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Abstract: Remifentanil is one of the most frequently prescribed opioids used in combination with inhalation anes-
thetics in clinical practice, but the effects of such combinations on the developing rat brain are unknown. In our 
study, we investigated first the potential neurotoxic effects of remifentanil on the developing brain and then the 
effects of remifentanil on isoflurane-induced apoptosis in the neonatal rat brain following exposure to a nociceptive 
stimulus. In the first experiment, postnatal day (P) 7 rats were randomly exposed to 30% oxygen, 1.5% isoflurane 
alone, 1.5% isoflurane and a plantar incision, normal saline, or remifentanil at a low (5 µg·kg-1·h-1), moderate (20 
µg·kg-1·h-1) or high (80 µg·kg-1·h-1) dose for 4 h. In the second 4-h experiment, P7 rats were randomly exposed to 1.5% 
isoflurane, infused with different doses of remifentanil (5, 10, and 20 µg·kg-1·h-1), and subjected to a plantar incision. 
In both experiments, the number of apoptotic neurons in the cortex, hippocampus, and thalamus was assessed af-
ter two hours by cleaved caspase-3 or TUNEL staining. Our data showed that unlike 1.5% isoflurane, remifentanil at 
any dose did not cause significant neuronal apoptosis in any brain section. In addition, in response to a nociceptive 
stimulus, the infusion of 10 µg·kg-1·h-1 remifentanil reduced isoflurane-induced apoptosis in the hippocampus (P = 
0.003 in CA1, P = 0.002 in CA3) but not in the cortex or thalamus. Our findings suggest that remifentanil does not 
induce apoptosis and reduces isoflurane-induced apoptosis in the developing brain.
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Introduction 

Commonly used general anesthetics, including 
inhaled and intravenous anesthetics, are asso-
ciated with neurotoxic effects on the develop-
ing brain. These consequences include neuro-
nal apoptosis [1-4] and impaired neurogenesis 
[5-7], reduced synapse formation [8-10] and 
damaged glial cell development [11, 12]. 
Anesthetic-induced neurotoxicity is associated 
with neuroinflammation, and inhaled anesthet-
ics stimulate the inflammatory response by 
increasing intracellular calcium ion levels and 
thereby activating the transcription factor 
NF-κB, which recognizes DNA sequences in the 
nucleus and subsequently induces the tran-
scription of the proinflammatory cytokine IL-6 
[13].

Recent studies have primarily focused on the 
effects of a single anesthetic on the developing 
brain, which is not consistent with clinical prac-
tice, where inhalation anesthetics are typically 

used in combination with opioids under condi-
tions of a nociceptive stimulus. Both a single 
inhaled anesthetic and the combination of opi-
oids and nociceptive stimuli are associated 
with neurotoxic effects on the developing brain. 

However, unlike general anesthetics, the neuro-
toxic effects of opioid analgesics on the devel-
oping brain are controversial. Different opioids 
may have different effects on the developing 
brain. Remifentanil is frequently prescribed due 
to its fast onset of action, rapid metabolism and 
controllable profile. In addition, the use of remi-
fentanil in children and pregnant women has 
increased. However, few studies have investi-
gated the effects of remifentanil on the devel-
oping brain. Remifentanil exerts its anti-inflam-
matory action by down-regulating the NF-κB 
pathway in lung injury models [14] and liver 
ischemia-reperfusion injury models [15]. Thus, 
we hypothesized that remifentanil reduces iso-
flurane-induced apoptosis in the brain of neo-
natal rats subjected to a nociceptive stimulus.
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Therefore, in the first experiment, isoflurane 
was used as a positive control to investigate 
the potential neurotoxic effects of remifentanil 
on the developing brain, and we subsequently 
investigated the effects of remifentanil on iso-
flurane-induced apoptosis in the neonatal rat 
brain following exposure to a nociceptive st- 
imulus.

Materials and methods

Animals

The animal experimental protocol was approv- 
ed by the Institutional Animal Care and Use 
Committee at Fudan University. Pregnant Sp- 
rague-Dawley rats (from the Shanghai Labo- 
ratory Animal Centre, Chinese Academy of 
Sciences, permission number: SCXK 2012-
0002) at gestational days 16-18 were housed 
in individual cages and maintained under tem-
perature-controlled environmental conditions 
on a 12-h light-dark cycle. Animals had free 
access to food and water. Pups that had been 
delivered spontaneously were maintained with 
their mothers until postnatal day (P) 7. The body 
weight at P7 ranged from 12-14 g.

Experimental protocol

Two experiments were performed. In the first 
experiment, sixty P7 rats were randomly ex- 
posed to 30% oxygen (Sham group), 1.5% iso-
flurane (Iso group), or isoflurane and a plantar 
incision (Iso+I group) or received a continuous 
subcutaneous infusion of normal saline or re- 
mifentanil at a low (5 µg·kg-1·h-1), moderate (20 
µg·kg-1·h-1) or high (80 µg·kg-1·h-1) dose for 4 h (n 
= 10 per group). The loss of the righting reflex 
was observed in neonatal rats exposed to iso-
flurane or remifentanil. 

