
Volume 20 · Number 3 · September 2018  159

Journal of Cerebrovascular and Endovascular Neurosurgery
pISSN 2234-8565, eISSN 2287-3139, https//doi.org/10.7461/jcen.2018.20.3.159 Original Article

Diverse Ischemic Postconditioning Protocols Affect the 
Infarction Size in Focal Ischemic Stroke 

Joo-Seok Lee1, Dong-Jun Song2, Jong-Hwan Hong 2, Tae-Sun Kim2, Sung-Pil Joo2 
1Department of Neurosurgery, Gwangju Christian Hospital, Gwangju, Korea
2Department of Neurosurgery, Chonnam National University Hospital, Chonnam National University Medical School, 
Gwangju, Korea 

Objective : Ischemic postconditioning (IPostC), consisted of transient brain 
ischemia/reperfusion cycles, is considered to have neuroprotective effect. 
However, there is no best single protocol of IPostC, because varied fac-
tors like species tested and characteristics of the tissue may affect the ef-
ficacy of IPostC. Thus, we investgated whether different protocols of 
IPostC affect neuroprotective effects in experimental animal models.

Materials and Methods : Through occlusion of middle cerebral artery 
(MCA) with intraluminal suture, stroke was induced in a transient focal is-
chemia model in mice. We conducted IPostC via brief and repeated MCA 
occlusion, 2 minutes after reperfusion, followed by different ischemia and 
reperfusion protocols. After procedure, functional neurological score and 
histological examination were evaluated.

Results : IPostC with different protocols resulted in diverse effects. Among 
them, a protocol that consists of 3 cycle of IPostC significantly reduced 
the infarction size 3 days after stroke. 

Conclusion : IPostC was confirmed to reduce infarction size. The effects 
of IPostC are definitely affected by differences in the protocol used, in-
cluding the number of cycles, the duration of individual ischemia/re-
perfusion episode and the entire duration of the IPostC stimuli. 
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INTRODUCTION

A cerebral vascular accident also known as stroke is 

the second leading cause of death worldwide and 

well known for the major cause of acquired 

disability.1) Despite of the high mortality and morbid-

ity caused by stroke, efficient clinical treatments re-

main limited at present. The only approved treatment 

for acute ischemic stroke is the injection of alteplase 

via intra-venous within 4.5 hours,12) yet this acute in-

jury is followed by inevitable ischemia/reperfusion 

injury. Thus, it is still an urgent task for many physi-

cians to develop novel treatments to improve the out-

comes in patients with acute ischemic stroke.

The concept of ischemic postconditioning (IPostC) 

refers to the performance of short cycles of ischemia 

followed by short cycles of reperfusion immediately 

after ischemia.27)

Most, but not all experimental studies investigating 

IPostC have demonstrated protective effects of IPostC. 
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However, there is no consensus in the literature be-

tween different organs, because cell metabolism might 

influence the optimal number of cycles and their ische-

mic duration. It is well known that short cycles of IPostC 

are more neuroprotective than long cycles.2)4)17)21)27) 

However, other differences in the IPostC protocol 

may also be important in many clinical settings, espe-

cially regarding the number or duration of IPostC 

cycles.11)13)19) In clinical experiments, the duration of 

occlusions, the effect of the number of cycles, and the 

effector organ mass on the cardioprotective efficacy of 

remote IPostC remains unknown largely and too 

much conditioning, termed ‘hyperconditioning’, with 

an excessive number of conditioning cycles has been 

shown to exert detrimental effects.23)

Therefore, we investigated the effect of the number 

of cycles and the ischemic duration within each 

IPostC and the infarction mass size on the efficacy of 

neuroprotection. Furthermore, the long-term effect of 

IPostC on neuroprotection was evaluated through the 

functional neurological score. 

 To evaluate effect of the number of cycles and the 

duration of each cycle on the effectiveness of IPostC, 

this study was designed. 

