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Graphical abstract 

 

HIGHLIGHTS 

 Ischemic conditioning is an adaptive biological process  

 Brain conditioning may be achieved through the exposure to a sub-threshold insult. 

 Conditioning stimuli include hypoxia, physical exercise, temperature and drugs. 

ACCEPTED M
ANUSCRIP

T

mailto:giuseppe.pignataro@unina.it


2 
 

 Conditioning can be delivered before, PreC, or after, PostC, the harmful event. 

 

ABSTRACT 

 

Background 

In last decades the need to find new neuroprotective targets has addressed the 

researchers to investigate the endogenous molecular mechanisms that brain activates 

when exposed to a conditioning stimulus. Indeed, conditioning is an adaptive biological 

process activated by those interventions able to confer resistance to a deleterious brain 

event through the exposure to a sub-threshold insult. Specifically, preconditioning and 

postconditioning are realized when the conditioning stimulus is applied before or after, 

respectively, the harmul ischemia. 

Aims and Results 

The present review will describe the most common methods to induce brain conditioning, 

with particular regards to surgical, physical exercise, temperature-induced and 

pharmacological approaches. It has been well recognized that when the subliminal 

stimulus is delivered after the ischemic insult, the achieved neuroprotection is comparable 

to that observed in models of ischemic preconditioning. In addition, subjecting the brain to 

both preconditioning as well as postconditioning did not cause greater protection than 

each treatment alone. 

Conclusions 

The last decades have provided fascinating insights into the mechanisms and potential 

application of strategies to induce brain conditioning. Since the identification of intrinsic 

cell‐survival pathways should provide more direct opportunities for translational 

neuroprotection trials an accurate examination of the different models of preconditioning 

and postconditioning is mandatory before starting any new project. 

 

Keywords: preconditioning, postconditioning, neuroprotection, stroke, brain ischemia 

1. INTRODUCTION  

Ischemic conditioning is used to group together a number of different stressors or 

interventions able to confer resistance to a deleterious brain event as an adaptive 

biological process. Ischemic conditioning through the exposure to a sub-threshold insult as 

above mentioned, can confer neuroprotection both if conditioning stimuli is applied before, 

as preconditioning stimulus, or if it is delivered after the harmful ischemia, as occurs in 

postconditioning. Indeed, ischemic preconditioning has been mechanistically characterized 

temporarly before postconditioning in such organs like brain, heart, and liver and it is 

referred to an endogenous protective process induced by a subliminal ischemic event 

which increases the tissue tolerance or, in other terms, increases the specific organ 

resistance to a subsequent, normally lethal, episode of ischemia. Since its original 

description in brain by Kitagawa et al. in 1990, non-ischemic preconditioning stimuli have 

ACCEPTED M
ANUSCRIP

T



3 
 

been classified as different stressors like toxins, seizure, anoxia, hyperthermia, and 

spreading depression that, applied at sub-threshold levels, are able to induce tolerance to 

normally lethal episodes of the same type of insult. Importantly, non-ischemic conditioning 

stimuli are able to promote additional neuroprotection to an ischemic insult, a phenomenon 

known as “cross-tolerance” (Gidday, 2006; Plamondon et al., 1999; Tauskela and 

Blondeau, 2009). In addition, when the subliminal stimulus is delivered after the ischemic 

insult, the achieved neuroprotection is comparable to that observed in models of ischemic 

preconditioning. However, subjecting the brain to both preconditioning as well as 

postconditioning did not cause greater protection than each treatment alone (Pignataro et 

al., 2007). It is now well established that dangerous signals evoked in the brain by the 

stressing preconditioning or postconditioning stimuli trigger complex endogenous 

protective mechanisms resulting to a latent protective phenotype. When the lethal 

ischemic insult is applied within this latent protective phenotype, a separate set of 

responses which strikingly differ from the unprimed or unpreconditioned brain’s phenotype 

are activated, thus establishing the so-called ischemia-tolerant phenotype. 

Therefore, thanks to conditioning induction, the negative outcome of brain cells induced by 

focal or global ischemia is shifted from death to survival (Pignataro et al., 2012).  

Interestinghly it has been described a rapid preconditioning, in which neuroprotection take 

place within minutes from the subliminal stimulus, and a delayed preconditioning, that 

occurs within hours. It is obvious that the mechanisms that mediate these temporal distinct 

phenomena are different and imply the activation of separate cascade of events.In the 

next paragraphs the most common methods used to confer conditioning neuroprotection in 

ischemic brain will be reviewed and summarized. 

 

 

2. SURGICAL METHODS TO INDUCE BRAIN PRE AND 

POSTCONDITIONING 

 

Most of the published surgical protocols of pre- and postconditioning require the transient 

mechanical interruption followed by reperfusion of the same artery occluded during stroke 

in order to reduce the reperfusion injury. Different protocols may be described for the 

induction of pre- and post-conditioning in models of focal or global ischemia (Table 1 and 

2). 

 

2.1 Ischemic Preconditioning 

Evidences from current literature show that the parameters that must be taken into 

consideration in setting on a surgical strategy to induce ischemic preconditioning (IPC) 

are: the typology of ischemic subliminal insult (focal versus global), the duration (transient 

versus permanent), the possible number of conditioning cycles, and the time interval 

between preconditioning and injurious stimulus. Therefore, it is possible to classify the 

different preconditioning/harmful ischemia situations as: Focal/Permanent Focal, 
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Focal/Focal, Focal/Global, Global/Focal or Global/Global, where the first term indicates the 

type of preconditioning stimulus and the second term indicates the type of harmful 

ischemia. 

 

2.1.1 Transient Focal Preconditioning/Permanent Focal Ischemia 

The first published method to induce rat ischemic preconditioning consisted in 10 minutes 

of transient middle cerebral artery occlusion (tMCAO), as the preconditioning (IPC) non-

injurious stimulus, applied before a permanent MCAO (pMCAO) as the injurious ischemia 

(Barone et al. 1998). In addition, the best protocol of IPC is able to protect the brain in a 

time window ranging between 2 and 7 days before pMCAO (Barone et al., 1998).  

