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Introduction
Propofol is a general anesthetic that acts on activating γ-am-
inobutyric acid type A (GABAA) receptors to increase chlo-
ride ion channel opening (Concas et al., 1991). Remifentanil 
is a potent, ultra-short-acting synthetic opioid analgesic 
drug and is used extensively in the clinic owing to its unique 
advantages (Lee et al., 2012; Rogliani et al., 2013). It is com-
monly used in combination with propofol for anesthesia. 
Remifentanil induces overexpression of the p53 gene and 
inhibits the proliferation of neural stem/progenitor cells, 
possibly by reducing testosterone levels (Shoae-Hassani et 
al., 2011). However, the safety of the application of remifen-
tanil in pediatric anesthesia deserves further investigation 
(Jevtovic-Todorovic et al., 2003; Pelaez et al., 2004; Mellon 
et al., 2007; Bache et al., 2013; Chandler et al., 2013). In 
the present study, we observed the effects of propofol and 
remifentanil on the proliferation and differentiation of in 
vitro cultured neural stem/progenitor cells from neonatal rat 
hippocampi. 

Previous studies suggest that propofol increases intracellu-
lar calcium ion concentration ([Ca2+]i) in neural stem/pro-
genitor cells by activating GABAA receptors (Tozuka et al., 

2005; Cheung et al., 2009). Ca2+ plays an important role as a 
signal transduction messenger during neural stem/progeni-
tor cell proliferation and differentiation, and in the develop-
ment of the central nervous system (Fiorio Pla et al., 2005; 
D’Ascenzo et al., 2006; Pan et al., 2013; Wang et al., 2013). 
Increased [Ca2+]i within the physiological range promotes 
cell proliferation, differentiation, synthesis and catabolism 
(Yuan et al., 2012; Rushton et al., 2013; Li et al., 2014). Here, 
we explore the effects of propofol and remifentanil on neural 
stem/progenitor cell proliferation and differentiation, and 
their relationship with [Ca2+]i. 

Materials and Methods
Isolation and culture of neural stem/progenitor cells
One-day-old Sprague-Dawley rat pups were provided by the 
Laboratory Animal Center, Hubei University of Medicine, 
China (license No. SCXK (E) 2005-0008). The study was ap-
proved by the Animal Ethics Committee, Hubei University of 
Medicine and Affiliated Hospital of Taihe, China. Newborn 
rats were anesthetized on ice and killed by cervical dislocation.

Hippocampi from seven 1-day-old Sprague-Dawley rats 
were isolated in a biological safety cabinet and placed in a 
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flask for primary cell culture, as described previously (Lu 
et al., 2012a, b). Penicillin (50 IU/mL) and streptomycin 
(50 μg/mL) were added to the primary culturing medi-
um (Wen et al., 2002; Wen et al., 2007; Yu et al., 2007). 

Cell intervention 
The 5-bromo-2′-deoxyuridine (BrdU) incorporation assay 
was used to observe hippocampal neural stem/progenitor 
cell proliferation. Third-passage cells were seeded onto a 24-
well plate coated with polylysine at a density of 5 × 104/mL 
for immunofluorescence staining. Living cells at 1 × 106/mL 
were seeded onto a 48-well plate without a coverslip or poly-
lysine, for the detection of cell proliferation and apoptosis. 
After 30 minutes of drug exposure (described below), sev-
eral wells in each group were used for [Ca2+]i measurement 
(Muskhelishvili et al., 2003; Lu et al., 2012a, b).  

Each well contained 0.5–1 mL medium. Samples were 
incubated at 5% CO2, 37°C and saturated humidity for 6–8 
hours until cells reached at least 80% confluence. Each well 
in the 24- or 48-well plates was treated with either propofol 
(AstraZeneca, London, UK) or remifentanil (Yichang Hu-
manwell Pharmaceutical Co., Ltd., Hubei Province, China). 
For the cell proliferation assay, each well of the 48-well plate 
was treated with BrdU for 20 minutes before drug exposure. 