In the second 4-h experiment, P7 rats were ran-
domly exposed to 1.5% isoflurane, infused with 
different doses of remifentanil (5, 10, and 20 
µg·kg-1·h-1), and subjected to a plantar incision 
(Iso+Rf5+I , Iso+Rf10+I, and Iso+Rf20+I; n = 
14 per group). 

Based on a previous model of hyperpathia in- 
duced by high-dose remifentanil in rats [16, 
17], we administered remifentanil (Humanwe- 
ll Pharmaceutical Co., Ltd., Yichang, China) by 
continuous subcutaneous infusion using a 
microinjection pump (Agilia, Fresenius Kabi, 
France) at a rate of 0.4 mL/h. An intravenous 

catheter (24 gauge, B. Braun, Germany) was 
inserted approximately 1 cm into the posterior 
region of the rat’s neck and fixed with a trans-
parent dressing. Remifentanil was dissolved in 
saline (0.9% NaCl) to a volume of 1.6 mL. In 
both experiments, animals received the inter-
ventions in a temperature (37-38°C)-controlled 
box continuously supplied with 30% oxygen at 
2-2.5 L/min. The concentrations of isoflurane 
and CO2 in the chamber were measured using a 
gas analyser (Vamos, Drager Medical Co., Ge- 
rmany) with a sensing device placed in the 
chamber immediately adjacent to the animals. 
The fresh gas flow was regulated to ensure that 
the CO2 concentration was zero. Within each 
group, four animals were used for the analy ses 
of blood glucose and blood gas levels, whereas 
the remaining animals were used to obtain 
samples for immunofluorescence assays. 
Righting reflex was also assessed in the first 
experiment. The animals’ tails were clipped to 
obtain blood for the blood glucose analysis, 
which was performed at 0, 2 and 4 h. The blood 
gas analysis (i-STAT, Abbott) was performed at 
the end of the 4-h treatment session using 
arterial blood collected via percutaneous punc-
ture of the left ventricle. After treatment, the 
remaining pups in each group were placed in a 
heat-preserving experiment box and allowed to 
gradually regain consciousness. 

Tissue preparation

Two hours after treatment, the pups (n = 6) 
were sacrificed via an intraperitoneal injection 
of 0.34 mL·kg-1 chloral hydrate and perfused 
transcardially with normal saline and then 4% 
paraformaldehyde in 0.1 M phosphate buffer. 
After the skulls were removed, the brain tissues 
were post-fixed for 24 h at 4°C in paraformal- 
dehyde and then transferred to a 20% sucrose 
solution containing 4% paraformaldehyde. The 
brains were sectioned at 30-µm thickness on a 
cryostat microtome (CM1900, Leica, Germany) 
after precipitation in a 30% sucrose solution. At 
least four sections (300 µm apart) correspond-
ing to Figures 55-58 in the Atlas of the 
NEONATAL RAT BRAIN [18] from each anim- 
al were immunohistochemically stained for 
cleaved caspase-3 or terminal deoxynucleoti-
dyl transferase dUTP nick end labelling (TUNEL).

Immunofluorescence staining

Sections were double-labelled with antibodies 
against cleaved caspase-3 and the neuron-
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specific marker NeuN to determine whether the 
apoptotic cells were neuronal cells. Briefly, the 
sections were incubated with a rabbit anti-
cleaved caspase-3 antibody (1:400, Cell Si- 
gnaling Technology, USA) overnight at 4°C. After 
incubation with a secondary antibody (Alexa 
Fluor 594-conjugated goat anti-rabbit, Jackson 
ImmunoResearch Laboratories, USA) for 1-2 h 
at room temperature in the dark, the sections 
were incubated with a mouse anti-NeuN clone 
A60 antibody (1:500, Merck-Millipore, USA) 
overnight at 4°C and then a secondary anti-
body (Alexa Fluor 488-conjugated goat anti-
mouse, Jackson Immuno Research Labora- 
tories) for 1 h. The sections were coverslipp- 
ed with 4’,6-diamidino-2-phenylindole (DAPI) 
reagent (Southern Biotech, Birmingham, USA). 

Fluorescent terminal deoxynucleotidyl transfer-
ase dUTP nick end labelling (TUNEL) assay

TUNEL staining was performed using the In Situ 
Cell Death Detection Kit (Roche, USA). Briefly, 
after fixation and permeabilization, 50 µL of 
TUNEL reaction mixture was added to the 
slides. The slides were incubated for 60 min at 
37°C in a humidified atmosphere in the dark, 
mounted in DAPI reagent and coverslipped. 

Statistical analysis

An experienced observer who was blinded to 
the experimental protocol counted the numb- 
er of cleaved caspase-3 and NeuN double-
labelled neurons and TUNEL-positive cells in 
the cortex (10 × magnification), hippocampus 
and thalamus (20 × magnification) under a 
microscope (Olympus, BX53F, Japan). In addi-
tion, the entire cortex area in each section was 
imaged at 1.25 × magnification, and the hip-
pocampus and thalamus areas in each section 
were imaged at 20 × magnification. Positive 

cells and the corresponding areas in the cortex, 
hippocampus and thalamus within each sec-
tion were quantified using ImageJ software 
(NIH, Bethesda, USA). The density was calcu-
lated as the number of positive cells divided by 
the area of the particular brain region. Four sec-
tions per animal were examined.