 

2.1.2 Transient Focal Preconditioning/ Transient Focal Harmful Ischemia 

In the transient focal preconditioning/transient focal harmful ischemia model, both stimuli 

are induced by transiently occluding the MCA. As previously shown, protocols used as 

preconditioning stimuli consist in a series of brief interruption of blood flow. Indeed, one 

(Naylor et al., 2005; Hao et al., 2003; Lee et al., 2007) or three times of 10 minutes of 

MCAO protects from subsequent 120 minutes of tMCAO in rats (Alkayed et al., 2002; 

Chen et al., 1996). Shorter durations (2 and 3 minutes) of tMCAO were sufficient to induce 

delayed ischemic tolerance, but did not provide early tolerance to transient ischemia 

(Glantz et el., 2005; Puisieux et al., 2004).  According to another recent protocol to induce 

tolerance, rats were subjected to a 30 minutes of tMCAO followed, 3 days later, by 100 

minutes of injurious tMCAO. The protection was already evident if the time interval 

between the preconditioning stimulus and the injurious stimulus was of 1 day, but it 

reaches the maximum benefit when the harmful stimulus was delivered 3 days after 

preconditioning, whereas, the duration of the protection was lost in 7 days (Lusardi et al., 

2011;  Pignataro et al., 2012, Cuomo et al., 2016). Interestingly, transient focal-focal 

preconditioning neuroprotection works also in mice and in spontaneously hypertensive rats 

(Hoyte et al., 2006). Recently in a mouse model of preconditioning, delayed 

preconditioning effects have been observed by inducing 2 cycles of 5-minute tMCAO as 

the IPC stimulus, followed, 3 days later, by 90-minute tMCAO(Zhang et al., 2008). A 

similar protocol of delayed preconditioning can be applied to mice, but in that case the 

duration of the IPC stimulus was 15 minutes whereas the duration of the injurious middle 

cerebral artery occlusion was 60 minutes. Once again, it is evident also from another 

laboratory that in order to reach the best protection, the time interval between 

preconditioning and harmful ischemia must be three days (Lusardi et al., 2011). 

Conversely, the rapid preconditioning has also been induced in mice by MCA occlusion for 

either 5 minutes or three cycles of 5 minutes separated by 10 minutes’ reperfusion and 

followed, 30 minutes later, by 60 minutes occlusion of the MCA (Atochin et al., 2003). 
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2.1.3 Focal Preconditioning/Global Harmful Ischemia 

It has been observed that unilateral occlusion of the MCA induced significant protection 

from global ischemia in both gerbils (Miyashita  et al., 1994) and rats (Belayev et al., 

1996). Interestingly, transient (20 minutes) occlusion of the distal MCA protected only 

ipsilateral parietal cortex from global ischemia induced by 10 minutes of both common 

carotid arteries and vertebral arteries occlusion ( 2 vessel occlusion, 2-VO) (Glazier et al., 

1994).  

 

2.1.4 Global Preconditioning/Focal Harmful Ischemia 

Brief global ischemia can protect from both subsequent transient and permanent focal 

ischemia (Simon et al., 1993). Chiarugi’s team reported that 5-minute bilateral common 

carotid artery occlusion (BCCAO) in the mouse prompted reduction of infarct volumes 

triggered 24 hours later by 20-minute middle cerebral artery occlusion (Faraco et al., 

2009).  

 

2.1.5 Global Preconditioning/Global Harmful Ischemia 

In the first description of preconditioning in the brain, Kitagawa and coworkers 

demonstrated that a single 2-min ischemia performed in gerbils by BCCAO 1 or 2 days 

before 5 minutes of BCCAO exhibited only partial protective effects against delayed 

neuronal death (Kitagawa et al., 1990). However, two cycles of two minutes of BCCAO, 

performed 2 days before 5 minutes of ischemia, drastically reduced neuronal death. What 

is evident is that a specific combination in duration and time intervals of ischemic treatment 

was needed, because neither 1-minute ischemia nor 2-minute ischemia exhibited 

protective effects alone. Besides the gerbil a recent paper described a new model of global 

preconditioning/global in mice. In this model, adult Swiss albino mice were subjected to 

global cerebral ischemia induced by occluding both the carotid arteries; after 17 minutes of 

global cerebral ischemia, reperfusion was allowed for 24 hours, whereas preconditioning 

stimulus was delivered according to two different experimental protocols. For rapid 

preconditioning, three brief cycles of carotid arteries occlusion for a period of 1 minute 

followed by 1 minute of reperfusion time were immediately performed before BCCAO, 

whereas, for delayed preconditioning,  the same three cycles of artery occlusion were 

applied  24 hours before BCCAO (Rehni et al., 2010). The protection achieved with both 

rapid and delayed preconditioning methods were able to produce a reduction in the infarct 

volume of more than 50% compared to ischemia alone. 

 

2.2 Other surgical methods to induce preconditioning 

In recent years a growing interest in the field of preconditioning has raised attention to 

several studies to generate new models of IPC/ischemia. Beside the myriad of new 

models proposed it is interesting to spend a few words on the method of IPC induction in 

neonatal animals. To settle up this model P7 rat pups have been used, where unilateral 
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common carotid artery ligation followed 1 hour later by 8% oxygen hypoxia for 2 hours was 

performed. This Hypoxic/Ischemic stimulus produces selective damage in the ipsilateral 

hemisphere to the occluded artery that resembles HI damage to the human neonatal brain 

(Cerullo et al., 2018). When the carotid artery ligation was performed 24 hours before 

hypoxia, a remarkable neuroprotection was achieved, thus showing that the 

preconditioning phenomenon can be induced also in neonatal mice. Notably, the same 

stimulus represented by the ligation of the carotid artery applied 1 hour before subjecting 

neonatal rats to hypoxia was not able to induce any protection (Lee et al., 2004). Another 

model has been proposed in 2005 by Mishima and coworkers (Mishima et al., 2005). They 

demonstrated that electroconvulsive shock (ECS) can be used as a preconditioning 

stimulus in what is commonly called cross-protection. In particular, both single and 

repetitive ECS application confers neuroprotection from subsequent global ischemia 

induced in rats by BCCAO (Winston et al., 1990). Single groups received ECS only 2 days 

before 8 minutes of global ischemia, whereas repetitive ECS group received ECS once a 

day for 9 consecutive days until 2 days before global ischemia induction. No differences 

were found in the neuroprotection induced by the two experimental procedures (Mishima 

et al., 2005).  