There were 11 treatment groups of five wells each: (1) 
P1: 1.0 μg/mL propofol; (2) P2: 2.5 μg/mL propofol; (3) P3: 
5.0 μg/mL propofol; (4) R1: 5 ng/mL remifentanil; (5) R2: 
10 ng/mL remifentanil; (6) R3: 20 ng/mL remifentanil; (7) 
R1 + P1: 5 ng/mL remifentanil + 1.0 μg/mL propofol; (8) 
R2 + P2: 10 ng/mL remifentanil + 2.5 μg/mL propofol; (9) 
R3 + P3: 20 ng/mL remifentanil + 5.0 μg/mL propofol; (10) 
Intralipid (Huarui Pharmacy Ltd., Wuxi, Jiangsu Province, 
China) control group; (11) blank control group. The low, 
moderate and high doses of propofol and remifentanil were, 
respectively, 1, 2–2.5 and 4–5 times that of the clinically ef-
fective blood concentration (Ludbrook et al., 2002).

The neural stem/progenitor cells were regenerated using 
10 ng/mL basic fibroblast growth factor (Promega, Madison, 
WI, USA) and 10 ng/mL epidermal growth factor in basic 
culture medium, which consisted of Dulbecco’s modified 
Eagle’s medium/F12 (1:1, v/v), B-27 (2%) and N2 (1%) sup-
plements, 0.5 mmol/L L-glutamine and 0.5 mmol/L non-es-
sential amino acid. 

Our neural stem/progenitor cell differentiation culture 
medium contained 1% fetal bovine serum and 1% serum 
replacement based on the basic culture medium, and basic 
fibroblast growth factor and epidermal growth factor were 
not further constituted (Wen et al., 2002; Wen et al., 2007; Yu 
et al., 2007). One third of the volume was replaced by fresh 
medium every 3 days.

Determination of [Ca2+]i 
Samples were incubated with the drugs for 30 minutes at 
37°C, 5% CO2 and saturated humidity. Samples from sev-
eral wells in each group were collected and the medium 
discarded. The samples were washed twice with Ca2+-free 
PBS and digested with 0.125% trypsin for 5 minutes. Ca2+-
free PBS was added to terminate the digestion. The samples 

were lightly triturated into a cell suspension, washed three 
times with Ca2+-free PBS, and resuspended with Ca2+-free 
PBS to 1 mL (5 × 105/mL). Fluo 3-AM (AAT Bioquest, Inc., 
Sunnyvale, CA, USA) was added at a final concentration of 
10 μmol/L and the samples were incubated for 1 hour in the 
dark at 37°C, 5% CO2 conditional incubator. The samples 
were shaken gently, washed three times with Ca2+-free PBS, 
and the cells were resuspended in 1 mL Ca2+-free PBS. Absor-
bance was measured under a laser confocal microscope (Carl 
Zeiss GmbH, Jena, Germany) at a wavelength of 526 nm. 

BrdU labeling and immunofluorescence staining
BrdU is the specific protein probe for evaluation of prolifera-
tion of neural stem/progenitor cells in our experiment (Lu et 
al., 2012a, b). When the cells were completely adherent, 6–8 
hours after incubation, 5 μmol/L BrdU (Sigma, St. Louis, MO, 
USA) was added to each well for 20 minutes. Then all sam-
ples were incubated for 8 hours. The medium was removed 
and the samples were fixed in 0.01 mol/L PBS containing 4% 
paraformaldehyde at room temperature for 15 minutes, and 
washed three times with 0.01 mol/L PBS. Samples in each well 
were treated with 200 μL HCl (2 mol/L) at room temperature 
for 30 minutes, washed three times with 0.01 mol/L PBS, and 
then blocked with 0.01 mol/L PBS (pH 7.2) containing 200 
μL 10% goat serum at room temperature for 30 minutes. 
Mouse anti-rat BrdU monoclonal antibody (200 μL, 1:400; 
Sigma) was added and the samples were gently shaken for 1 
hour at room temperature, then overnight at 4°C, and washed 
three times with PBS. Fluorescein isothiocyanate (FITC) goat 
anti-mouse IgG (supplied ready to use; Thermo Fisher Scien-
tific Inc., Rockford, IL, USA) was added in the dark at room 
temperature and shaken gently for 2 hours. After three further 
washes with PBS, all samples were mounted with glycerol 
phosphate buffer. BrdU-immunopositive cells were examined 
under a fluorescence microscope (Olympus, Tokyo, Japan) 
(Poncelet and Carayon, 1985; Brando et al., 2000). 