All parameters, including the apoptotic cell den-
sity, blood glucose levels, and blood gas levels, 
are presented as the mean ± standard devia-
tion (SD). Histograms were generated using 
GraphPad Prism 5 (GraphPad Software, USA). 
The statistical analysis was performed using 
SPSS version 21 (SPSS, Inc., Chicago, USA). 
The mean density of cleaved caspase-3 and 
NeuN double-labelled neurons and TUNEL-
positive cells are compared among the differ-
ent treatment groups using one-way ANOVA. 
Significant F-tests were followed by post hoc 
Tukey’s HSD comparisons for pairwise tests. 
This test was selected to protect against false-
positive results (type I error). P < 0.05 with 
Tukey’s correction indicated statistical signifi-
cance. Blood glucose and arterial blood gas 
levels were also compared among the different 
treatment groups using one-way ANOVA. Re- 
peated measures ANOVA was performed to 
analyse blood glucose levels at different time 
points within the same group.

Results

Remifentanil did not induce apoptosis in the 
developing brain

In the first experiment, no deaths were observ- 
ed in any of the groups, except the Iso+I group 
(mortality rate 10%), following the 4-h drug 
treatment. All rats exposed to drugs lost their 
righting reflex within 45 min. No pups expe- 
rienced hypoglycaemia or hypoxaemia. Four 

Table 1. Blood glucose (mmol/l) and arterial blood gas levels
Sham group Iso group§ Iso+I group¶ NS groupα Rf5 groupβ Rf20 groupδ Rf80 groupθ

Glucose 0 h 5.37±0.34 5.47±0.66 6.07±0.65 6.90±0.53 6.70±0.45 6.75±0.75 5.85±0.58
Glucose 2 h 5.60±0.33 7.10±1.59 7.20±0.50 6.40±0.69 5.95±0.40 5.35±0.58 6.60±0.81
Glucose 4 h 5.5±0.24 6.30±1.72 6.40±0.70 7.10±0.92 5.60±0.81 5.25±0.64 5.65±0.29
pH 7.38±0.06 7.24±0.04* 7.36±0.04# 7.40±0.06 7.37±0.07 7.35±0.08 7.28±0.06*

PO2 (mmHg) 97±16 102±11 97±3 98±12 99±13 113±10 103±12
PCO2 (mmHg) 42±7 51±6* 35±3# 41±3 40±6 43±8 52±6*

The data are presented as the mean ± SD. *, P < 0.05 compared with the Sham group. #, P < 0.05 compared with the Iso 
group. Sham = untreated in the presence of 30% oxygen; §, Iso, inhaled 1.5% isoflurane; ¶, Iso+I, inhaled 1.5% isoflurane with 
a planter incision; α, NS, normal saline; β, Rf5, remifentanil infused at 5 µg·kg-1·h-1; δ, Rf20, remifentanil infused at 20 µg·kg-1·h-1; 
θ, Rf80, remifentanil infused at 80 µg·kg-1·h-1.
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hours after drug treatment, the isoflurane and 
Rf80 groups showed slightly increased partial 
carbon dioxide pressure (PaCO2) and decreas- 
ed pH compared with the Sham group (P < 
0.05); however, the difference between these 
two drug-treated groups was not significant. 
There was no statistically significant difference 
in partial oxygen pressure (PaO2) across all 
groups, but the pH and PaCO2 levels were bet-
ter in the Iso+I group than in the Iso group 
(Table 1).

The inhalation of 1.5% isoflurane significantly 
increased the number of apoptotic cells in the 

cortex (cleaved caspase-3 staining: P = 0.008; 
TUNEL staining: P = 0.004), hippocampus (in 
CA1, cleaved caspase-3 staining: P < 0.0001; 
TUNEL staining: P < 0.0001; in CA3, cleaved 
caspase-3 staining: P < 0.0001; TUNEL stain-
ing: P < 0.0001), and thalamus (cleaved cas-
pase-3 staining: P = 0.005; TUNEL staining: P < 
0.001) compared with Sham treatment. 
However, significant differences were not 
observed between the Iso and Iso+I groups in 
these three brain areas (P > 0.05). Thus, regard-
less of the nociceptive stimulus, inhalation 
anesthetics are associated with neurotoxic 
effects on the developing brain. 

Table 2. Numbers of cleaved caspase-3 positive cells (cells/mm2)
Sham group

(n = 6)
Iso group§

(n = 6)
Iso+I group¶

(n = 6)
NS groupα

(n = 6)
Rf5 groupβ

(n = 6)
Rf20 groupδ

(n = 6)
Rf80 groupθ

(n = 6)
Cortex 0.06±0.1 1.1±0.6* 1.0±0.7* 0.03±0.1 0.06±0.1 0.06±0.1 0.05±0.1
Hip CA1 7.29±7.0 192.4±72.5* 200.8±89.1* 6.81±5.1 5.47±4.6 12.49±7.1 10.42±10.4
Hip CA3 40.72±36.4 869.2±598.8* 727.9±497.3* 79.22±41.9 92.17±44.0 93.07±70.8 72.72±32.8
Thalamus 0.63±1.7 45.6±30.3* 49.6±33.8* 1.19±2.1 1.95±3.1 2.14±3.9 2.00±4.5
The data are presented as the mean ± SD. *, P < 0.05 compared with the Sham group. Sham = untreated in the presence of 
30% oxygen; §, Iso, inhaled 1.5% isoflurane; ¶, Iso+I, inhaled 1.5% isoflurane with a planter incision; α, NS, normal saline; β, 
Rf5, remifentanil infused at 5 μg·kg-1·h-1; δ, Rf20, remifentanil infused at 20 μg·kg-1·h-1; θ, Rf80, remifentanil infused at 80 μg·kg-

1·h-1.