 

2.3 Ischemic Postconditioning 

The neuroprotective strategy of ischemic postconditioning (IPOSTC), defined as a 

repetitive series of brief reperfusion/occlusions applied after ischemia, is a relatively new 

concept with respect to ischemic preconditioning (IPC) (Zhao et al., 2006). Initially shown 

to be able to reduce infarct size after cardiac ischemia in both clinical (Staat et al., 2005) 

and preclinical conditions (Gidday, 2010), ischemic postconditioning has recently been 

shown to be effective in attenuating neuronal damage in the rodent spinal cord injury 

models (Jiang et al., 2006) and both in focal (Pignataro et al., 2008) and in global models 

of cerebral ischemia (Wang et al., 2008).  

. 

2.3.1 Focal Harmful Ischemia/Focal Postconditioning  

All the surgical methods of IPOSTC utilize the modeling of reperfusion in the same artery 

as that affected by focal ischemic stroke. Indeed, during the reperfusion phase, after the 

canonical 100 minutes of MCAO, the cerebral blood flow may be interrupted by reinsertion 

of the surgical filament. The time window and the duration of re-occlusion may influence 

the entity of the protection. Indeed, it has been demonstrated that after 100 minutes of 

MCAO, reperfusion was established for 5 minutes after which the MCA was occluded 

again for 5 minutes, followed by two additional cycles of 5 minutes of reperfusion and 5 

minutes of occlusion (total of three cycles). Protection has been established 24 hours after 

the last occlusion. In an equally protective protocol, after 100 minutes of MCAO, 

reperfusion was established for 10 minutes after which the MCA was occluded for 10 

minutes. Longer intervals of reperfusion were not protective (Pignataro et al., 2008).  
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2.3.2 Global Harmful Ischemic/Global Postconditioning 

 

The protection in a model of global ischemia is achieved by different schedules of cycles of 

reperfusion/reocclusion of the common carotid arteries. In particular, Wang et al. published 

four different protocols that are equally effective in mediating neuroprotection: (1) 3 cycles 

of 15 seconds/15 seconds reperfusion/reocclusion after 10 minutes of ischemia, (2)  3 

cycles of 30 seconds/30 seconds reperfusion/reocclusion, (3) 3 cycles of 60 seconds/15 

seconds reperfusion/reocclusion, (4) 3 cycles of 15 seconds/15 seconds reperfusion/ 

reocclusion applied after 45 seconds reperfusion (Wang et al., 2007) 

 

3. Whole body conditioning stimuli 

It has been widely demonstrated that physical exercise is able to exert neuroprotective 

effects both in the preclinical and clinical settings. Several studies have shown that 

exercise can be a promising conditioning method able to induce neuroprotection through 

the promotion of angiogenesis, mediation of the inflammatory response, inhibition of over-

activation of glutamate, protection of the blood-brain barrier (BBB) and inhibition of 

apoptosis (Zhang et al. 2011) (See Figure 1) 

 

3.1 Physical exercise contrasts brain deterioration 

Several meta-analysis established that physical activity positively correlates with the 

increase in neuroprotection in subjects affected by both hemorrhagic and ischemic infarcts 

(Lee et al., 2003; Wendel-Vos et al., 2004). Much of the neuroprotective effect is due to 

positive changes in risk factors related to stroke such as elevated blood pressure, lipid 

profile, weight, hypertension and diabetes (Evenson et al., 1999, Gillum et al., 1996; Hu et 

al., 2004). In human studies it has been demonstrated that exercise improves memory, 

learning and executive functions by contrasting the phenomena of dementia and cognitive 

decline, at the same time, constant training is able to reduce in the general population the 

risk of Alzheimer's, Parkinson's and Huntington's (Cotman et al., 2007) through a 

strengthening of the structural function of BBB and an increase in neuronal viability. 

Whether exercise can be considered a real preconditioning stimulus remains to be 

established, as for definition, a preconditioning stimulus represent a toxic stimulus applied 

at sub-threshold event. 

3.1.1 Methods to prevent stroke damage by physical exercise 

It has been proven a direct correlation between the duration and intensity of an exercise 

and the quality of life improvement associated with these activities since several 

researchers have found that the best stroke outcomes correlate with moderate intensity 

and duration of exercise (Larson et al. 2006). Nevertheless, despite any evidence, no 

specific guidelines or methods have been established for exercise preconditioning able to 

transfer either cardioprotection or neuroprotection (Abete et al. 2001; Kloner 2001). 

However, in rats, exercise for at least 2 weeks until 12 weeks was able to decrease infarct 
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and brain neuronal damage and this effect was still present 3 weeks after exercise ceased 

(Ang et al. 2003; Stummer et al. 1994; Wang et al. 2001; Curry et al. 2010; Davis et al. 

2007;  Ding et al 2004b; Ding et al. 2004c). A recent study found that 1 or 2 weeks of pre-

ischemic exercise did not reduce brain infarction after ischemic stroke compared with a 

non-exercise group, but that at least 3 weeks of pre-training was necessary for 

neuroprotection (Liebelt et al., 2010). Different types of exercise, such as treadmill, running 

wheel, and environmental enrichment, have been shown to induce neuroprotection.  

3.1.2 Methods of Post-stroke Exercise 

While preconditioning exercise confers neuroprotection when applied before an acute 

ischemic heart attack occurs, the use of physical exercise as a core component of post-

stroke rehabilitation programs is more consolidated, due to its capability to confer 

improved clinical outcome in infarcted patients during rehabilitation (Rabaldi 2007). Post-

ischemic complex exercise, which involves balancing and coordination, if compared to 

simple exercise with treadmill is able to increase the expression of neurotrophins and 

neurogenesis, and also induces an increase in synaptogenesis in the brain regions (Jones 

et al 1999, Stranahan et al., 2007). 