MATERIALS AND METHODS

Study design

This study was classified into 3 sub-studies as de-

scribed following: the first subgroup (subgroup I) 

aimed to investigate whether the number of cycles ap-

plied is more important for neuroprotection than the 

duration of the cycles. Different protocols of 1, 3, 5 or 

10 cycles of occlusion/reperfusion were performed on 

different animals. The second subgroup (subgroup II) 

aimed to evaluate whether the reperfusion cycle or the 

ischemic cycle is more important for neuroprotection. 

Two different stimuli with cycles of 15 seconds ische-

mia/30 seconds reperfusion or 30 seconds ische-

mia/15 seconds reperfusion were performed on dif-

ferent animals. The last subgroup (subgroup III) 

aimed to confirm the long-term effects of IPostC on 

infarction size and functional neurological score. Mice 

were sacrificed 14 days after surgery.

Model for IPostC and transient focal cerebral ischemia 

The Chonnam National University Hospital ethical 

committee approved all protocols used in this ex-

perimental study. Experiments were performed on male 

C57BL/6 mice between 8-10 weeks of age, weighing 

22-25 g. Animals were purchased from Samtako Bio 

Korea (Osan, Korea), given a standard water and food 

ad libitum. In a temperature-controlled environment, 

12-hour light/12-hour dark cycle was maintained. To 

reduce the number of mice sacrificed and to minimize 

the pain that the mice underwent, endeavors were 

made. Anesthesia was induced with 5% isoflurane 

and maintained with 1% to 2% isoflurane throughout 

the duration of surgery. The core temperature of body 

was checked by using a rectal probe and kept con-

stant at 37 ± 0.5°C with a surface warming pad for 

the entire surgery. Focal ischemia was produced as 

previously described with slight modifications.24) 

Using the operating microscope, exposure of left com-

mon carotid artery (CCA) and external carotid artery 

(ECA) was perfomed via a midline incision on ventral 

neck. And then the proximal CCA and ECA were 

ligated. At right below the carotid bifurcation, a 6-0 

silicon-coated nylon suture with a 0.23 mm tip diame-

ter (Doccol, Redlands, CA, USA) was inserted via the 

incision on the CCA and moved upward approx-

imately 8 ± 0.5 mm. when a resistance was slightly 

felt, the advance stopped. To fix the suture in posi-

tion, using 5-0 black silk suture, the inserted 6-0 ny-

lon suture was secured at the proximal CCA 

bifurcation. In the ischemic control group, reperfusion 

was performed by permanent withdrawal of the su-

ture after 60 minutes of occlusion.

IPostC was performed by short, repetitive occlusions 

of middle cerebral artery (MCA) through insertion 

and withdrawal of the suture into the internal carotid 

artery (ICA). To perform IPostC, the suture was 

moved back approximately 2 to 3 mm to allow tem-
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porary reperfusion and then re-inserted. Two minutes 

after reperfusion, IPostC with 15 seconds occlusion 

and 30 seconds reperfusion was started. 

Measurement of infarction sizes 

The mice were sacrificed three days after stroke, the 

volume of infarction was evaluated using 2,3,5- tri-

phenyltetrazolium chloride (TTC) staining, and de-

termined as a percentage of the contralateral hemi-

sphere using the following formula: (contralateral 

hemispheric volume – ipsilateral non-infarcted hemi-

spheric volume / contralateral hemispheric volume) × 

100%.

Functional neurological scores (FNS) assessment

FNS were assessed using a 28-point neuroscore test9) 

that was carried out by an experimenter who was 

blinded to the experimental groups at 1, 2, 3, 5, 7, 10, 

and 14 days. The mice were evaluated in seven tests. 

