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Introduction

Isoflurane is still rarely used as an anaesthetic agent for infants. Although there have been studies on experimental animals 
showing that isoflurane anaesthesia leads to cognitive dysfunction (1, 2), other studies indicate no effect (3) or even positive 
effects on cognition (4). Mechanisms of  cognitive dysfunction owing to neuronal degeneration are cytotoxicity, oxidative 
stress, mitochondrial integrity, neuroinflammation and neuroapoptosis (5-9). In recent years, the effect of  polyunsaturated 
fatty acids (PUFAs), which constitute a substantial part of  the structural lipids in the cell membrane, particularly the plas-
ma membranes of  the central nervous system cells, on learning and memory has been studied. Omega-3 fatty acids play 
important roles in regulation and maintenance of  cell membrane homeostasis, stability of  membrane composition, mem-
brane receptor regulation and neuronal plasticity (10). It has been previously demonstrated that diet containing different 
concentrations of  omega-3 fatty acids has positive effects on memory and learning in 3-week-old rats (11).

This study aimed to investigate the effect of  prolonged isoflurane anaesthesia on cognition and neuronal death by 
intraperitoneal (IP) administration of  PUFA emulsion in 10-day-old rat pups. This is the first study that evaluated the 
effect of  high-dose PUFA emulsion administration before isoflurane anaesthesia on cognitive function in infant rats.

Methods

Animals
Our study was carried out in the experimental research and skills development centre of  our hospital after the approval 
of  Bağcılar Training and Research Hospital Animal Ethics Committee (protocol number: 2016/112, 09 August, 2016).
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Effect of  Isoflurane Exposure with 
Administration of  Polyunsaturated Fatty 
Acids on Cognition in Developing Rats

Abstract

Objective: The developing brain is vulnerable to the negative effects of  anaesthetics. We aimed to investigate the effect of  isoflurane and poly-
unsaturated fatty acids (PUFAs) on cognition.
Methods: A total of  64, ten days old rats were randomly divided into 4 groups: group O2 (oxygen group), group Iso (isoflurane group), group 
Iso-S (isoflurane+saline) and group Iso-PUFAs (isoflurane+intraperitoneal [IP] PUFAs emulsion). Rats in groups Iso, Iso-S and Iso-PUFAs were 
exposed to 1.5% isoflurane in 50% oxygen for 6 hours. Rats in group O2 breathed only 50% oxygen. Before anaesthesia, rats in group Iso-S 
were administered 0.5 mL isotonic and rats in group Iso-PUFAs were administered 5 mL kg-1 PUFAs emulsion by IP injection. The Morris water 
maze (MWM) test was performed on postnatal 28-33 days. Histological evaluation and immune histochemical staining (Bcl-2 antibody) were 
performed on postnatal day 11 on rat brains.
Results: As demonstrated by the reduction in the escape latency on days 3, 4 and 5 compared with day 1, all rats learned the task during the 
acquisition period. In contrast to others, rats in group Iso spent significantly lower time to find the platform on day 2 than on day 1 (p=0.034). No 
significant difference was found among the groups in terms of  time spent in finding the platform. There were no significant differences in probe 
trials, histological features and Bcl-2 immunoreactivity among the groups.
Conclusion: Isoflurane did not cause cognitive dysfunction and neuronal death, and a single dose of  PUFAs emulsion had no effect on cognition either.
Keywords: Cognition, infant rat, isoflurane, learning and memory, polyunsaturated fatty acids
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The study included 64 postnatal day 10 (P10) infant Wistar 
Hannover rats weighing between 16 and 21 g, because it has 
been previously reported that they are vulnerable to anaes-
thesia-induced neurodegeneration (12). A total of  3 rats that 
died in the isoflurane-exposed groups were replaced with new 
ones. All efforts were made to minimise the number of  an-
imals used and the pain they suffered from. The rats were 
housed under standard laboratory conditions with 12-hour 
dark/light cycle at 20°C-22°C with 50%-60% humidity.

Experimental groups
The schematic representation of  the experimental dosing is 
shown in Figure 1. P10 rats were randomly divided into 4 
groups with 16 rats in each group and received the following 
treatments: 

Group O2 (oxygen): Rats were exposed to only 50% oxygen 
for 6 hours.

Group Iso (isoflurane): Rats were exposed to 1.5% isoflurane 
in 50% oxygen for 6 hours.

Group Iso-S (isoflurane+IP saline): Rats were exposed to 
1.5% isoflurane in 50% oxygen for 6 hours, and each rat 
received IP 0.5 mL saline injection shortly before isoflurane 
exposure.