 

3.2 Hypothermia 

Conditioning mediated by hypothermia is obtained by controlled lowering of the body 

temperature, at a precise time interval from the beginning of the ischemia. A series of 

experiments evaluating the effectiveness of hypothermic conditioning have indicated that a 

controlled reduction of body temperature by ice packs, cooling blanckets, alcohol applied 

to the body surface, from values of 31.5°C, 28.5°C, up to 25.5°C was able to evoke a 

parallel reduction of the cerebral ischemic volume after focal ischemia in the rat. In these 

experiments the duration of hypothermia was 20 minutes, while the total time in which the 

body temperature of the animal remained below the physiological temperature was 120 

minutes. Several studies have shown that hypothermia is able to induce neuroprotection 

against hypoxia/ischemia (Nioshio et al. 1999, 2000; Yunoki et al. 2002, 2003; Mitchell et 

al. 2010; Yuan et al. 2004). In a model of transient ischemia obtained by both common 

carotid and one vertebral artery occlusion (three-vessel occlusion, 3-VO), it has been 

shown that the duration and the magnitude of the body temperature reduction are 

responsible for a tolerance effect subsequent to the ischemic insult that can be either rapid 

or delayed as it occurs for ischemic preconditioning (Yunoki et al 2003, Stetler et al 2008, 

Mitchell et al., 2010). Selective cooling by intracarotid saline infusion has been 

demonstrated to produce robust neuroprotection (Ding et al. 2004; Luan et al. 2004; Li et 

al. 2004). From that moment on, it is clear that regionally selective vascular cooling is more 

effective in reducing brain injury and improving functional outcome in rats compared to 

external cooling (Wang et al. 2010). 

3.2.1 Rapid vs. Delayed protection 

The maximum degree of neuroprotection induced by hypothermia is obtained when it is 

induced 20 to 60 minutes before the ischemic insult, for a duration of the conditioning 

stimulus equal to at least 20 minutes. This form of rapid preconditioning clearly cannot 
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depend on de novo protein synthesis and it  depends almost exclusively on the intensity of 

the conditioning stimulus (Yunoki et al., 2003); On the contrary, delayed preconditioning 

exerts its best neuroprotective effects when the hypothermic stimulus is administered from 

6 hours to 48 hours before the ischemic insult. This second type of neuroprotective 

response, due to the de novo synthesis of proteins, reaches its peak of efficacy in 

proximity of 24 hours, and is completely lost at 7 days from the initial stimulus; duration of 

the stimulus must be at least 20 minutes (Nishio et al. 2000). In addition, the best temporal 

and intensity combination able to induce the greatest reduction of brain infarct volume is 

obtained when a slight hypothermia (33°C) is maintained for 120 minutes, at most 180, 

compared to only 20-60 minutes used in other preclinical studies (Yuan et al. 2004). 

 

3.2.2 Intra- and Post-ischemic hypothermic stimulus application 

Hypothermia applied during the ischemic insult, the intra-ischemic hypothermia, is 

considered the gold standard due to its ability to reduce ischemic cerebral damage in a 

large number of in vivo animal studies (Barone et al. 1997; Corbett and Thornhill 2000; 

Miyazawa et al. 2003). At the same time, post-ischemic hypothermia was shown to be 

effective in tight relationship to the duration of hypothermia (Miyzawa et al., 2003). Some 

clinical studies have revealed that the neuroprotective actions of mild or moderate 

hypothermia in acute ischemic infarction can be achieved either from the early onset of 

post-stroke, onset of reflation or, alternatively, prolonging hypothermia up to 48-72 hours 

(Schwab et al. 1998, 2001; Kammersgaard et al. 2000; Steiner et al. 2000). Therefore a 

prolonged application of post-ischemic hypothermia seems necessary to obtain a 

significant and persistent neuroprotection (Coulborne et al. 1997; Inamasu et al. 2000; 

Kollmar et al. 2002). The common mechanism of beneficial action seems to be linked to a 

slowing of neuronal damage caused by ischemia. 

 

3.2.3 Hypothermia induced by drugs 

Drug-induced mild hypothermia (35.1 ± 1.1 to 36.0 ± 0.5°C for <20 hours), capable of 

reducing ischemic brain lesion, has been investigated in rats by Johansen and 

collaborators with the dopamine D2 receptor agonist, talipexole continuously infused for 20 

hours after 60 minutes of MCAO (Johansen et al., 2003). The talipexole-induced 

hypothermic regime has been investigated in moderately sized cortical infarcts in rats 

before and after cerebral ischemia. In preconditioning experiments, authors investigated 

the effects of drug-induced hypothermia given before cerebral ischemia in two well-known 

models of either 60-minute middle cerebral artery occlusion (MCAO) or 10 minutes of 

global cerebral ischemia (2-vessel occlusion model with hypotension). In postconditioning 

experiments drug-induced hypothermia has shown to be effective also if the stimulus was 

delivered as long as 90 days after the insult or if treatment was delayed for 3 hours after 

the experimental stroke (Johansen et al., 2014).  
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3.2.4 Safety concerns 

Despite the clinical efficacy in stroke, the induction of body temperature below 28°C is able 

to trigger cardiac arrhythmia (Polderman 2009). This may represent an obstacle to the use 

of the maximum neuroprotective potential of this conditioning stimulus, which exerts its 

best effects by bringing the body temperature of the animal below 25.5°C, when a delayed 

tolerance is sought (Yunoki et al., 2002). Another critical issue represented by the 

achievement of low body temperature values, for prolonged periods, is the increased risk 

of systemic infections (Polderman 2009). These considerations impose to be carefully in 

translating this paradigm to humans. 

 

3.3 Hyperthermia 

Hyperthermia is able to induce neuroprotection when administered at precise time 

intervals prior to cerebral ischemia. (Chopp et al., 1989; Zhang et al., 2000; Xu et al., 

2002; Kelty et al., 2002; Du et al., 2010). In a model of transient cerebral ischemia of 120-

min duration, rats were heated inside a humidified chamber and kept at a body 

temperature of 41.5°C for 15 minutes. This treatment showed a significant reduction in 

neuronal loss subsequent to ischemia with an optimal neuroprotection effect (Chopp et al 

1989; Xu et al. 2002). The effect of this kind of conditioning stimulus on the reduction of 

cerebral ischemic infarction was observed only when hypothermia was induced 18 to 24 

hours before stroke, whereas the neuroprotective effect was lost after 48 hours (Chopp et 

al. 1989; Zhang et al., 2000; Xu et al., 2002).  