These tests include body symmetry, gait, climbing at 

angle of 45 degrees, circling behavior, front limb sym-

metry, compulsory circling and whisker response. The 

5-point scale (0 to 4) was used in each test. The total 

score was calculated by sum of individual test 

score.15)

Silver staining for the long-term effects of IPostC

TTC staining is not suitable for measuring the in-

farction size in the chronic stages of stroke because 

the borderline between the infarcted and normal 

brain is not clear due to live mitochondria. The silver 

staining is a modified neurofibril staining method.6)22) 

For silver staining, a silver impregnation solution 

shaken vigorously for 1 minute was prepared and 

then slides were submerged into the solution for 2 

minutes. The slides were then washed in distilled wa-

ter six times for 1 minute before they were moved in-

to developer solution which was shaken vigorously 

for 3 minutes. After washing the slides three times for 

1min in distilled water, they were dried in air. The 

preparation procedures and composition of the devel-

oper solution and impregnation were as follows.

Impregnation solution (90 mL)

In 5 mL of a 10% silver nitrate solution, 10 milli-

liters of a saturated lithium carbonate solution was 

added. To dissolve the precipitate, adding of a 25% 

ammonia solution (500 mL) in drops and continuous 

stirring were performed until the solution became 

clear. After adding 75 mL of distilled water, the sol-

ution was placed under darkness until use. The most 

critical factor in the total staining procedure is the ad-

dition of ammonia. While fine remnants of the precip-

itate do not disrupt the reaction, an excess of ammo-

nia lead to the staining failure. 

Developer solution (105 mL)

In 70 mL of distilled water, 20 milliliters of a 37% 

formaldehyde solution was mixed. Then addition of 

15 mL acetone and 0.3 g hydroquinone was done, and 

the solution was agitated gently to dissolve the 

hydroquinone. Subsequently, we dissolved 1.1 g triso-

dium citrate dihydrate in the solution. The solution 

was then exposed to room air until it turned to coop-

er color (30 to 60 minutes). All solutions were made 

daily in carefully washed (65% nitric acid/distilled 

water) glassware. 

Statistical analyses

All data were presented as mean ± scanning elec-

tron microscope. Data was analyzed using GraphPad 

Prism (GraphPad Software, San Diego, CA, USA). 

Statistical analysis of volumes of infarction was per-

formed with analysis of variance (ANOVA) followed 

by Newman-Keuls post hoc or Dunnet's tests. sing 

one-way ANOVA Test (followed by Bonferroni post 
hoc test) FNS results were analyzed. p < 0.05 was con-

sidered significant statistically. 

RESULTS

Subgroup Ι: the effect of the number of IPostC cycles

IPostC was induced by brief and repeated occlu-

sion/reperfusion 2 minutes following suture with-

drawal after 60 minutes of ischemia. We have pre-

viously identified that IPostC with 15 seconds occlu-
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Fig. 1. Experimental protocols. Focal ischemia was induced by of temporary occlusion of middle cerebral artery for 60 minutes. This 
study compared the protective effects of IPostC with 1, 3, 5, and 10 cyclese of 15 seconds occlusion/30 seconds reperfusion initiated 
2 minutes post-reperfusion. Group C is the ischemic control, without IPostC. IPostC was initiated 2 minutes after reperfusion, and 
consisted of a differing number of cycles of 15 seconds occlusion/30 seconds reperfusion. N = 10 mice/group. IPostC = ischemic 
postconditioning. 

A

B

Fig. 2. TTC staining and infarction volume. (A) TTC staining from
representative examples of infarctions are shown in the top 
panel.  (B) The bar graph shows the average infarct volume in 
each group. IPostC with 3 cycles provided the strongest pro-
tection, while IPostC with 1, 5, or 10 cycles did not sufficiently 
reduce the infarction size. Data are showed by the mean ± scanning 
electron microscope. N = 10 mice/group. TTC = triphenylte-
trazolium chloride; IPostC = ischemic postconditioning. *p < 0.05; 
†p < 0.01 compared to control group. 