Table 3. Numbers of TUNEL positive cells (cells/mm2)
Sham group

(n = 6)
Iso group§

(n = 6)
Iso+I group¶

(n = 6)
NS groupα

(n = 6)
Rf5 groupβ

(n = 6)
Rf20 groupδ

(n = 6)
Rf80 groupθ

(n = 6)
Cortex 0.05±0.05 0.29±0.1* 0.25±0.1* 0.04±0.03 0.04±0.05 0.05±0.06 0.05±0.05
Hip CA1 5.56±6.8 111.0±54.4* 116.6±73.3* 5.17±6.07 3.96±4.55 7.11±8.24 7.29±7.88
Hip CA3 0±0.03 70.7±24.7* 55.6±22.8* 0±0 0±0 0±0 0±0
Thalamus 1.00±2.2 44.8±17.7* 46.0±28.0* 2.00±2.7 2.00±2.7 3.00±4.5 2.00±2.7
The data are presented as the mean ± SD. *, P < 0.05 compared with the Sham group. Sham = untreated in the presence of 
30% oxygen; §, Iso, inhaled 1.5% isoflurane; ¶, Iso+I, inhaled 1.5% isoflurane with a planter incision; α, NS, normal saline; β, 
Rf5, remifentanil infused at 5 μg·kg-1·h-1; δ, Rf20, remifentanil infused at 20 μg·kg-1·h-1; θ, Rf80, remifentanil infused at 80 μg·kg-

1·h-1.

Table 4. Blood glucose (mmol/l) and arterial blood gas levels
Sham group Iso+I group¶ Iso+Rf5+I group†† Iso+Rf10+I group‡ Iso+Rf20+I group$

Glucose 0 h 5.37±0.24 6.07±0.65 6.77±0.41 6.37±2.23 7.30±1.1
Glucose 2 h 5.60±0.33 7.20±0.50 7.6±0.95 6.37±2.35 8.87±1.15*

Glucose 4 h 5.50±0.25 6.40±0.70 6.43±0.17 6.33±2.45 6.67±0.06
pH 7.38±0.06 7.36±0.04 6.43±0.17 7.30±0.09 7.12±0.07*

PO2 (mmHg) 97±13 97±3 110±10 111±16 50±11*

PCO2 (mmHg) 42±5 35±3 45±12 42±4 72±5*

The data are presented as the mean ± SD. *, P < 0.05 compared with the Sham group. Sham = untreated in the presence of 
30% oxygen; ¶, Iso+I, inhaled 1.5% isoflurane with a planter incision; ††, Iso+Rf5+I , inhaled 1.5% isoflurane with a plantar inci-
sion and an infusion of 5 µg·kg-1·h-1 remifentanil; ‡, Iso+Rf10+I, inhaled 1.5% isoflurane with a plantar incision and an infusion 
with 10 µg·kg-1·h-1 remifentanil; $, Iso+Rf20+I, inhaled 1.5% isoflurane with a plantar incision and an infusion of 20 µg·kg-1·h-1 
remifentanil.
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The number of apoptotic cells was not signifi-
cantly different between any of the remifentanil 
groups (0, 5, 20, and 80 µg·kg-1·h-1) and the 
Sham group in the cortex (cleaved caspase-3 
staining: P = 0.970; TUNEL staining: P = 0.885), 
hippocampus CA1 (cleaved caspase-3 staining: 
P = 0.262; TUNEL staining: P = 0.907), hippo-
campus CA3 (cleaved caspase-3 staining: P = 
0.231; TUNEL staining: not observed) or thala-
mus (cleaved caspase-3 staining: P = 0.864; 
TUNEL staining: P = 0.898; Tables 2, 3).

Remifentanil exerted anti-apoptotic effects on 
the developing brain

In the second experiment, we explored wheth- 
er remifentanil reduced isoflurane-induced 
apoptosis in the neonatal rat brain following 
exposure to a nociceptive stimulus. No deaths 
occurred in the Iso+Rf5+I  group, one death 
occurred in the Iso+Rf10+I group (mortality 
10%), and four deaths occurred in the 
Iso+Rf20+I group after the 4-h drug treatment. 
No pups experienced hypoglycaemia, and no 
significant differences in blood glucose levels 
at each time point were observed in each group  
(P > 0.05). The blood glucose level was signifi-
cantly increased in the Iso+Rf20+I group com-
pared with the Sham group at 2 h (P = 0.003), 
but no significant differences were observed in 
blood glucose levels at other time points (P > 
0.05). Four hours after drug treatment, the 
Iso+Rf20+I group exhibited a significant 
increase in PaCO2 (P < 0.001) and decreases in 
pH (P = 0.002) and PaO2 (P = 0.009) compared 
with the Sham group (Table 4).