Group Iso-PUFAs (isoflurane+IP PUFAs emulsion): Rats were 
exposed to 1.5% isoflurane in 50% oxygen for 6 hours, and 
each rat received IP 5 mL kg-1 PUFA emulsion (Omegaven®, 

Fresenius Kabi, Turkey), the volume of  which was made to 
0.5 mL with saline, shortly before isoflurane exposure.

Omegaven formula
The Omegaven parenteral PUFA emulsion used for the study 
was a 10% formulation. The emulsion included various spe-
cies of  PUFAs, especially eicosapentaenoic acid and docosa-
hexaenoic acid. The recommended daily dose is 1 mL kg-1. 
We preferred to use a higher dose (5 mL kg-1) for IP admin-
istration because we administered it as a single dose before 
anaesthesia (13).

Anaesthesia administration
The P10 rat pups were randomly divided into 4 groups as fol-
lows: group O2 (oxygen, n=16), group Iso (isoflurane, n=16), 
group Iso-S (isoflurane+IP saline, n=16) and group Iso-PU-
FAs (isoflurane+IP PUFA emulsion, n=16). Induction of  an-
aesthesia was achieved with 1.5% isoflurane (Forane, Baxter 
International Inc., Deerfield, Illinois, USA) in 50% oxygen 
for 6 hours in group Iso, whereas the rats in group O2 were ex-
posed only to 50% oxygen for 6 hours in a temperature-con-
trolled plexiglass chamber with the dimensions of  13×13×20 
cm3; a group of  8 pups were placed in the chamber at a time 
during the experimental procedure. Continuous monitoring 
of  the levels of  isoflurane, oxygen and carbon dioxide in the 
chamber was performed using infrared absorbance of  the 
exhaled gas (Datex-Ohmeda S/5 Avance, General Electric, 
Boston, MA, USA). The total gas flow rate was adjusted be-
tween 5 and 7 L min-1 to maintain the end-tidal carbon diox-
ide levels sustained at 1-2 mmHg pressure. Heating pads were 
used to sustain normothermia (37°C±1°C). The respiratory 
frequency, depth and skin colour of  the pups were observed 
during anaesthesia.

Morris water maze test
The Morris water maze (MWM) test was conducted with mi-
nor modifications by blinded investigators to evaluate the iso-
flurane-induced changes in learning and memory (14). P28 
rats in all groups were trained in the MWM for 5 consecu-
tive days, which included 2 sessions on each day (acquisition 
phase), and then subjected to the probe trial on day 6. A square 
escape platform (10×10 cm2) was submerged 1 cm under the 
water surface (24°C±1°C) in a circular pool (diameter: 150 cm, 
depth: 60 cm). Opaqueness of  the water was achieved using 
white tempera paint. The escape latency and time spent in the 
target quadrant were recorded by a digital chronometer and 
camera system. All the pups were acclimated to the experimen-
tal environment for 10 minutes before the test. The quadrant 
where the platform was located and the point of  entry (initial 
quadrant) of  each rat were randomised and counterbalanced. 
At each trial, the rats were given 60 seconds to find the hid-
den platform; if  they failed, they were led to the platform and 
allowed to remain on it for 30 seconds. The platform was re-

Main Points: 

• Isoflurane anaesthesia applying for a one time does not cause cogni-
tive dysfunction and neuronal death in P10 rats.

• Polyunsaturated fatty acids administered just before isoflurane an-
aesthesia had no effect on learning and memory.

• Effect of  long-term administration of  polyunsaturated fatty acids on 
cognition is still uncertain.

Figure 1. Schematic representation of  the experimental 
design
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moved during the probe trials, and the rats were placed in the 
opposite quadrant of  the initial quadrant.

Acquisition phase (training)
During training, the ability of  the rats to understand the spa-
tial relationship between the cues and escape platform (no cue 
rod) was evaluated. The platform was located in 1 quadrant, 
and its location remained stable during the trials. The point 
of  entry was randomised for each rat, and the escape latency 
was recorded using a digital chronometer and camera system.

Probe trial (memory test)
Memory of  the rats was assessed by probe trials conducted on 
P33 rats. The platform was removed from the target quadrant, 
and the rats were placed individually in the opposite quadrant 
of  the initial quadrant and allowed to swim for 60 seconds. 
The time spent in each quadrant searching for the platform 
was recorded. The data are presented as the percentage of  
time spent by the animals in each of  the quadrants.

