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Introduction 

Isoflurane is a commonly used volatile anesthetic in 
pediatric surgeries (Istaphanous and Loepke, 2009). 
However prolonged exposure to volatile anesthetics 
causes neuronal apoptosis and degeneration in develop
-ing brains leading to learning and memory deficits 
(Satomoto et al., 2009; Brambrink et al., 2010; Kong et 
al., 2011; Li et al., 2013a,b). Recent investigations in 
children less than 4 years of age, exposed to anaesthesia 
more than once, present to have greater risks of 
developing cognitive disabilities (DiMaggio et al., 2011; 
Ing et al., 2012) thus raising serious concerns on 
possible detrimental effects of anesthetics. This has for-
ced researchers to exploit possible protective strategies.   

Jevtovic-Todorovic et al. (2003) demonstrated that 
during  synaptogenesis the developing brains is more 
vulnerable to neurotoxic insults. Studies have proposed 

activation of γ-aminobutyric acid and inhibition of N-
methyl-D-aspartate receptors in neurodegeneration 
(Jevtovic-Todorovic et al., 2003; Olney et al., 2004). 
Isoflurane-induced neuronal apoptosis and degenera-
tion has been observed to occur via JNK pathway and 
also through disruption of intracellular calcium homeo-
stasis and hyperactivation of inositol 1,4,5-trisphos-
phate (IP3) receptors (Li et al.,2013b; Wei et al., 2008; 
Yang et al., 2008; Zhao et al., 2011). Isoflurane-induced 
Ca2+ overload activates mitochondrial apoptosis path-
way (Wei et al., 2005; Yon et al., 2005) and also causes 
activation of c-Jun N-terminal kinase (Brambrink et al., 
2010).  

Protein kinase B (Akt) that plays a major role in 
regulating neuronal survival, on activation, inhibits 
apoptosis through inactivating Bad (Luo et al., 2003; 
Song et al., 2005). Studies have showed a potential link 
between JNK and Akt signalling (Fornoni et al., 2008; 
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Abstract 

Increasing numbers of children undergo surgery and are exposed to anes-
thesia that raises concerns regarding the safety of frequently employed 
anesthetics. Isoflurane, often used in pediatric anesthesia, has been reported 
to cause neurodegeneration in animal models. The study investigates the 
effectiveness of pterostilbene on neurodegeneration caused by isoflurane. 
Separate groups of neonatal mice were administered with pterostilbene at 10, 
20 or 40 mg/kg from post natal day 1 (P1) to P15. On P7, rats received 
isoflurane at 0.75% for 6 hours. Control rats received no anesthesia or 
pterostilbene. Neuroapoptosis following isoflurane exposure were markedly 
reduced by pterostilbene , further pterostilbene  down-regulated the expre-
ssions of caspase-3, Bad, phospho-JNK and phospho-c-Jun and as well 
improved the expressions of Bcl-xL, JNK, phospho-Bad and phospho-Akt. 
Pterostilbene enhanced the performance of rats in Morris water maze tests. 
The observations suggest that pterostilbene was able to effectively reduce 
isoflurane-induced neurodegeneration. 
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Yeste-Velasco et al., 2009). Thus compounds that can 
regulate JNK/Akt signalling pathway could offer 
neuroprotection.  

Bai et al. (2013) reported that reseveratrol, a phytoalexin 
offers protection against isoflurane-induced neurotoxi-
city via regulation of Akt pathway. Pterostilbene, an 
analog of resveratrol,  found in blueberries and in 
several types of grapes (Roupe et al., 2006; Lin et al., 
2009; McCormack and McFadden, 2012) possess various 
pharmacological activities including anti-inflammatory, 
antioxidant and anticancer activities (Remsberg et al., 
2008). Chang et al. (2012) reported that pterostilbene 
supplementation improved cognition in a mouse model 
of Alzheimer’s disorder. Considering the protective 
effects of pterostilbene, we investigated its effects on 
isoflurane-induced neonatal rats.  

 

Materials and Methods 

Animals 

This study was approved by the animal care committee 
and was performed in accordance with the National 
Institutes of Health Guide for the Use of Laboratory 
Animals. Pregnant female Sprague-Dawley rats 
(Guangdong Medical Laboratory Animal Co., China, 
permission number: SCXK2011-0029) were closely 
monitored for the day of delivery that was considered 
as post-natal day (P0) and the pups were carefully 
observed.  