Remifentanil had no significant impact on 
isoflurane-induced cellular apoptosis in the 
cortex

The inhalation of 1.5% isoflurane in the pres-
ence of a nociceptive stimulus (Iso+I group) sig-
nificantly increased the number of cleaved 
caspase-3-positive cells and TUNEL-positive 
cells in the cortex compared with Sham treat-
ment (P = 0.002 and P = 0.002, respectively). 
The combination of 5 µg·kg-1·h-1 remifentanil 
infusion and isoflurane did not significantly 
reduce apoptosis in the cortex (cleaved cas-
pase-3 staining: P = 0.331; TUNEL staining: P = 
0.350). The combination of 10 µg·kg-1·h-1 remi-
fentanil infusion and isoflurane reduced apop-
tosis in the cortex, but this effect was not sta-

tistically significant (cleaved caspase-3 stain- 
ing: P = 0.142; TUNEL staining: P = 0.331). The 
combination of 20 µg·kg-1·h-1 remifentanil infu-
sion and isoflurane did not significantly reduce 
apoptosis in the cortex (cleaved caspase-3 
staining: P = 0.328; TUNEL staining: P = 0.470) 
(Figure 1). 

Although the combination of inhaled isoflurane 
with infusion of low and moderate doses of 
remifentanil (5 and 10 µg·kg-1·h-1) reduced the 
isoflurane-induced increase in apoptosis in the 
cortex, significant differences in the ability of 
different doses of remifentanil (5, 10, and 20 
µg·kg-1·h-1) to reduce isoflurane-induced apopto-
sis were not observed. 

A specific remifentanil dose reduced isoflu-
rane-induced apoptosis in the hippocampus

Compared with the Iso group, combined treat-
ment with 10 µg·kg-1·h-1 remifentanil significant-
ly reduced apoptosis in the CA1 region in the 
presence of a nociceptive stimulus (cleaved 
caspase-3 staining: P = 0.003; TUNEL staining: 
P = 0.037). However, when isoflurane was com-
bined with low-dose remifentanil (5 µg·kg-1·h-1), 
the number of apoptotic cells showed a de- 
creasing trend that was not statistically signifi-
cant (cleaved caspase-3 staining: P = 0.077; 
TUNEL staining: P = 0.455). When isoflurane 
was combined with high-dose remifentanil (20 
µg·kg-1·h-1), the number of apoptotic cells sh- 
owed an increasing trend (cleaved caspase-3 
staining: P = 0.077; TUNEL staining: P = 0.789) 
(Figure 2).

In addition, the combination of isoflurane and 
10 µg·kg-1·h-1 remifentanil significantly reduced 
apoptosis in the CA3 region in the presence of 
a nociceptive stimulus (cleaved caspase-3 
staining: P = 0.002; TUNEL staining: P = 0.017). 
However, neither low (cleaved caspase-3 stain-
ing: P = 0.594; TUNEL staining: P = 0.721) nor 
high (cleaved caspase-3 staining: P = 0.788; 
TUNEL staining: P = 0.461) doses of remif- 
entanil reduced isoflurane-induced apoptosis 
(Figure 3).

Remifentanil had no effect on isoflurane-
induced apoptosis in the thalamus

The number of apoptopic cells in the thalamus 
increased similarly in the Iso group and the 
group that received 1.5% isoflurane and an 
infusion of 5, 10, or 20 µg·kg-1·h-1 remifentanil in 
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the presence of a nociceptive stimulus (Figure 
4).

Discussion

Commonly used general anesthetics, including 
inhaled and intravenous anesthetics, inhibit 
the N-methyl-D-aspartate (NMDA) receptor and 

potentiate the gamma-aminobutyric acid (GA- 
BA) receptor. Many infants and pregnant/partu-
rient women undergo surgery each year. Based 
on accumulating evidence from recent basic 
science studies, inhibition of the NMDA recep-
tor and potentiation of the GABA receptor are 
associated with neurotoxic effects on the de- 
veloping brain, including neuronal apoptosis 

Figure 1. Remifentanil has no significant effect on isoflurane-induced apoptosis in the cortex. (A) Representative im-
ages of immunofluorescence staining for cleaved caspase-3 in the cortex. Red staining indicates apoptotic (cleaved 
caspase-3-positive) cells, and green staining indicates neurons in the cortex. Merge: cleaved caspase-3 and NeuN 
double-labelled neurons (apoptotic neurons). Scale bar = 100 µm. (B) Representative images of TUNEL staining 
in the cortex. Green staining indicates apoptotic (TUNEL-positive) cells, and blue staining indicates DAPI-stained 
nuclei. Merge: TUNEL and DAPI double-labelled cells (apoptotic cells). Scale bar = 100 µm. (C, D) Quantification of 
the number of (C) cleaved caspase-3- and (D) TUNEL-positive cells in the cortex. Sham (n = 10): control group; Iso+I 
(n = 10): inhaled 1.5% isoflurane with a plantar incision; Iso+Rf5+I  (n = 10): inhaled 1.5% isoflurane with a plantar 
incision and infusion of 5 µg·kg-1·h-1 remifentanil; Iso+Rf10+I (n = 10): inhaled 1.5% isoflurane with a plantar incision 
and infusion of 10 µg·kg-1·h-1 remifentanil; Iso+Rf20+I (n = 10): inhaled 1.5% isoflurane with a plantar incision and 
infusion of 20 µg·kg-1·h-1 remifentanil. * P < 0.05 compared with the Sham group.
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[1-4], impaired synapse formation [5-7], de- 
creased dendrite density [8-10], and damaged 
glial cell development and proliferation and 
neural precursor differentiation [11, 12]. Pups 
exposed to general anesthetics may experi-
ence learning impairments and cognitive dys-
function during development [19, 20]. Althou- 
gh convincing clinical studies are not availa- 
ble [21-23], the effects of anesthetics on the 
developing brain have become a public health 
concern.