Histopathology and immunohistochemical staining
The brain tissue samples from all the killed animals (4 rats 
were killed from groups Iso, Iso-S and Iso-PUFAs each and 2 
rats from group O2) were initially fixed in 10% buffered for-
malin, routinely processed, embedded in paraffin, sectioned 
in 5-µm thickness with a rotary microtome (Leica RM2255) 
and finally stained with haematoxylin and eosin and evaluat-
ed under a light microscope (Olympus BX50) for neuronal 
death.

Immunolabelling was assessed by light microscopy to assess 
the distribution and intensity of  the immunoreaction with 
Bcl-2, an anti-apoptotic protein of  the intrinsic pathway.

Statistical analysis
Statistical analyses of  the data obtained were conducted us-
ing the Number Cruncher Statistical Software 2007 statistical 
software (Number Cruncher Statistical System, Utah, USA) 
package program. The distribution of  data was tested using 
the Kolmogorov-Smirnov test and determined as non-nor-
mally distributed. Therefore, the parameters were analysed 
using non-parametric tests. Besides the descriptive statistical 
methods (mean and standard deviation), repeated measures 
of  the data of  multiple groups were tested by the Friedman 
test, whereas the Kruskal-Wallis test followed by the Dunn’s 
multiple comparison test was conducted for the analyses be-
tween multiple groups. A p value less than 0.05 was accepted 
as statistically significant.

Results

There were no significant differences between the experimen-
tal groups in terms of  sex distribution (p=0.796).

Effect of  exposure to isoflurane for 6 hours on cognition 
in P10 rats
The time spent by the rats to find the platform after being placed 
in the pool during the trial period (acquisition [training] phase) 
was defined as escape latency, and this period was recorded. As 
demonstrated by the reduction in the escape latency on days 3, 
4 and 5 compared with that on day 1, all the rats were success-

Figure 2. Latency of  rats to find the hidden platform in 
the Morris water maze test at postnatal day 28-32, group 
O2 (50% oxygen for 6 hours), group Iso (1.5% isoflurane 
for 6 hours), group Iso-S (1.5% isoflurane for 6 hours+in-
traperitoneal [IP] saline) and group Iso-PUFAs (1.5% 
isoflurane for 6 hours+IP polyunsaturated fatty acids 
[PUFAs] emulsion). The data are presented as mean±-
standard deviation of  the 2 trials for each day (n=16 per 
group) (day 1, p=0.123; day 2, p=0.960; day 3, p=0.921; 
day 4, p=0.654 and day 5, p=0.398)

Table 1. Escape latency of  the animals (seconds)

 Group O2 Group Iso Group Iso-S Group Iso-PUFAs 

 (mean±SD) (mean±SD) (mean±SD) (mean±SD) p
Day 1 44.38±11.93 52.9±11.27 48.93±13.64 53.23±10.64 0.123
Day 2 40.97±15.6χ χ 42.23±15.65*χ 41.57±16.03 χ 44.38±16.39 χ 0.960
Day 3 30.34±17.49*χ 32.77±13.21*# χ 30.14±16.93* χ 29.38±17.42*#χ 0.921
Day 4 18.81±10.86**## 25.3±15.56**# 21.07±16.59*# 25.77±20.1*# 0.654
Day 5 13.81±9.43**## 16.77±16.88**## 15.46±15.16*## 15.88±7.74**## 0.398
*p<0.05; **p<0.001 compared with day 1, #p<0.05; ##p<0.001 compared with day 2, χp<0.05; χ χp<0.001 compared with day 5, O2: oxygen; Iso: isoflu-
rane; Iso-S: isoflurane+saline; Iso-PUFAs: isoflurane + polyunsaturated fatty acids; SD: standard deviation
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ful in learning the task during the acquisition (training) period 
(5 days) in the MWM test (Figure 2 and Table 1). In contrast 
to other groups, group Iso rats spent significantly lesser time to 
find the platform on day 2 than on day 1 (p=0.034). This can 
be interpreted as the group exposed to isoflurane learnt earlier 
than the other groups. No significant difference was found be-
tween the groups in terms of  time spent in finding the platform 
on the training days (day 1, p=0.123; day 2, p=0.960; day 3, 
p=0.921; day 4, p=0.654 and day 5, p=0.398) (Table 1).

In the MWM test, the probe trials were performed 24 hours 
after the last acquisition (training) phase, and there were no 
statistical differences between the groups (Figure 3; p=0.561).

Isoflurane anaesthesia does not cause neuronal 
death in the developing rat brain
Histological features of  the P11 rat brains of  each group 
are shown in Figure 4. There were no marked pathological 
changes detected in the brains of  the rats from any group, 
and the neurons were clear and of  moderate size with normal 
ultrastructure.