Flow cytometry for cell apoptosis after Annexin V-FITC/
propidium iodide double-staining 
After 48 hours of culture, the cell medium was removed to 
a centrifuge tube. The samples were washed twice with PBS, 
and digested with 0.125% trypsin for 5 minutes. After the 
adherent cells had loosened, they were gently pipetted under 
a microscope, then removed and added to the centrifuge 
tube, centrifuged at 2,000 × g for 5 minutes. Suspended cells 
were collected and washed twice with cold PBS and resus-
pended with 400 μL 1 × binding buffer at a density of 1 × 
106/mL. The cell suspension was treated with 5 μL of Annex-
in V-FITC at 2–8°C in the dark for 15 minutes and 10 μL of 
propidium iodide at 2–8°C in the dark for 5 minutes. Optical 
density values were measured using a flow cytometer (Beck-
man-Coulter, Miami, FL, USA), at an excitation wavelength 
of 488 nm. All experiments were performed in triplicate. 

Immunofluorescence staining for β-tubulin and glial 
fibrillary acidic protein expression in cells 
After 72 hours of culture in the presence of the test drugs, 
the detection was conducted as described previously (Lu et 
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Figure 1 Effects of different concentrations of 
propofol and remifentanil on neural stem/
progenitor cell morphology (immunofluorescence 
staining, × 200). 
The morphology of cells treated with low concentra-
tions of propofol and/or remifentanil was not notably 
different from that of control cells. However, after 
treatment with high concentrations, differentiation was 
suppressed. Green: Astrocyte-specific glial fibrillary 
acidic protein (GFAP; FITC staining); red: neuron-spe-
cific β-tubulin (TRITC staining); blue: nuclei (DAPI 
staining). P1: 1.0 μg/mL propofol; P2: 2.5 μg/mL propo-
fol; P3: 5.0 μg/mL propofol; R1: 5 ng/mL remifentanil; 
R2: 10 ng/mL remifentanil; R3: 20 ng/mL remifentanil; 
R1 + P1: 5 ng/mL remifentanil + 1.0 μg/mL propofol; 
R2 + P2: 10 ng/mL remifentanil + 2.5 μg/mL propofol; 
R3 + P3: 20 ng/mL remifentanil + 5.0 μg/mL propofol; 
FITC: fluorescein isothiocyanate; DAPI: 4′,6-diamidi-
no-2-phenylindole. 
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al., 2012a, b). The neuron-specific protein was β-tubulin and 
the astrocyte-specific protein was glial fibrillary acidic pro-
tein. The medium was removed from the well, then each well 
was washed three times with 0.01 mol/L PBS (pH 7.4) for 5 
minutes each time, and the samples were fixed with 4% para-
formaldehyde at room temperature for 15 minutes, before 
washing again three times with 0.01 mol/L PBS. Nonspecific 
binding was blocked with 200 μL 0.01 mol/L PBS containing 
10% goat serum at room temperature for 30 minutes. The 
samples were incubated with PBS supplemented with 0.4% 
Triton X-100 (Sigma) and 0.1% bovine serum albumin at 37°C 
for 15 minutes, and washed three times with 0.01 mol/L PBS, 