Unlike many animal studies, which frequently 
use a single inhaled anesthetic, physicians typi-
cally combine inhaled anesthetics and opioids 
in clinical practice when patients are exposed 
to nociceptive stimuli. Both opioids and noci-
ceptive stimuli may be associated with neuro-
toxic consequences on the developing brain. 
For example, the effects of morphine on the 
developing brain may vary depending on the 
presence of pain and trauma. High-dose or 
long-term use of morphine may induce neuro-

Figure 2. A specific remifentanil dose reduced isoflurane-induced apoptosis in the hippocampus CA1 region. (A) 
Representative images of immunofluorescence staining for cleaved caspase-3 in the CA1. Red staining indicates 
apoptotic (cleaved caspase-3-positive) cells, and green staining indicates neurons in the CA1. Merge: cleaved cas-
pase-3 and NeuN double-labelled neurons (apoptotic neurons). Scale bar = 50 µm. (B) Representative images of 
TUNEL staining in the CA1. Green staining indicates apoptotic (TUNEL-positive) cells, and blue staining indicates 
DAPI-stained nuclei. Merge: TUNEL and DAPI double-labelled cells (apoptotic cells). Scale bar = 50 µm. (C, D) Quan-
tification of the number of (C) cleaved caspase-3- and (D) TUNEL-positive cells in the CA1. Sham (n = 10): control 
group; Iso+I (n = 10): inhaled 1.5% isoflurane with a plantar incision; Iso+Rf5+I  (n = 10): inhaled 1.5% isoflurane 
with a plantar incision and infusion of 5 µg·kg-1·h-1 remifentanil; Iso+Rf10+I (n = 10): inhaled 1.5% isoflurane with 
a plantar incision and infusion of 10 µg·kg-1·h-1 remifentanil; Iso+Rf20+I (n = 10): inhaled 1.5% isoflurane with a 
plantar incision and infusion of 20 µg·kg-1·h-1 remifentanil. * P < 0.05 compared with the Sham group. # P < 0.05 
compared with the Iso+I group.
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nal and glial apoptosis [24]. Severe trauma or 
pain per se may also cause neurotoxicity in the 
brain [25]; however, in the presence of pain, 
morphine usage is associated with protective 
effects on the immature brain [26].

As a frequently used opioid analgesic, remifen-
tanil has an impressive pharmacokinetic profile 
and is more frequently used in young children 
and parturient/pregnant women exposed to su- 

rgical anesthesia. In addition, intravenous remi-
fentanil infusion is an alternative for labour 
analgesia [27-29] when neuraxial analgesia is 
contraindicated. Similar to most anesthetics, 
remifentanil may affect the foetus by easily cr- 
ossing the placenta [30]; therefore, the effects 
of remifentanil on the immature brain must be 
considered. However, few studies have investi-
gated the neurotoxic effects of remifentanil on 
the developing brain. The in vitro study by 

Figure 3. A specific remifentanil dose reduced isoflurane-induced apoptosis in the hippocampus CA3 region. (A) 
Representative images of immunofluorescence staining for cleaved caspase-3 in the CA3. Red staining indicates 
apoptotic (cleaved caspase-3-positive) cells, and green staining indicates neurons in the CA3. Merge: cleaved cas-
pase-3 and NeuN double-labelled neurons (apoptotic neurons). Scale bar = 50 µm. (B) Representative images of 
TUNEL staining in the CA3. Green staining indicates apoptotic (TUNEL-positive) cells, and blue staining indicates 
DAPI-stained nuclei. Merge: TUNEL and DAPI double-labelled cells (apoptotic cells). Scale bar = 50 µm. (C, D) Quan-
tification of the number of (C) cleaved caspase-3- and (D) TUNEL-positive cells in the CA3. Sham (n = 10): control 
group; Iso+I (n = 10): inhaled 1.5% isoflurane with a plantar incision; Iso+Rf5+I  (n = 10): inhaled 1.5% isoflurane 
with a plantar incision and infusion of 5 µg·kg-1·h-1 remifentanil; Iso+Rf10+I (n = 10): inhaled 1.5% isoflurane with 
a plantar incision and infusion of 10 µg·kg-1·h-1 remifentanil; Iso+Rf20+I (n = 10): inhaled 1.5% isoflurane with a 
plantar incision and infusion of 20 µg·kg-1·h-1 remifentanil. * P < 0.05 compared with the Sham group. # P < 0.05 
compared with the Iso+I group.
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Tourrel et al [31], who examined brain slices 
from newborn mice, showed that remifentanil 
did not induce nerve cell necrosis but exert- 
ed anti-apoptotic effects. Researchers have 
not yet determined whether remifentanil has 
potential neurotoxic effects in vivo. Studies 
investigating whether remifentanil increases  
or decreases apoptosis when used in comb- 

ination with inhaled isoflurane will be very 
important. 