Immunolabelling with monoclonal anti-Bcl2 of  the P11 rat 
brains from each group is shown in Figure 5. There was no 
significant alteration of  Bcl-2 immunoreactivity among the 
groups.

Discussion

The number of  neonates and infants who are administered 
anaesthesia are increasing worldwide. The fact that neuronal 
formation and synaptogenesis are considerably higher in the 
developing brain than in the adult brain, the central nervous 
system may lead to more pronounced effects of  anaesthetic 
agents in infants (15). Therefore, concerns about safety in pae-
diatric anaesthesia have led to increased interest in research 
on this subject. There are controversial results about the effect 
of  isoflurane on cognition in the literature (1-4). These vari-
ations in effects are thought to be owing to the concentration 
of  isoflurane, duration of  exposure, postnatal day of  adminis-
tration and whether it is administered in a single or repetitive 
manner. In this study, we found that 1.5% isoflurane anaes-
thesia for 6 hours does not cause cognitive dysfunction and 
neuronal death in P10 rats.

There are many studies in the literature reporting that inha-
lation anaesthetics, especially isoflurane, cause cognitive dys-

Figure 4. a-d. Histological features of  the postnatal day 
11 rat brains of  each group; (a) group O2, (b) group Iso, 
(c) group Iso-S and (d) group Iso-PUFAs (polyunsaturat-
ed fatty acids). There are no marked changes in patholo-
gy detected in the rat brains among the groups

Figure 3. Effect of  isoflurane and polyunsaturated fatty 
acid emulsion on spatial memory in the Morris water 
maze (MWM) test. Percentage of  time spent in the target 
quadrant relative to all quadrants of  the MWM for post-
natal day 33 rats of  all groups. There are no statistical 
differences between the groups. The data are presented 
as mean±standard deviation (n=16/group) (p=0.561)

Figure 5. a-d. Immunolabelling with monoclonal an-
ti-bcl2 of  the postnatal day11 rat brains of  the groups; 
(a) group O2, (b) group Iso, (c) group Iso-S and (d) group 
Iso-PUFAs (polyunsaturated fatty acids). There is no 
significant alteration of  Bcl-2 immunoreactivity among 
the 4 different groups
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function in rats. This negative effect of  isoflurane is thought 
to arise during the synaptogenesis stage. Synaptogenesis 
occurs between P4 and P14 in the rat brain. P7 is the day 
when synaptogenesis peaks and is thought to be the most 
susceptible period to the effects of  inhalational anaesthetics 
in rats (16). Therefore, these studies were mainly conducted 
on P7 rodents (16, 17). Nevertheless, synaptic and neuronal 
dysfunctions caused by isoflurane exposure P14 have been re-
ported at by some studies (2). However, cellular degeneration 
owing to apoptosis has been shown to increase on prolonged 
(6 hours) exposure to 1.5% isoflurane in P7 mice; adult neuro-
nal density and spatial learning or memory function were not 
affected significantly (18). These different results indicate that 
the postnatal day on which the animals are exposed to isoflu-
rane is not the only determinant factor, and although cellular 
degeneration develops, spatial learning or memory may not 
necessarily be impaired.

In the literature, P10 rats are considered as older neonates 
or infants (19, 20). To investigate the effect of  isoflurane an-
aesthesia in infant rats, we used P10 rats in our study and 
concluded that single-dose prolonged isoflurane anaesthesia 
did not cause cognitive dysfunction. We believe that the rea-
son for not detecting cognitive dysfunction may be the day of  
postnatal administration, but this may not be the only reason. 
Murphy et al. (4) had observed cognitive dysfunction in rats 
administered repetitively with 1.8% isoflurane on P7, P10 
and P13 for 2 hours in their study, whereas single administra-
tion of  isoflurane did not cause cognitive decline in P7 rats. 
Similar results were obtained in another study in P7 mice. Liu 
et al. (21) exposed P7 mice for 3 consecutive days for 2 hours 
to 1.5% isoflurane anaesthesia in their study, and they iden-
tified cognitive dysfunction in the MWM test conducted on 
P30. Although the experimental groups that developed cogni-
tive dysfunction were exposed to isoflurane at a concentration 
and duration (1.5% and 1.8% iso 2 hours x 3 times) in these 
2 studies similar to those in our study (1.5% Iso 6 hours), the 
reason why we obtained different results is that we exposed 
the animals to isoflurane continuously at a single time.