Separate groups of pups were administered with 
pterostilbene at 10, 20 or 40 mg/kg b.wt, orally from 
day P1 and continued till P15. On P7, rat pups (15-18 g) 
were exposed to 0.75% isoflurane for 6 hours [approxi-
mately 0.3 MAC in P7 rats as determined by Orliaguet 
et al. (2001)] in 30% oxygen or air in a temperature-
controlled chamber as described by Li et al. (2013b). The 
pups were exposed to isoflurane after 1 hour of ptero-
stilbene administration on P7. At the end of the 
exposure, some rats pups (n=6) were sacrificed imme-
diately and their hippocampi were used for western 
blot studies and TUNEL assay. The rest of the rats (n=6) 
were maintained under standard experimental condi-
tions till P30 with oral supplementation of ptero-
stilbene, till P15. 

Reagents and chemicals 

Isoflurane (0.75%) and pterostilbene were procured 
form Sigma-Aldrich, St. Louis, MO, USA. Antibodies: 
anti-cleaved caspase-3, anti-phospho-Akt, anti-Akt, anti
-phospho-Bad, anti-Bad, anti-Bcl-xL, anti-β-actin, anti-
phospho-JNK, anti-JNK and anti-phospho-c-Jun were 
all purchased from Cell Signalling Technology, Beverly, 
MA, USA. All the other chemicals used in the study 
were of analytical grade and purchased from Sigma-
Aldrich, USA. 

TUNEL assay 

TUNEL studies were performed as des-cribed 
previously by Li et al. (2013b). Briefly, rat pups were 
anesthetized with isoflurane and perfused 
transcardially with ice-cold saline followed by 4% 
paraformaldehyde in 0.1 M phosphate buffer. The brain 
tissues were harvested from the pups and the tissues 
were post-fixed for 48 hours at 4°C and paraffin 
embedded and further sectioned at 5 µm thickness. 
Three sections that were 100 µm apart in each pup were 
chosen for TUNEL. TUNEL fluorescent assay was 
performed using the Dead End TM fluorometric 
TUNEL system kit (Promega, Madision, WI, USA). 
Hoechst was used to stain the nuclei. TUNEL positive 
cells in the hippocampal CA1, CA3 and DG regions 
were analyzed with NIS-Elements BR image processing 
and analysis software (Nikon Corporation, Japan).  

Western blotting 

Western blotting was performed to assess the 
expression of proteins under the influence of isoflurane 
exposure and treatment with pterostilbene. The blotting 
was performed as described earlier (Li et al., 2013 a,b). 
Briefly, protein concentrations were determined using 
the BCA protein assay (Bio-Rad, UK). Sixty micrograms 
of each protein sample was subjected to western blot 
analysis using the following primary antibodies: 
antiphospho-Akt at 1:1000 dilution, anti-Akt at 1:2000 
dilution, anti-phospho-Bad at 1:1000 dilution, anti-Bad 
at 1:1000 dilution, anti-Bcl-xl at 1:2000 dilution, anti-
cleaved caspase-3 at 1:2000 dilution, anti-phospho-JNK 
at 1:1000 dilution, anti-JNK at 1:1000 dilution, anti-
phospho-c-Jun at 1:1000 dilution and anti β-actin at 
1:2000 dilution. Images were scanned by an Image 
Master II scanner (GE Healthcare, USA) and were 
analyzed using ImageQuant TL software v2003.03 (GE 
Healthcare, USA). The band signals of proteins were 
normalized to those of the corresponding β-actin 
(internal control). 

Memory and learning studies- Morris water maze test 

For memory and learning studies, the pups were 
exposed to anesthetics on P7 as described above. Spatial 
refer-ence memory and learning assessments with the 
Morris water maze were performed as we have 
described previously by Li et al. (2007). 

Animals were trained for 4 days (P26-P29) in the Morris 
water maze. A platform (10.3 cm diameter) was sub-
merged in a circular pool (200 cm diameter, 60 cm 
depth) filled with warm water (23 ± 2°C). They were 
trained in 2 sessions a day. Animals were allowed a 
time of 60 sec to locate the hidden platform, and if they 
failed to locate in allotted time, they were guided to the 
platform. In either case, the pups were removed from 
the platform after 15 sec. Training sessions were 
conducted until they could locate the hidden platform 
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in less than 15 sec (average time per session). All trials 
and swim paths were recorded with ANY-maze video 
tracking system (Stoelting Co., USA) that measures the 
time taken (latency) to find the platform(s), as well as 
other behavioural information obtained during the 
spatial reference memory test. The animals were dried 
and placed beneath a heating lamp at the end of every 
test. 