 

4. Brain conditioning by diet 

In recent years the role of nutrition as a conditioning factor for stroke has been increasingly 

affirmed. Prevention based on diet it is affirming itself more and more in stroke prevention. 

Whereas some risk factors including cardiovascular complications, hypertension, diabetes, 

hypercholesterolemia, cigarette smoking, inflammatory markers, obesity and dyslipidemia 

have to been mandatory addressed by pharmacology to reduce the possibility to have a 

stroke, modifiable risk factors, like diet, often coexist and have been estimated to account 

for 60-80% of stroke incidence in general population (Allen and Bayraktutan 2008; 

Moskovitz et al. 2010). Improper lifestyle and nutrition causing imbalances in essential 

vitamin and nutriments can affect modifiable risk factors. Many epidemiological and clinical 

studies have shown that deficiencies in omega-3, α-lnolenic acid (ALA), eicosapentaenoic 

acid (EPA) and Docosaexaenoic acid (DHA)  represent a risk factors for cardiovascular 

and cerebral diseases, including stroke (Donald B. et al. 2012, Blondeau et al. 2015; 

Berressem B. et al., 2016).   
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4.1 PUFAs as a rapid conditioner  

The primary role of polyunsaturated fatty acids (PUFAs) like EPA, ALA and DHA, is to act 

as structural components at the level of cell membranes. Neuroprotective effects of n-3 

PUFAs against ischemic brain injury have been shown in several stroke models (Black et 

al., 1979; Marcheselli et al., 2003; Akbar et al., 2005; Belayev et al., 2005; Moreira et al., 

2010; Zhang et al., 2010). These studies focused on the acute phase of ischemia 

assessed from 24 hours to 7 days postinjury in focal ischemic stroke models. Recently, it 

has been expanded the therapeutic window to 21 days postinjury. Our data therefore 

demonstrate that oral administration of fish oil for 6 weeks before ischemia improved 

outcomes demonstrating the long term efficacy of omega-3 diet (Zhang et al. 2014). In a 

seminal paper by Pulsinelli and Brierley, it has been described an acute neuroprotective 

effect of ALA and DHA (linoleic acid and docohexanoic acid) in an in vivo model of 

transient global ischemia, in which CA1 hippocampal pyramidal cells were killed by 

glutamate exitotoxicity (Pulsinelli and Brierley, 1979). When ALA was administered 

intravenously (i.v. 500 nmol/kg) or intracerebroventricularly (i.c.v. 10 uM/5ul) within 30 

minutes prior or after ischemia, it preserved 80% of the CA1 neurons. Conversely, 

intraperitoneal injection of AA or DHA 1 hour after transient ischemia aggravated injury 

(Eckert GP et al. 2013). In vitro, the same range of concentrations known to be protective 

both in vivo with i.c.v. injection and in vitro on granule cells prevented hippocampal 

neuronal death triggered by the addition of an exitotoxic concentration of glutamate (50 

uM) for 24 hours (Blondeau et al., 2009). This finding demonstrated postsynaptic mediated 

neuroprotection by PUFAs. In 1984 was shown that intravenous administration of EPA in 

gerbils improved CBF after ischemia and reperfusion, compared to LA-treated animals 

(Black et al., 1984). The in vivo and in vitro neuroprotective 10 and 100 uM of ALA, 

respectively, increased the diameter of the basilar but not carotid artery (Blondeau et al., 

2007). The omega-3 induced relaxation of cerebral resistance arteries, as those of the 

cerebral vascular bed, without affecting the systemic blood pressure as carotid arteries 

with elastic properties. Another evidence supporting supplementation of omega-3 in diet is 

that ischemic rats treated by daily gavage with EPA for 4 weeks, starting 1 day following 

ischemia, showed a better glucose utilization and CBF increase in peri-infarcted areas 

whereas no effect was observed in ischemic core (Katsumata et al. 1999). Thus, ALA is 

able to counteract glutamate excitotoxicity and induces vasodilatation of brain arteries in 

penumbra, which potentially contribute to protect brain against ischemic stroke (See 

Figure 2a) 

 

4.2 Alfa-linoleic acid as a conditioning stimulus 

ALA has been demonstrated to be a “natural” conditioner able to induce delayed cross-

tolerance to ischemia. When administered 2 hours post ischemia, ALA induced the 

maximal neuroprotection, and this effect lasted until 6 hours, with the window of interest 

dissipated 12 hours after reperfusion. Conversely the saturated palmitic fatty acid failed to 

reduce the infarct volume when injected 2h after reperfusion. At the same time, an ALA 

injection providing the best cerebral protection measured 24h post stroke did not display 

any beneficial effect on long-term survival rate. To obtain a significant improvement in the 
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survival rate at 10 days and 1 month post ischemia, repeated injections were required 

(Blondeau et al., 2009; Herteaux et al., 2006). This positive effect was mediated by the 

suppression of glutamate exitotoxicity but it failed to prevent later stages of cell death 

including apoptosis and associated inflammatory events. Also if administered 3 days 

before a transient focal ischemia in mice ALA significantly reduced infarct volume 

(Blondeau et al., 2009). Deficiency in omega-3 intake, as reported in numerous 

epidemiologic studies, represents an important risk factor in the development and/or 

deterioration of neurovascular diseases, like stroke. Several papers demonstrate a 

correlation between ALA supplementation and decreased infarct volumes in stroked mice. 

In addition, supplementation of 0.4 g/kg/day of EPA/DHA during 14 days before surgery 

may reduce apoptosis of hippocampal neurons in ischemic rat (Bas et al., 2007; Ozen et 

al., 2008). 