Other factors affecting the changes in isoflurane-related cog-
nition are concentration and duration of  exposure. In a study 
conducted on adult mice, the animals were exposed to 3 dif-
ferent concentrations of  isoflurane (1%, 1.5% and 2%) for 
equal time periods, and the group exposed to 1% isoflurane 
was found to exhibit worse learning performance than the 
control group and the groups exposed to higher isoflurane 
concentrations (22). In another study investigating the effects 
of  isoflurane anaesthesia at different concentrations and for 
different time periods, it was shown that high concentration 
and long duration of  exposure increased neuronal apoptosis 
and caused cognitive dysfunction. In the same study, it was re-
ported that isoflurane exposure led to improvement in learn-

ing and memory performance at sub-anaesthetic doses (0.5 
minimum alveolar concentration=0.7%) (23). In our study, 
when the differences in the duration of  finding the platform 
in the MWM test on subsequent days was compared with that 
on day 1, a significant decrease was found on day 2 in group 
Iso, whereas a significant decrease in duration was observed 
on day 3 in other groups. This could mean that learning is 
faster and learning function is improved in group Iso. Howev-
er, our results showing that there is no effect of  single isoflu-
rane exposure on memory function are in parallel with those 
in the literature (3, 24).

Inhalational anaesthetics, including isoflurane, are known 
to be neurotoxic for brain development. The mechanism of  
isoflurane-induced cognitive impairment is currently unclear, 
but the most suspected one is neuroapoptosis. Activation of  
apoptosis by isoflurane occurs mainly through the intrinsic mi-
tochondrial pathway (25), which involves the downregulation 
of  anti-apoptotic proteins from the Bcl-2 family (for example, 
Bcl-2 and Bcl-xL). In our study, we found that there was no 
significant alteration of  Bcl-2 immunoreactivity among the 
4 groups. Moreover, histological features of  the groups were 
similar. These results explain why we could not detect differ-
ences in cognitive impairment between the groups.

PUFAs, especially omega-3 fatty acids, have crucial effects 
on the stability of  cell-membrane content, membrane re-
ceptor regulation, neuronal plasticity and brain development 
(10, 26). PUFAs also have an important role in learning and 
memory functions (27). The positive effect of  omega-3 fat-
ty acids on cognition has been shown in human and animal 
studies (11, 28). Studies have reported that a diet poor in PU-
FAs reduces the amount of  PUFAs in the brain and results in 
learning and memory deficits (29). Although there has been 
a large number of  studies investigating the effects of  ome-
ga-3 and omega-6 fatty acids on brain development, learning 
and memory and neurological and neuropsychiatric diseases, 
studies investigating the effects of  omega-3 and omega-6 fatty 
acids on anaesthesia-related cognitive functions are limited. 
Therefore, we aimed to observe the efficacy of  a single high-
dose PUFA emulsion on cognition when used together with 
isoflurane. This is the first study investigating the effect of  a 
combination of  isoflurane and PUFA emulsion on cognition. 
In a study in which sevoflurane was used, rats were fed with a 
diet rich in PUFAs during the gestation and lactation period 
and their pups were exposed to 3% sevoflurane anaesthesia 
on P7 for 6 hours. The results demonstrated that sevoflurane 
increased neuroapoptosis in rat pups and caused cognitive 
dysfunction, whereas PUFAs decreased sevoflurane-induced 
apoptosis and cognitive dysfunction (30). Li et al. (31) admin-
istered the rats with different doses of  arachidonic acid for 
10 days before exposing the rats to 1.2% isoflurane anaesthe-
sia and observed that arachidonic acid administered at high 
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doses prevented isoflurane-induced cognitive dysfunction. In 
our study, we observed that high-dose PUFAs administered 
just before isoflurane anaesthesia had no effect on cognition. 
We believe that this difference is mainly because the effect of  
PUFAs on cognition appears after long-term use; in our study, 
we administered the rats with a single dose.

In our study, we used only the MWM test to evaluate the cog-
nitive functions. Therefore, according to our results, we can 
only speculate that 1.5% isoflurane anaesthesia for 6 hours 
improved learning abilities in P10 rats.

Conclusion

This study aimed to investigate the effect of  prolonged isoflu-
rane exposure on cognition of  infant rats administered with 
PUFA emulsion. Our study was the first in the literature that 
evaluated the effect of  a combination of  isoflurane and PUFA 
emulsion on neurocognition. We demonstrated that isoflu-
rane exposure for 6 hours in P10 rats does not impair acqui-
sition learning or memory in the MWM test and does not 
lead to neuronal death. However, it was found that a single 
dose of  PUFA emulsion administered just before isoflurane 
anaesthesia had no effect on learning and memory functions. 
Future studies should focus on the impact of  isoflurane ex-
posure with long-term administration of  PUFA emulsion on 
cognition in different protocols.
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