sion/30 seconds reperfusion that was initiated 2 mi-

nutes after 60 minutes of MCA occlusion produced 

stronger neuroprotection than was observed in other 

protocols.15) Nevertheless, the protective effects of dif-

ferent numbers of cycles has not been investigated in 

the IPostC model. Therefore, in this study, we de-

signed different protocols to compare the protective 

effects of IPostC initiated 2 minutes after 60 minutes 

of MCA occlusion, when 1, 3, 5, or 10 cycles of 15 sec-

onds occlusion and 30 seconds reperfusion were per-

formed (Fig. 1). The effect of protocols using different 

numbers of cycles of IPostC on infarct size are shown 

in Fig. 2. The protocol that consisted of 3 cycles of 

IPostC significantly reduced the infarction size to 

27.94 ± 2.92% (control level = 48.21 ± 3.44%, p = 0.003 

vs. control). Whereas, the infarction size was not sig-

nificantly reduced following 1 cycle of IPostC (39.32 ± 

4.88%, p = 0.14), 5 cycles of IPostC (35.86 ± 4.86%, p 

= 0.06), or 10 cycles of IPostC (46.58 ± 5.07%, p = 

0.79). In summary, A protocol that consists of 3 cycles 

of IPostC demonstrated the strongest neuroprotection. 

However, protocols that consisted of 1, 5, or 10 cycles 

of IPostC did not significantly reduce the size of the 

infarction. The result have suggested that the more 

number of cycles of IPostC over a defined cycles (3 

cycles) and only 1 cycle of IPostC decline the neuro-

protective effects and by increasing number of cycles, 

it can lost the effect eventually.
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A

B

 

C

Fig. 3. Experimental protocols, TTC staining and infarction volume. (A) Focal ischemia was induced by 60 minutes of transient mid-
dle cerebral artery occlusion. Group I is the ischemic control without IPostC (n = 10). Group II was initiated 2 minutes after re-
perfusion, 3 cycles of 15 seconds occlusion/30 seconds reperfusion were performed (n = 10). Group III was initiated 2 minutes after 
reperfusion, 3 cycles of 30 seconds occlusion/15 seconds reperfusion (the reversal of the pattern used in group II) were performed 
(n = 10). (B) TTC staining from representative examples of infarctions are shown. (C) Graph shows the average volume of infarction 
in each group. IPostC, which did 3 cycles of 15 seconds occlusion/30 seconds reperfusion provided the strongest protection com-
pared to 3 cycles of 30 seconds occlusion/15 seconds reperfusion. Data are presented as the mean ± scanning electron microscope. 
N = 10 mice/group. TTC = triphenyltetrazolium chloride; IPostC = ischemic postconditioning. *p < 0.05; †p < 0.01 compared to con-
trol group. 

Subgroup ΙΙ: the effect of the duration of ischemia 

within each IPostC cycle

Group I was achieved through the permanent with-

drawal of the suture after MCA occlusion for 60 

minutes. In group II, IPostC was performed 2 minutes 

after MCA occlusion for 60 minutes with 3 cycles of 

15 seconds occlusion and 30 seconds reperfusion. In 

grmaoup III IPostC was initiated 2 mintues after 

MCA occlusion for 60 minutes with 3 cycles of 30 sec-

onds occlusion and 15 seconds reperfusion (a reversal 

of the protocol used in group II; Fig 3A). Compared 

to control (48.21 ± 3.44%), both group II and III show 

a significant reduction in infarction size (28.45 ± 

3.54%, p = 0.005 and 34.15 ± 4.15% p = 0.03, re-

spectively Fig. 3B, C). 

Subgroup ΙΙΙ: the long-term effect of IPostC

The infarction size and functional neurological score 

were measured. Mice were sacrificed 14 days after 

surgery. In control group, the infarction size at day 3 

was significantly larger than that of the IPostC group 

which consist of 3 cycle of protocol with 15 seconds 

occlusion/30 seconds reperfusion that was initiated 2 

minutes after MCA occlusion for 60 minutes, as esti-

mated by TTC staining. In the TTC staining, the via-

ble tissue turn to red because of the activity of mi-
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A

B C

Fig. 4. The long-term effects of IPostC. (A) Silver staining from representative examples of infarctions are shown 14 days after stroke. 
(B) Graph shows the average infarct volume between the two groups. (C) The histogram shows the average FNS. severe scores 
mean greater impairment. Both 1 day and 3 day after reperfusion, FNS of all IPostC groups was improved significantly, compared 
with the FNS of control group FNS. Con = control; IPost = ischemic postconditioning; FNS = focal neurological scores; IPostC = ische-
mic postconditioning. *p < 0.05. †p < 0.01. ‡p < 0.001. 

tochondrial dehydrogenases (Fig. 2A, 3B). 

