, it also upregulates the 
machinery needed for glucose breakdown and ATP production. 
Ultimately, these processes work to increase ATP production to meet the energy demand 
of neurons.  One test used to assess the ATP production capacity of a neuron is an 
ADP:ATP ratio, which has been found to be decreased following ischemia/reperfusion 
injury in exercise preconditioned rats (unpublished data).  A lower ADP:ATP ratio 
indicates a lower level of metabolic dysfunction and increased capacity for ATP 
production in exercise trained rats.  Through the increased expression of various 
metabolic proteins, including AMPK, GLUT1, GLUT3, and PFK, exercise preconditioning 
upregulates multiple stages of ATP production, providing cells with the important energy 
substrate.  The increased capacity for ATP production allows neurons in exercise trained 
rats to decrease their energy deficit following ischemia/reperfusion injury. In turn, this 
promotes neuronal survival and decreases infarct size, leading to better outcomes 
following ischemia/reperfusion. 

3.6.2 HIF-1α and metabolism 

Hypoxic-induced factor-1α (HIF-1α) is a transcription factor, which is normally inhibited by 
oxygen-dependent hydroxylase enzymes, but in hypoxic conditions, these hydroxylase 
enzymes lose their ability to function and allow HIF-1α to initiate gene transcription 
(Bracken et al., 2006).  HIF-1α is known to be neuroprotective in rats following 
ischemia/reperfusion injury (Bernaudin et al., 2002; Schubert, 2005).  Not only is HIF-1α 
increased following hypoxia, but it also is increased in rats that are chronically exposed to 
hypoxic events (Bernaudin et al., 2002; Bracken et al., 2006).  The expression of HIF-1α is also 
known to be increased following exercise preconditioning (Kinni et al., 2011).  In addition to 
these findings, the transcription factor has also been shown to increase the expression of 
genes and proteins involved in angiogenesis and glycolysis, revealing its metabolism 
promoting activity (Bergeron et al., 1999; Bernaudin et al., 2002; Iyer et al., 1998; Jones and 
Bergeron, 2001; Schubert, 2005; Semenza, 2009).  HIF-1α is known to increase the expression 
of VEGF, glucose transporters and enzymes involved in glycolysis, such as PFK (Bergeron et 
al., 1999; Jones and Bergeron, 2001; Kim et al., 2006).  HIF-1α is not only involved in 
enhanced expression of metabolic enzymes and pathways, but the expression of HIF-1α is 
also increased by AMPK, a master regulator of neuronal metabolism (Emerling et al., 2007; 
Lee et al., 2003; Neurath et al., 2006). In fact, studies in chronically exercised rats have 
demonstrated that increased levels of AMPK induce HIF-1α to increase the expression of 
glucose transporters and PFK (Emerling et al., 2007; Hardie et al., 2003; Kahn et al., 2005; 
McGee and Hargreaves, 2006). 
HIF-1α, through its multiple mechanistic pathways, can increase metabolism and 
angiogenesis in an oxygen-deficient state, allowing it to simultaneously increase the mode of 
glucose delivery and the mechanism of ATP production.  In addition to being increased 
following exercise preconditioning (Kinni et al., 2011), HIF-1α is also increased in exercise 
trained animals following ischemia/reperfusion injury, which correlated with better 
neurologic outcomes and decreased infarct size (unpublished data).  These results indicate 
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that exercise equips neurons with a greater ability to upregulated glucose transport and 
metabolism, resulting in greater ATP production and decreased metabolic dysfunction, 
following acute ischemic stroke. This rapid response to an elevated energy demand 
promotes neuronal recovery and survival and serves as another mechanism of exercise-
induced neuroprotection in the setting of ischemia/reperfusion injury. 

4. Clinical implications 

Exercise-induced preconditioning is useful in prevention and amelioration of neuronal 
loss and neurologic dysfunction following ischemia/reperfusion injury, but it also has 
many therapeutic implications as well.  The potential for future drug targets at various 
levels of the neuroprotective mechanisms are abundant as the effects of neurotrophic 
factors, neurovascular unit integrity, inflammatory markers, and metabolic changes 
provide potential avenues for future pharmacologic intervention.  Particularly evident in 
patients with a history of ischemic stroke, traumatic brain injury, or transient ischemic 
attacks, pharmacologic interventions that could increase metabolism, strengthen the 
neurovascular unit, or decrease inflammation could have profound effects on morbidity 
and mortality associated with cerebrovascular accidents. Finally, the implications for 
exercise preconditioning prior to neurosurgical intervention can clearly be seen.  Through 
its ability to strengthen the neurovascular unit and decrease brain inflammation, exercise 
training should be strongly encouraged in any individuals prior to neurosurgical 
intervention. 

5. Conclusion 

Exercise preconditioning clearly is neuroprotective in the setting of ischemia/reperfusion 
injury, and these protective effects are conveyed through multiple mechanisms.  The 
neuroprotection derived as a result of exercise training is an endogenous effect that occurs 
independently of the risk factor modification that is also seen following exercise.  Innate 
neuroprotection from exercise is derived from elevated levels of neurotrophin proteins, 
which increase neuronal abundance and strength.  Furthermore, enhanced integrity of the 
neurovascular unit occurs through strengthening of the blood brain barrier, astrocytosis, 
angiogenesis, and arteriogenesis.  Exercise preconditioning also decreases the inflammatory 
response and leukocyte invasion following ischemia/reperfusion injury, thus decreasing 
much of the secondary damage seen following the reperfusion stage.  Neuronal apoptosis is 
reduced as exercise training increases anti-apoptotic factors and simultaneously decreases 
pro-apoptotic factors, pushing neurons towards a state of survival rather than programmed 
cell death.  Finally, exercise increases the metabolic capacity of neurons through 
upregulation of cerebral blood flow, glucose transport, glycolysis, and ATP production.  
Altogether, these changes seen following exercise preconditioning decreased neuronal loss, 
reduce infarct volume, and improve neurologic outcomes after ischemia/reperfusion injury. 
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