Cued trials 

The cued trials were conducted on P30 to assess for any 
non-cognitive performance impairments such as visual 
impairments and/or swimming difficult-ties. In this 
study, the pool was surrounded by a white cloth to hide 
the visual cues. The animals received 4 trials in a day. In 
each trial, they were placed in a fixed position of the 
swimming pool towards the wall and were allowed to 
swim to a platform with a rod (cue) placed 20 cm above 
water level randomly in any of the four quadrants of 
the swimming pool. The rat pups were given 60 sec to 
locate the platform and 30 s to sit on the platform 
following which they were taken off from the pool. If 
the rats were unable to locate a platform within 60 sec, 
they were gently guided and allowed to remain there 
for 30 sec. The time taken for each to reach the cued 
platform and the swim speed was recorded and the 
data were analyzed. 

Place trials 

After cued trials, the curtains were removed and the 
same rats were allowed to perform the place trials to 
determine their ability to learn the spatial relationship 
between distant cues and the escape platform 

(submerged, no cue rod), that was kept in the same 
place for all place trials. The starting points were 
random for each animal. The time taken to reach the 
platform was recorded for each trial.  

Probe trials 

The probe trials were conducted 24 hours after place 
trials to assess memory retention. The platform was 
removed from the pool and the rats were placed in the 
opposite quadrant and allowed to swim for 60 sec. The 
time that each animal spent in each quadrant and the 
swim speed were recorded. The data are expressed as 
the percent time spent in each of the four quadrants. 

Statistical analysis 

All the values are represented as mean ± SD. Values at 
p<0.05 are considered significant as determined by One
-way analysis of variance (ANOVA). The analysis was 
performed using SPSS software (version 17.0).  

 

Results 

To investigate the influence of pterostilbene on the 
effects of isoflurane on the developing brain, TUNEL 
assay was performed to assess neuroapoptosis. TUNEL 
positive cells in the hippocampal CA1, CA3 and dentate 
gyrus (DG) were analyzed (Figure 1). Six hour exposure 
to isoflurane caused markedly high counts of apoptotic 
cells in CA1, CA3 and DG. Pterostilbene administration 
effectively reduced TUNEL positive cell counts. Ptero-
stilbene at 40 mg dose showed more significant reduc-
tions in apoptosis cell counts when compared to lower 

Figure 1: Influence of pterostilbene on isoflurane-induced neuroapoptosis 

Values are represented as mean ± SD, n=6. arepresents statistical significance at p<0.05 compared against control as determined by one-way ANOVA 
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doses. Ten milligram dose though caused a decrease in 
apoptosis, the reduction was non-significant.  

To assess the involvement of JNK and PI3/Akt 
pathway in isoflurane induced neuronal toxicity, the 
expressions of JNK and PI3/Akt pathway proteins were 
analysed. Isoflurane significantly altered the expre-
ssions of many proteins. Six hour exposure to isoflurane 
strikingly increased caspase-3, phospho-JNK, phospho-
c-Jun and Bad expressions (p<0.05), decreased the 
expression of phospho-Akt and phospho-Bad levels as 
compared to rats not exposed to anesthesia (Figure 2). 
Multifold decrease in the Bcl-xL/Bad ratio was obser-
ved following isoflurane exposure. Pterostilbene expo-
sure resulted in a marked reduction in the raised 
phosphorylated levels of phospho-JNK and phospho-c-

Jun. Pterostilbene at 40 mg/kg dose caused a significant 
suppression in capase-3 activation and also was able to 
raise the Bcl-xL/Bad ratio. Isoflurane induced changes 
of phospho-Akt and phospho-Bad protein expression 
were considerably normalized on treatment of pteros-
tilbene in a dose-dependent manner. Forty milligram 
dose of pterostilbene showed significant changes in 
similar expression similar as in control not exposed to 
anesthesia, suggesting its protective capacity against 
isoflurane–induced alterations in protein expressions 
(Figure 2). 

To evaluate the effect of neonatal exposure with isoflu-
rane on potential learning and memory deficits, animals 
were subjected to Morris water maze test. The rats were 
trained to explore the swimming pool and to reach on 
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the platform. The time taken to reach the platform was 
recorded and the duration each animal took to reach up 
the platform was found to decrease with each training 
session for all mice, irrespective of pterostilbene admi-
nistration (Figure 3a).  