The difference in infarct size was still observed 14 

days after the stroke, as estimated by silver staining 

(used to identify degeneration of neurons and axons; 

Fig. 4A). The IPostC group had smaller infarction size, 

compared to control (32.82 ± 4.54% vs. 24.34 ± 3.24%, 

p = 0.02; Fig. 4B). The FNS in the IPostC group were 

much better than control group, especially at the 

acute stage (days 1, 2, and 3). The difference in scores 

between the two group was reduced after day 5 (Fig. 4C). 

DISCUSSION

IPostC is described in many clinical or experimental 

researches as a simple and safe method to enhance 

protective effect against ischemia/reperfusion injuries 

to various organs, such as the brain, spinal cord, heart, 

liver, kidney, lung, intestine and skeletal muscle.18)28) 

Despite IPostC has the effectiveness in various organs 

in humans and experimental models, there is cur-

rently no standardized stimulation method in pre-

clinical and clinical studies. In application of IPostC, 

one of the main variables is the protocol; the number 

of IPostC stimuli, and the duration of each episode. 

Because different protocols of IPostC may lead to dif-

ferent effects in a certain organ, we cannot expect the 

same protocol to evoke similar effects in different 

organs. Namely, the best protocol that can be applied 
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for all species and various organs has not yet been 

established.

The effect of the number of IPostC cycles

The present study demonstrates that mainly the 

number of cycles of IPostC, but also the duration of 

ischemic cycles determine the efficacy of IPostC. 

However, there was no statistically significant neuro-

protection following IPostC consisting of fewer than 

or more than 3 cycles in this study. IPostC refers to 

a series of brief cerebral blood vessel occlusions, per-

formed during reperfusion following an ischemic 

event, that trigger endogenous neuroprotective mech-

anisms in cerebral ischemia.26) The concepts of ische-

mic preconditioning (IPreC) and IPostC have ex-

panded to represent a broad range of sub-lethal in-

sults, from ischemia, neurotoxic agents and pharma-

cological agents, to physical exercise.7)8)26) The main 

goal of studying IPostC in stroke is for clinical appli-

cation to patients.25) Despite the fact that none of the 

patterns of IPostC have yet been successfully estab-

lished to apply for the stroke patients after decades of 

study, the concept of IPostC is still relatively new and 

there is potential for clinical application. Therefore, 

finding novel strategies to reduce the infarction size 

following stroke and to improve patient outcome is 

clinically very important. Keeping these concerns in 

mind, we intended to introduce the concept of horm-

esis in IPostC against stroke.  

Such a phenomenon was first described by Hugo 

Schulz, a pharmacologist in Germant, in the 1880s af-

ter observing that small dose of poisons could stim-

ulate the growth of yeast. The concept of “hormesis” 

was established for the first time in a scientific liter-

ature by Calabrese3) The dose-response characteristics 

of IPostC originate from local ischemic 

preconditioning. Although an early study of local 

IPreC suggested that preconditioning was an 

all-or-nothing phenomenon with protection resulting 

from a single cycle,16) subsequent studies have point-

ed toward local ischemic preconditioning as a graded 

phenomenon with additional protection produced by 

supplementary cycles.10)20) However, several studies 

have reported an excessive number of IPreC cycles 

lead to a loss of protection.5)14)16) In our experiments, 

the results show that 3 cycles of IPostC provide the 

strongest protection, with 1, 5, and 10 cycles produc-

ing no significant reduction in infarction size. These 

results are consistent with the concept of a hermetic 

response. Again, the strongest protection is achieved 

through 3 cycles of IPostC and a decrease or an in-

crease in the number of cycles performed may lead to 

a loss of protection.23) In fact, if the number of cycles 

of IPostC increase it will lead to cumulative damage 

and detract from the overall benefits of IPostC. 