 

4.3 Omega-3 brain conditioning effect by chronic administration 

Daily oral administration of DHA in gerbils for 4-10 weeks suppressed neuronal injury due 

to subsequent transient ischemia (Cao et al., 2004, 2005, 2006, 2007) and a 

supplementation of fish-oil for 6 weeks in rats prior to ischemia reduced infarct volumes by 

ca. 30% (Choi-Kwon et al. 2004). Rats subjected to 2-vessel occlusion at 3 months after 

being fed a diet with a decreased omega-6/omega-3 ratio immediately after birth, 

displayed an improved BBB function and behavior measured at 7 months (de Wilde et al., 

2002). A decreased apoptotic death was also displayed when rats were fed a diet 

supplemented with fish n-3 fatty acids for 2 weeks prior to global ischemia (Bas et al., 

2007; Ozen et al., 2008). 2 weeks of fish-oil supplemented diets prior to ischemia resulted 

in an improvement in spatial memory deficits despite no improvement in CA1 hippocampal 

neurons was observed (Plamondon and Roberge, 2008).  

 

4.4 Security 

The use of omega-3 ad preconditioning stimulus can cause deleterious effects or toxicity. 

The potential toxicity of PUFAs has been evaluated in Eskimo population, which consumes 

15-20 g/day of omega-3. A chronic and massive omega-3 ingestion causes nausea. An 

increased delay in erythrocyte sedimentation when intake EPA and DHA exceeds 9 g/day 

has been observed; the raccomendation for DHA is to not exceed more than 15 times the 

DRI (Martin, 2001). 

 

5. Medical gases for brain conditioning 

Among different stimuli able to induce the conditioning phenomenon there are medical 

gases including anesthetics and hyperbaric oxygen (Zheng and Zuo, 2004; Ostriwski et al., 

2008). These gases are clinically relatively safe; they usually cross the blood-brain barrier 

rapidly so they can be applied systemically to induce neuroprotection. Regarding 

anesthetics, pre- and postconditioning by isoflurane or sevoflurane have all been 
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demonstrated to significantly reduce cerebral infarct size and improve recovery of 

neurological function after cerebral ischemia (McBride et al., 2015) (See Figure 2b). 

 

5.1 Isoflurane 

Neuroprotective potential of isoflurane has been shown constantly in both rats and mice 

when the interval between isoflurane exposure and brain ischemia is 24 hours or shorter 

whereas the neuroprotection disappeared if the time interval was of 48 hours (Kapinya et 

al., 2002). Thus, the most in vivo studies use 24 hours as interval.  One exposure to 1-2% 

isoflurane for 30 minutes to 4 hours is commonly used to precondition the animals, also 

multiple exposures to isoflurane for 5 consecutive days have been used successfully 

(Kitano et al., 2007). Animals exposed to 1.2% or 2% isoflurane for 1 hour for 5 

consecutive days (Sun et al., 2015; Tong et al., 2015), 1.5% isoflurane for 30 minutes (Li 

et al., 2013) or 1% isoflurane for 4 hours (Zhu et al., 2010) before middle cerebral artery 

occlusion (MCAO) were all shown to exhibit significantly alleviated neurological deficits 

and reduced infarct volume (Wang et al., 2016).A dose-dependent neuroprotection, 

paralleled with a long-term neurological outcome improvement was observed in adult rat 

models of both transient and permanent focal brain ischemia, global brain ischemia, or 

intracerebral hemorrhage, and neonatal rat HI insult. This evidence was not confirmed in 

aged female mice after focal brain ischemia, suggesting a gender difference in isoflurane 

induced preconditioning. (Kitano et al., 2007).. In a rat MCAO model, postconditioning 

significantly decreased neurobehavioral deficit scores and infarct volume (Li et al., 2014). 

Additionally, isoflurane postconditioning decreased the numbers of PI-positive cells 24 

hours after reperfusion compared with the ischemia/reperfusion group (Wang et al., 2016). 

In terms of the paradigm of isoflurane postconditioning, postconditioning with 1.5%, 2% 

and 3.0% isoflurane for 1 hour since reperfusion has all been demonstrated as effective in 

previous animal studies (Lin et al., 2011). 

 

5.2 Sevoflurane 

Preconditioning with the single inhalation of sevoflurane enabled to protect animals from 

cerebral ischemic insults, while repeated preconditioning of sevoflurane also provided 

neuroprotection against focal or global brain damage induced by ischemia/reperfusion in 

short period (3 days) after ischemia (Wang et al., 2011; Wang, 2016). Sevoflurane 

postconditioning also yields protection against cerebral ischemia consistently. 

Postconditioning with sevoflurane significantly decreased apoptotic cell counts at 3 days 

(Kim et al., 2016) and preserved the CA1 neuron histology and reduced necrotic or 

apoptotic cells at 7 days after global cerebral ischemia in rats (Seo et al., 2013). In this 

study, the postconditioning paradigms ranged from single treatment of 10 minutes after 

transient global ischemia to two repeats of 5 minutes treatment of 2.5% sevoflurane and a 

subsequent washout time of 10 minutes after ischemia (Seo et al., 2013).. An 

improvement of long-term neurological function by sevoflurane preconditioning has been 

found in studies in neonatal rats and mice after HI insult (Luo et al. 2008; McAuliffe et al. 

2007). Finally a study clearly demonstrated the neuroprotective potential of sevoflurane 
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preconditioning effects in the spinal cord ischemia by 3.7% concentrations for 30-min at 1 

h before rats were subjected to a 12-min spinal cord ischemia. There was a significative 

improvement in neurological outcome at 48 h after ischemia. 

 

5.3 Desflurane 

The neuroprotective effect of desflurane has been demonstrated in focal cerebral ischemia 

in rats and also in newborn pigs under deep hypothermic circulatory arrest (Haelewyn et 

al., 2003; Tsai et al., 2004). In neonatal rats with incomplete cerebral ischemia and low-

flow cardiopulmonary bypass, neurologic function was improved with desflurane 

anesthesia (Kurth et al., 2001). Desflurane postconditioning was suggested as protective 

in an in vitro study showing that LDH release at 1 hour after OGD was reduced by 

desflurane postconditioning in the human neuroblastoma cell line (Lin et al., 2011). 

Unfortunately, studies on neuroprotective effect of desflurane preconditioning and 

postconditioning in cerebral ischemia are still limited (Wang et al., 2016). 