Cued trials were conducted at postnatal day 30 to 
evaluate swimming and visual abilities. The rats that 
were exposed to isoflurane anesthesia took a consider-
ably (p<0.05) longer time to reach the platform as 
compared to control pups that received no anesthesia. 
The rats that received pterostilbene were able to reach 
the platform much quicker as against anesthetic 
exposed control pups however the rats that received the 
higher dose of pterostilbene reached the platform at a 
much lesser time as against mice that received lower 

doses (Figure 3b). 

Further to evaluate the differences in visual judgments 
and memory after anesthetic exposure on P7, place and 
probe trials were performed. The trials were conducted 
to test the ability of the rat pups to learn and remember 
the location of a new platform (Figure 3b). In place 
trials, the rats that were supplemented with 
pterostilbene at 20 and 40 mg/kg showed a marked 
(p<0.05) improvement in performance. The rats were 
able to reach the platform in a much lesser time than 
the anesthesia alone treated rat pups. Pterostilbene at 10 
mg dose did present an enhanced performance in rats, 
however, the difference was negligible as compared 
against the pronounced positive effects seen in rats that 
were given higher doses.  

Figure 2 (A-D): Influence of pterostilbene on the expression of caspase -3, JNK and PI3/Akt pathway proteins (Cont.) 

C- Control; Iso-Isoflurane; Psb- Pterostilbene; Relative expression of caspase -3 and signalling pathway proteins (A and C). Values are represented as 
mean ± SD; n=6 (B and D); arepresents statistical significance at p<0.05 compared against control as determined by one -way ANOVA 
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Probe trials test the ability of memory retention of the 
rats following exposure to isoflurane on P7. The anes-
thesia exposure had a significant impact on memory of 
the rats that was very evident from the time the animals 
spent in the target quadrant. Rat pups exposed to 
isoflurane tend to spend significantly (p<0.05) very less 
percentage of time in the target quadrant than the 
control group unexposed to anesthesia (Figure 3b). This 
suggests that isoflurane caused memory and learning 
deficits. The rats that were administered with ptero-

stilbene spent more time on the target quadrant looking 
out for the platform (p<0.05), indicating that pteros-
tilbene markedly improved memory of the rats with 40 
mg dose presenting improved results than the lower 
doses.  

 

Discussion 

In the present study, efficiency of pterostilbene on 
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neurotoxicity induced by isoflurane was investigated. 
While anesthetic-induced neurodegeneration has been 
observed in many brain regions, we focused on hippo-
campus, as many previous reports have demonstrated 
that isoflurane-treated neonatal rats present normal 
short-term memory, a function predominantly involv-
ing the prefrontal cortex, but however have an 
abnormal response to contextual fear conditioning, 
indicating severe hippocampal lesions (Sanders et al., 
2009).  

The raised apoptotic cell counts observed following 
isoflurane exposure in our study was significantly 
reduced on pterostilbene treatment, indicating the 
neuroprotective effects of pterostilbene. Sanders et al. 
(2009) reported neuroprotective effects of dexmedeto-
midine against isoflurane-induced neuroapoptosis in 
the hippocampus. 

Cleaved caspase-3 expression was used as marker of 
apoptosis and cell death. Caspase-3 has been previously 
validated to be an indicator of apoptosis in anesthesia 
induced neuroapoptosis (Jevtovic-Todorovic et al., 
2003; Rizzi et al., 2008; Istaphanous et al., 2011; Kong et 
al., 2011). The elevated caspase-3 expressions following 
isoflurane exposure is indicative of apoptosis. Consis-
tent with the results of TUNEL assay, pterostilbene 
reduced the levels of caspase expression in a dose 
dependent way.  

The mechanisms involved in inhalational anesthetic-
induced neurodegeneration in the developing brain are 
under extensive investigation. Isoflurane has been 
demonstrated to act via activation of inositol-1,4,5-

trisphosphate (IP3) receptors and also cause change in 
intracellular calcium homeostasis (Liang et al., 2008; 
Yang et al., 2008; Zhao et al., 2013). Isoflurane causes 
intense calcium release from the endoplasmic reticulum 
than sevoflurane or desflurane (Liang et al., 2008; Yang 
et al., 2008). [Ca2+]i overload activates the intrinsic 
mitochondria-dependent apoptotic pathway, which 
may possibly attribute to the early signs of neuronal 
injury (Yon et al., 2005). The regulation of mitochon-
drial membrane integrity and the release of apopto-
genic factors from mitochondria are tightly controlled 
by the proteins of Bcl-2 family (Zhao et al., 2003). 