However, the present study does not explain why this 

phenomena happens. One possibility is that the multi-

ple cycles of ischemia lead to loss of protection 

directly. The other possibility is that the protection of 

IPostC occurs as ever, however the accumulated in-

jury by the IPostC protocol counteracts the 

neuroprotection. Our findings are in line with the 

theory that multiple ischemic preconditioning episode 

are not protective.14) However, we should be careful 

to interpret this result because there is a possibility 

that the more cycles of IPostC performed, the time of 

anesthesia would be longer. Thus this may influence 

the infarction size. 

We strongly encourage the development of more 

well-designed studies to deter-mine certainly whether 

IPreC and IPostC follow concept of hormesis. This 

may promote the discovery of alternative tools for in-

ducing preconditioning and postconditioning against 

infarction including ischemic stroke. We think these 

results should be considered when candidates are 

chosen for stroke treatment. We evaluated reduction 

of infarction size as the primary endpoint for 

neuroprotection. Accordingly, reduction of infarction 

size is usually paralleled by an improvement in neu-

rological functional status (Fig. 4C). 

The effect of the duration of ischemia within each 

IPostC cycle

The duration of acute brain ischemia is one of the 
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main and primary determinants of the development of 

infarction size. However, there is no literature, among 

the basic and clinical studies after stroke, regarding 

whether reperfusion cycles or ischemic cycles are more 

important factors in IPostC-induced neuroprotection. 

We have previously compared the protective effects 

of IPostC of various protocols in this mouse model. 

The IPostC protocols tested include onset times from 

0 second to 3 hours after reperfusion, and different 

periods of occlusion or reperfusion in each cycle. We 

identified that an IPostC protocol with 15 seconds oc-

clusion/30 seconds reperfusion that was initiated 2 

minutes after 60 minutes of MCA occlusion produced 

the strongest protection compared with other 

protocols.15) Thus, in this study, we investigated the 

infarction size following the use of a reverse algo-

rithm with 30 seconds occlusion/15 seconds reperfusion. 

The neuroprotective effect of IPostC was still sig-

nificant but slightly decreased. 

As previously discussed, the ischemic patterns of 

IPostC are very important because different tissues 

can withstand a certain period of ischemia. However, 

IPostC protocols should be designed based on the 

type of tissues or organ in the species used. The fac-

tors to be considers include the tissues’ requirements 

for nutrients, the vascular blood flow, and the meta-

bolic status of the tissue. One protocol may have very 

good protection in one tissue, but may have a moder-

ate to low protective effect in another tissue, and may 

even have a negative effect elsewhere. Thus, we can-

not easily optimize a single protocol for use in any 

tissue, because of the diversity in the physiological re-

quirements between tissues. The pursuit of further 

understanding of the mechanisms through with the 

IPostC protocol confers neuroprotection against cere-

bral ischemia may potentially move its clinical trans-

lation forward and shed new light on the discovery of 

novel therapeutic targets. 

The limitation of this study

We only studied whether different protocols of 

IPostC affect neuroprotective effects in experimental 

animal models. Therefore, the weakness of this ob-

servational study is that the novelty of study methods 

should be improved, and mechanistic study should be 

added in the future. 

CONCLUSION

The effects of IPostC are definitely affected by dif-

ferences in the protocol used, including the number of 

cycles, the duration of individual ischemia/reperfusion 

episode and the entire duration of the IPostC stimuli. 

However, the different features of distinct tissues 

should be considered when designing an optimal 

working IPostC protocol for the protection of a certain 

organ against ischemia/reperfusion insults. 
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