In terms of neurodevelopment, a 7-day-old rat 
pup is at the peak of the synaptogenic period, 
which is equivalent to the neonatal period in 
humans [32]. The inhalation of 1 MAC for 2 or 4 
h induced apoptosis in many brain regions, 

Figure 4. Remifentanil has no significant effect on isoflurane-induced apoptosis in the thalamus. (A) Representative 
images of immunofluorescence staining for cleaved caspase-3 in the thalamus. Red staining indicates apoptotic 
(cleaved caspase-3-positive) cells, and green staining indicates neurons in the thalamus. Merge: cleaved caspase-3 
and NeuN double-labelled neurons (apoptotic neurons). Scale bar = 50 µm. (B) Representative images of TUNEL 
staining in the thalamus. Green staining indicates apoptotic (TUNEL-positive) cells, and blue staining indicates DAPI-
stained nuclei. Merge: TUNEL and DAPI double-labelled cells (apoptotic cells). Scale bar = 50 µm. (C, D) Quantifica-
tion of the number of (C) cleaved caspase-3- and (D) TUNEL-positive cells in the thalamus. Sham (n = 10): control 
group; Iso+I (n = 10): inhaled 1.5% isoflurane with a plantar incision; Iso+Rf5+I  (n = 10): inhaled 1.5% isoflurane 
with a plantar incision and infusion of 5 µg·kg-1·h-1 remifentanil; Iso+Rf10+I (n = 10): inhaled 1.5% isoflurane with a 
plantar incision and infusion of 10 µg·kg-1·h-1 remifentanil; Iso+Rf20+I (n = 10): inhaled 1.5% isoflurane with a plan-
tar incision and infusion of 20 µg·kg-1·h-1 remifentanil. * P < 0.05 compared with the Sham group.
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whereas it only induced cognitive dysfunction 
after 4 h [19]. Thus, we used a 4-h isoflurane 
inhalation as a positive control.

In the first experiment, the selection of a high 
dose of remifentanil (80 µg·kg-1·h-1) was based 
on a previous animal model in which 40 µg/kg 
remifentanil was subcutaneously infused into 
rats over a period of 30 min to induce hyper-
pathia [16]. Based on numerous studies, a high 
dose of remifentanil inevitably induces hyper-
pathia; consequently, 40 µg/kg remifentanil 
(for 30 min) is considered an acceptably high 
dose [17]. Because the duration of drug expo-
sure in the present study was 4 h, the total 
dose administered to the high-dose remifent-
anil group (320 µg/kg) was much higher than 
that administered to the animal model of hyper-
pathia, but the rate was the same. The infusion 
rate of the moderate dose (20 µg·kg-1·h-1) was 
based on a clinically used dose of 3 µg·kg-1·h-1, 
which was converted based on the 6-fold 
decrease in the remifentanil dosage in experi-
mental rats. 

In the second experiment, we used three differ-
ent doses of remifentanil in combination with 
isoflurane. The same doses in the first experi-
ment were first used in a preliminary experi-
ment, but most of the pups died from respir- 
atory depression when isoflurane was adminis-
tered with 80 µg·kg-1·h-1 remifentanil without 
tracheal intubation (mortality: 3/4) or with 40 
µg·kg-1·h-1 remifentanil (2/3). Thus, one of the 
limitations of the present study is that we did 
not intubate each pup. Finally, we used 20 
µg·kg-1·h-1, a moderate dose, as the highest 
dose in the second experiment; this dose in- 
duced slight respiratory depression, increased 
PaCO2, decreased pH and increased mortality 
(20%).

Both hypoglycaemia and hypoxaemia may in- 
duce neurodegeneration and apoptosis in neo-
natal rodents [33]; thus, blood gas and glucose 
levels were monitored in the present study. No 
pups developed hypoglycaemia. In the first 
experiment, the isoflurane and Rf80 groups 
showed slightly increased PaCO2 and decreased 
pH, suggesting mild respiratory depression, but 
showed no significant differences in PaCO2 or 
pH values. According to Stratmann and col-
leagues [19], hypercapnia might cause wide-
spread neuronal apoptosis in neonatal rats, 
although the magnitude of this previously ob-

served neuronal apoptosis was less than that 
observed in the isoflurane group in our study. 
The concentration of inhaled isoflurane (1.5%) 
used in our study was significantly less than the 
concentration (1 MAC) used by Stratmann et al. 