 

5.4 Xenon and Halothane 

Halothane was demonstrated to attenuate cerebral ischemic injury both in cats and 

rodents 16 hours to 7 days after ischemia and hypoxia (Zausinger et al., 2002; Haelewyn 

et al., 2003).  For Xenon, a delayed phase of preconditioning-induced neuroprotection has 

been shown in neuronal-glial co-cultures, hippocampal slices, and intact brains of rodents 

(Bantel et al. 2009; Luo et al. 2008; Ma et al. 2006; Limatola et al. 2010).Post-MCAO 

administration of xenon showed reduced cortical damage in animal models (David et al., 

2003; Abraini et al., 2005). 

 

5.5 Hyperbaric Oxygen (HBO) 

A 5-day preconditioning protocol of HBO 2.5 atmosphere absolute (ATA) in 100% oxygen 

for 1 h every day for 5 days is very usual; this protocol was also effective in neonatal rats 

after HI insult. In all studies in which HBO preconditioning was applied 24 h before a 

detrimental insult it was protective against HI insult (Freiberger et al., 2006; Li et al., 2008). 

The degree of neuroprotection by HBO depends on the number of HBO episodes (5 

episodes may be better than 3) and on the degree of ATA (3.5 ATA appears better than 2 

ATA) used as preconditioning stimuli. The effective time-window between conditioning 

stimulus and detrimental is less than 72 hours. Finally, this stimulus was not effective in 

permanent focal ischemia. In spinal cord ischemia the same protocol of 5-days HBO 

preconditioning as above provided protection against 20-minute spinal cord ischemia in 

rabbits (Dong et al. 2002). In a model of perinatal hypoxia-ischemia (HI) in rats it has been 

demonstrated that postconditioning treatment, performed 1 or 6 hours after HI by HBO, 

was able to ameliorate ischemic brain damage (Gamdzyk et al., 2016). 
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6.Pharmacological conditioning 

Recently, it has been suggested that conditioning may also be stimulated with various 

pharmacologic approaches. The perspective of the rapid administration of a drug to induce 

a pre- or postconditioning state is very attractive particularly for situations such as 

traumatic injury where other forms of preconditioning stimuli like hyperbaric oxygen and 

transient ischemia could be not easy to handle. A large number of agents can induce 

ischemic conditioning but only seven: thrombin, erythropoietin (EPO), deferoxamine, 

erythromicine, opioids, diazoxide and lipopolysaccharide (LPS) all acting by upregulating 

brain defenses with EPO and thrombin are endogenous compounds modifying stroke, LPS 

as an exogenous stimulating endogenous defenses (See Figure 3).  

 

6.1 beta-methylamino-Lalanine (L-BMAA) 

Cycad neurotoxin (L-BMAA), is an excitatory non-protein amino acid produced by 

cyanobacteria associated with amyotrophic lateral sclerosis-Parkinson dementia complex 

(ALS-PDC), in Guam indigenous population. In a recent paper it has been shown that a 

sub-toxic acute exposure to L-BMAA for 8 weeks works as preconditioning stimulus being 

able to delay ALS progression in G93A mice (Anzilotti et al., 2018). This effect is mainly 

due by targeting a protein, NCX3, a membrane transporter able to handle the deregulation 

of ionic homeostasis occurring during ALS (Anzilotti et al., 2018).This represents a proof of 

concept on the effect of pharmacological conditioning in different neurological disorders. 

 

6.2 Thrombin 

Thrombin is an endogenous serine protease with a preminent role in the coagulation 

cascade by cleaving fibrinogen to fibrin (Coughlin, 2000). Thrombin inhibition by 

antitrhombin systemic administration protects brain from ischemic damage induced by 

both tMCAO and pMCAO (Cuomo et al. 2007). 

 

6.3 Diazoxide 

In a postconditioning study, Robin and collaborators have reported that mitoKATP opening 

by diazoxide right before the start of reperfusion conferred significant neuroprotection. In 

this study, diazoxide was used in conjunction with ischemic postconditioning comprising 

three episodes of 30 s of occlusion and reperfusion. The authors found that diazoxide 

resulted in a 60% decrease in infarction volume, and this effect was abolished by 

mitoKATP blocker 5-hydroxydecanoate (5-HD). Additionally, no delayed postconditioning 

effect was observed, as postC applied 5 min after the onset of reperfusion did not yield 

neuroprotection (Jin et al., 2016). 
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6.4 Deferoxamine 

Deferoxamine is a potent iron chelator used for decades in the treatment of iron overload 

secondary to poisoning (Selim, 2009). Administered subcutaneously, deferoxamine can 

penetrate the blood-brain barrier acting by the inhibition of iron-mediated free radicals 

taking part in long-term deficits following hemorrhagic stroke in a rat model (Hua et al., 

2006, Nakamura et al., 2003). 

 

6.5 Erythromycin 

Erythromycin is an antibiotic of the macrolide family used to treat a wide variety of gram-

positive infections (MC Kendrick, 1979). When administered as a conditioning stimulus 

prior to ischemi insult, erythromycin reduces hippocampal and parietal cortex neuronal 

loss and improves scores on tests of neurological function (Brambrink et al., 2006).  

 

6.6 Opioids 

A variety of studies have shown significant neuroprotective effects with morphine 

preconditioning. In vivo studies indicate that opioids may have a delayed preconditioning 

effect since infarct volume was reduced following MCAO in rats treated with morphine 24 h 

prior to the ischemic event (Lehmann, 1997). The opioid fentanyl improves blood flow in 

ischemic regions compared to controls (Chi et al., 2010). Instead, naloxone, an opioid 

receptor antagonist, abolish acute preconditioning. 

 

6.7 Lipopolysaccharide 

LPS is a potent endotoxin that plays a central role in the development of gram-negative 

sepsis (Davies and Cohen, 2011).  A lot of experiments demonstrate that LPS conditioning 

in fact decreases subsequent brain injury in animal models of ischemic stroke (Ahmed et 

al. 2000). LPS seems to play a role in improving blood flow following infarction, with one 

study showing improved blood flow in the preinfarct area minutes and days after occlusion 

(Furuya et al. 2005).  