In our study, isoflurane not only increased the 
expressions of caspase-3 and raised apoptotic cell 
counts as determined by TUNEL assay; it also 
markedly decreased the expression of phospho-Akt and 
phospho-Bad proteins. Obvious raise in the expression 
of total Bad protein indicates that isoflurane activates 
function of Bad via both inhibiting Akt activity and 
increasing gene transcription of Bad. 

The antiapoptotic protein Bcl-xL is widely expressed in 
the central nervous system, which enhances cell 
survival by maintaining mitochondrial membrane 
integrity and inhibits cytochrome c release (Zhao et al., 
2003). However, isoflurane did not influence much on 
the expression of Bcl-xL. The elevated levels of Bad 
observed following isoflurane exposure could have 
possibly contributed to the decrease in the Bcl-xL/Bad 
ratio. 

Our results demonstrated that pterostilbene effectively 
reversed isoflurane-induced inhibition of Akt activity 
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and improved the Bcl-xL/Bad ratio, which could 
contribute to the stabilization of the inner mitochon-
drial membrane and thus inhibit isoflurane–induced 
neuroapoptosis. 

The JNK signalling pathway is implicated in neuronal 
apoptosis triggered by several brain injury stimuli, such 
as ischemia/reperfusion and ethanol (Guan et al., 2006; 
Han et al., 2008; Fan et al., 2010). The JNK pathways 
include nuclear and non-nuclear pathways (Han et al., 
2008). Activated JNK phosphorylates nuclear substrate, 
the transcription factor c-Jun, which leads to increase of 
activator protein-1 transcription activity to modulate 
transcription of genes related to apoptosis. On the other 
hand, activated JNK regulates the activation of non-
nuclear substrates including Bcl-2 family members 
(Guan et al., 2006).  

In the present study, isoflurane exposure caused mark-
ed increase in phospho-JNK levels though the expre-
ssion levels of total JNK were not much altered. Pteros-
tilbene pretreatment effectively down-regulated the 
isoflurane-induced increase of phosphorylation of JNK 
and c-Jun, thus suggesting the involvement of JNK 
pathway in isoflurane-induced neuroapoptosis. The 
results of this study are in agreement with previous 
studies that suggest that JNK signalling promotes 
apoptosis possibly via transcriptional regulation of Bcl-
2 family gene, including Bcl-xL (Jeong et al., 2008; Chu 
et al., 2009). 

Prosurvival pathways, such as Akt pathway have been 
demonstrated to be inactivated during the apoptotic 
process (Song et al., 2005; Yin et al., 2011). Our results 
suggest that pterostilbene treatment effectively main-
tained the level of activated Akt. This result is in 
agreement with previous studies that show that there is 
potential crosstalk between JNK and Akt signalling 
(Fornoni et al., 2008; Yeste-Velasco et al., 2009). Thus it 
could be said that pterostilbene was able to offer 
neuroprotection against isoflurane–induced toxicity via 
modulating JNK and PI3/Akt pathways. 

Several previous studies reported that neonatal expo-
sure to volatile anesthetics led to deficits in learning 
and memory (Jevtovic-Todorovic et al., 2003; Loepke et 
al., 2006; Satomoto et al., 2009; Kodama et al., 2011). 
Working memory refers to a cognitive function that 
provides concurrent temporary storage and manipula-
tion of the information necessary to perform complex 
cognitive tasks (Baddeley, 1992). Working memory is 
thought to be involved in higher executive functioning 
such as planning and sequential behavior; deficits in 
working memory are directly related to deficits in 
behavioural flexibility. The Morris water maze test was 
chosen to evaluate the cognitive behavior in mice as it is 
a reliable measure of hippocampus-dependent spatial 
navigation and reference memory (D'Hooge and De 
Deyn, 2001).  

To assess the spatial working memory, Morris water 
maze test was performed. Our results indicate that 
isoflurane caused deficits in memory, consistent with 
previous reports (Satomoto et al., 2009; Stratmann et al., 
2009; Kodama et al., 2011). Pterostilbene treatment was 
able to bring about marked improvements in the 
performance of the rats in the Morris water maze tests 
and also improved working memory of the rats.  

Pterostilbene was able to offer effective neuroprotection 
against isoflurane induced apoptosis and neurodegene-
ration by modulating JNK and PI3/Akt pathways and 
as well improved the memory and cognitive perfor-
mance of rats. 
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