The PaCO2 (51 ± 6 mmHg) in the isoflurane 
group was significantly lower than the level 
reported by Stratmann (approximately 80 
mmHg). Mild hypercapnia might be one factor 
contributing to isoflurane-induced neuronal 
apoptosis. In the high-dose remifentanil group, 
which exhibited a similar increase in PaCO2, sig-
nificant neuronal apoptosis was not observed 
in the cortex, hippocampus, or thalamus com-
pared with the Sham group, suggesting that 
neurotoxicity was not associated with mild 
hypercapnia. In the second experiment, slight 
hypercapnia was evident in all groups except 
that treated with isoflurane and 20 µg·kg-1·h-1 
remifentanil, which exhibited a significant 
increase in PaCO2 and decreases in pH and 
PaO2. The pups in the Iso+Rf20+I group experi-
enced severe respiratory depression (PaO2: 50 
± 11 mmHg; PaCO2: 72 ± 5 mmHg). As sh- 
own in the study by Machaalani [34], hypoxae-
mia (PaCO2: 40.9 ± 1.9 mmHg) and hypercap-
nia (PaCO2: 61.2 ± 4.2 mmHg) induce apopto-
sis in the brain. Thus, in the present study, 
treatment with isoflurane and 20 µg·kg-1·h-1 
remifentanil increased the number of apoptotic 
cells compared with treatment with isoflurane 
and 5 or 10 µg·kg-1·h-1 remifentanil; this effect 
may be associated with hypercapnia.

The cortex, hippocampus and thalamus were 
assessed in the present study. The cerebral 
cortex is the highest sensorium and motorium, 
and we observed that isoflurane is associated 
with neurotoxic effects, consistent with previ-
ous studies. In addition, remifentanil had no 
effect on cortical neurons and did not reduce 
isoflurane-induced apoptosis. Isoflurane does 
not damage the short-term memory associated 
with cortical functions, although this drug 
induced apoptosis [20, 35]. The hippocampus 
is associated with learning, cognition and me- 
mory. Pups may show abnormal patterns in 
behavioural experiments as they age if they 
sustain hippocampal neuron injury [35-38]. 
Regardless of the presence of a nociceptive 
stimulus, inhalation of a 1.5% anesthetic was 
associated with hippocampal neuron apopto-
sis, and a 10 µg·kg-1·h-1 remifentanil infusion 
reduced apoptosis, suggesting that remifent-
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anil exerted neuroprotective effects. Isoflurane 
also induced thalamic neuron apoptosis. The 
thalamus is the most important sensory con-
duction station, and various regions, excepting 
the olfactory sensory pathway, project neurons 
into the thalamus, which subsequently projects 
them into the cerebral cortex. The thalamus is 
also associated with emotion [39], Wernicke-
Korsakoff syndrome and amnesia, suggesting 
that this brain region is involved in memory and 
attention [40, 41]. However, remifentanil did 
not reduce isoflurane-induced apoptosis in the 
thalamus in the present study. Briefly, remifent-
anil exerted a neuroprotective effect on the hip-
pocampus but not on the cortex or thalamus, 
likely for three reasons. 1: The neurotoxic effect 
of isoflurane varies among different brain 
regions. The number of apoptotic cells in each 
brain region was highest in the hippocampus 
(200.8 cells/mm2 in CA1 and 727.9 cells/mm2 
in CA3), followed by the thalamus (49.6 cells/
mm2) and cortex (1.0 cells/mm2). Thus, the 
neuroprotective effect of remifentanil may be 
more apparent in more important regions. 2: 
The sample size was small (n = 10). 3: Because 
of the limitations of the present study, a higher 
dose of remifentanil, which may have exerted 
an anti-apoptotic effect on the thalamus or cor-
tex, could not be used.

Based on our observation that the combination 
of isoflurane with 10 µg·kg-1·h-1 remifentanil 
reduced isoflurane-induced apoptosis in the 
hippocampus, the neurotoxic effect of a single 
dose of remifentanil in the presence of a noci-
ceptive stimulus was observed. However, remi-
fentanil did not exert a neurotoxic effect on the 
developing brain. 

A plantar incision (Brennan’s model) was used 
as the pain stimulus in the present study. 
Brennan’s model is typically used to simulate 
the effect of pain stimuli on the neonatal ner-
vous system [42] and to examine remifentanil-
induced hyperalgesia [16, 17]. 

Our study has some limitations. First, we did 
not measure vital signs, anesthesia depth and 
injury severity in the pups in all groups to deter-
mine whether the anesthesia depth was con-
sistent with the injury severity. Second, without 
tracheal intubation, respiratory depression and 
hypercapnia readily occurred in pups treated 
with inhaled isoflurane combined with the infu-
sion of moderate-dose remifentanil (Iso+Rf20+I 

group), and the mice subjected to isoflurane 
inhalation and 20 µg·kg-1·h-1 remifentanil infu-
sion had more apoptotic cells. Thus, we cannot 
be certain whether the increased apoptosis 
induced by hypercapnia or the 20 µg·kg-1·h-1 
remifentanil infusion represents a neuroprotec-
tive effect. Further studies are required to 
determine whether the effects in the high-dose 
group would be different if the pups had 
received tracheal intubation.

In conclusion, regardless of the presence of a 
nociceptive stimulus, inhaled anesthetics were 
associated with neuronal apoptosis in some 
brain regions, particularly in the hippocampus. 
However, remifentanil did not exert neurotoxic 
effects on the developing brain, and it reduced 
isoflurane-induced apoptosis. Thus, the anti-
apoptosis mechanism of remifentanil requires 
further investigation. 
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