 

6.8 Miscellaneous 

Other pharmacological treatments have been proved to induce brain conditioning. Indeed, 

in the rat global ischemia model induced by four-vessel occlusion, pharmacological 

postconditioning obtained  by injection of 3-nitropropionic acid (3-NP), norepinephrine or 

bradykinin, is able to exert a remarkable neuroprotection (Zheng et al., 2003; Zhao et al., 

2012). Another study reports that after global ischemia, intracerebroventricular kainate 

application is able to prevent  hippocampal neuronal damage 2 days after ischemia 

induction (Birnbaum et al., 2007; Liem et al., 2002). 
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7. Conclusions 

In conclusion, the last decades have provided fascinating insights into the mechanisms 

and potential application of neuroprotection of the ischemic brain.  

However, in order to obtain consistent results and valid indications on the direction to 

follow for the development of a new effective treatment in the management of diseases 

such as cerebral ischemia, it is appropriate to choose the right experimental model. Until 

now, the tolerance field is populated by a myriad of animal models and putative protective 

compounds.  

From what appeared in the scientific literature, there is a majority of data about the 

neuroprotective effect of preconditioning in comparison with postconditioning. The concept 

of postconditioning it is relatively newer but at the same time more promising because of 

its relative simplicity in a clinical setting.  

Furthermore, the timing between induction of pre- and postconditioning and harmful 

stimulus of stroke is a matter of crucial interest and the correct execution of the 

experimental protocol is of fundamental importance for obtaining the best results and 

comparing the results of different laboratories. Likewise, in case of other stressors like 

pharmacological compounds, anesthetics, hypoxic conditions, PUFAs specific therapeutic 

protocols are required and what comes out is that chronic post-ischemic treatment 

correlates with a better outcome than the acute treatment. Since the identification of 

intrinsic cell‐survival pathways should provide more direct opportunities for translational 

neuroprotection trials an accurate examination of the different models of preconditioning 

and postconditioning is mandatory before starting any new project. 
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LEGENDS OF FIGURES 

 

Figure 1: Schematic representation of whole body conditioning stimuli. 

Figure 2: Schematic representation of conditioning induced by diet (2a) or by gas 

anaesthetics (2b) 

Figure 3: Schematic representation of pharmacological conditioning stimuli 
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Table 1: Surgical Methods To Induce Ischemic Preconditioning, PreC. MCAO, Middle Cerebral Artery Occlusion; pMCAO, Permanent Middle 

Cerebral Artery Occlusion; BCCAO, Bilateral Common Carotid Artery Occlusion. 
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Kind of 
PreC/Ischemia 

Animal Model PreC stimulus 
Reperfusion Time 

from PreC 
Harmful Ischemia References 

Focal/Focal Rat 10 minutes MCAO 1 to 7 days pMCAO Barone et al., 1998 

Spontaneously 
hypertensive rat 

10 minutes MCAO 72 hours 60 minutes MCAO Naylor et al., 2005 

Rat 10 minutes MCAO 72 hours 120 minutes MCAO Hao et al., 2003 

Rat Three cycles of 10-minute MCAO 72 hours 120 minutes MCAO Alkayed et al., 2002 

Rat 2 minutes MCAO 24 hours 90 minutes MCAO Glantz et al., 2005 

Mouse 15 minutes MCAO 72 hours 45 minutes MCAO Hoyte et al., 2006 

Mouse Two cycles of 5-minute MCAO 72 hours 90 minutes MCAO Zhang et al., 2008 

Rat 30 minutes MCAO 72 hours 100 minutes MCAO 
Lusardi et al., 2011; 

Pignataro et al., 2012 

Mouse 15 minutes MCAO 72 hours 60 minutes MCAO Lusardi et al., 2011 

Mouse Three cycles of 5-minute MCAO 30 minutes 60 minutes MCAO Atochin et al., 2003 

Focal/Global Rat 20 minutes MCAO 24 hours 10 minutes 2-VO Glazier et al., 1994 

Gerbil Transient unilateral MCAO 72 hours 5 min BCCAO Miyashita et al., 1994 

Global/Focal Mouse 5 minutes BCCAO 24 hours 20 minutes MCAO Faraco et al., 2009 

Global/Global Gerbil Two cycles of 2-minute BCCAO 24 or 48 hours 5 minutes BCCAO Kitagawa et al., 1990 

Mouse Three cycles of 1-minute BCCAO Null or 24h  17 minutes BCCAO Rehni et al., 2010 
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Other surgical 
methods  

P7 rat pup 
Unilateral common carotid  

artery ligation 
6 or 24 hours 

2 hours 8% oxygen 
hypoxia 

Lee et al., 2004 

Rat Electroconvulsive shock 48 hours 8 minutes BCCAO Mishima et al., 2005 
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Table 2: Surgical Methods To Induce Ischemic Postconditioning, PostC.  MCAO, Middle Cerebral Artery Occlusion; 4-VO,4 Vessel Occlusion. 

 

Kind of 
Ischemia/PostC Animal Model Harmful Ischemia 

Reperfusion Time 
from Harmful 

Ischemia 
PostC stimulus References 

Focal/Focal 
Rat 100 minutes MCAO 10 minutes 

reperfusion 10 minutes MCAO Pignataro et al., 2008 

Rat 100 minutes MCAO 
Three cycles of 5-

minute 
reperfusion 

Three cycles of 5-minute 
MCAO Pignataro et al., 2008 

Global/Global 
Rat 10 minutes 4-VO 15 seconds 

reperfusion 

Three cycles of  
15 second/15 second 

reperfusion/reocclusion  
Wang et al., 2008 

Rat 10 minutes 4-VO 30 seconds 
reperfusion 

Three cycles of  
30 second/30 second 

reperfusion/reocclusion  
Wang et al., 2008 

Rat 10 minutes 4-VO 60 seconds 
reperfusion 

Three cycles of  
60 second/15 second 

reperfusion/reocclusion  
Wang et al., 2008 

Rat 10 minutes 4-VO 45 seconds 
reperfusion 

Three cycles of  
15 second/15 second 

reperfusion/reocclusion  
Wang et al., 2008 
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