before being treated with mouse anti-rat β-tubulin mono-
clonal primary antibody (150 μL, 1:400; Millipore, Billerica, 
MA, USA) and rabbit anti-rat glial fibrillary acidic protein 
monoclonal antibody (Sigma) at room temperature for 1 
hour in a wet box at 4°C overnight. After three washes with 
PBS, the samples were incubated in the dark with FITC goat 
anti-rabbit IgG (1:100; Thermo Fisher Scientific Inc., Rock-
ford, IL, USA) and TRITC goat anti-mouse IgG (1:100; Ther-
mo Fisher Scientific Inc.) in the wet box at room temperature 
for 2 hours, followed by three washes with 0.1 mol/L PBS (pH 
7.5). 4′,6-Diamidino-2-phenylindole (DAPI) staining solution 
(0.3 mL) was added to each well at room temperature for 15 
minutes. All samples were washed three times with PBS, and 
mounted with 50% glycerol phosphate buffer. For a negative 
control, 0.01 mol/L PBS was used instead of primary antibody. 
Cells were then observed under a confocal microscope (Carl 
Zeiss GmbH).

Detection of the proportion of differentiated neural stem/
progenitor cells
Neural stem/progenitor cell differentiation was detected at 
12 days in each group. Cells were immunostained for neu-
ron-specific enolase and glial fibrillary acidic protein, and 
then evaluated by flow cytometry (Beckman-Coulter, Miami, 
FL, USA) (Poncelet and Carayon, 1985; Brando et al., 2000). 
Rabbit anti-nestin polyclonal antibody (1:400; Boster, Wu-
han, Hubei Province, China) was the primary antibody; the 
remaining procedures were identical to those described for 
BrdU immunofluorescence. 

Statistical analysis 
Data were expressed as the mean ± SD and processed using 
SPSS 15.0 software (SPSS, Chicago, IL, USA). One-way anal-
ysis of variance and Bonferroni post hoc tests were used. P < 
0.05 was considered statistically significant. 

Figure 2 Propofol and remifentanil impair proliferation and differentiation of neural stem/progenitor cells. 
Specific protein and self-renewal ability of neural stem/progenitor cells were examined using BrdU. Cell apoptosis was detected by flow cytometry 
using Annexin V-FITC/PI double-staining. β-Tubulin (neuron-specific) and glial fibrillary acidic protein (GFAP; astrocyte-specific) expression was 
detected using immunofluorescence staining. C: Blank control group; L: intralipid; P1: 1.0 μg/mL propofol; P2: 2.5 μg/mL propofol; P3: 5.0 μg/mL 
propofol; R1: 5 ng/mL remifentanil; R2: 10 ng/mL remifentanil; R3: 20 ng/mL remifentanil; R1 + P1: 5 ng/mL remifentanil + 1.0 μg/mL propofol; R2 + P2: 
10 ng/mL remifentanil + 2.5 μg/mL propofol; R3 + P3: 20 ng/mL remifentanil + 5.0 μg/mL propofol. Data were expressed as the mean ± SD. One-
way analysis of variance was used to compare multiple groups; Bonferroni post-hoc test was used for pairwise comparisons between groups. *P < 0.05, 
vs. blank control and Intralipid groups. 

Figure 3 Effects of different concentrations of propofol and 
remifentanil on [Ca2+]i at the initial stage of differentiation in neural 
stem/progenitor cells.
C: Blank control group; L: intralipid; P1: 1.0 μg/mL propofol; P2: 
2.5 μg/mL propofol; P3: 5.0 μg/mL propofol; R1: 5 ng/mL remifen-
tanil; R2: 10 ng/mL remifentanil; R3: 20 ng/mL remifentanil; R1 + P1: 
5 ng/mL remifentanil + 1.0 μg/mL propofol; R2 + P2: 10 ng/mL 
remifentanil + 2.5 μg/mL propofol; R3 + P3: 20 ng/mL remifentanil + 
5.0 μg/mL propofol. Data were expressed as the mean ± SD. One-way 
analysis of variance was used to compare multiple groups; Bonferroni 
post-hoc test was used for pairwise comparisons between groups. *P < 
0.05, vs. blank control and Intralipid groups.
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Results
Effects of different concentrations of propofol and 
remifentanil on neural stem/progenitor cell morphology 
Cell morphology was normal in the blank control and Intr-
alipid groups, and no obvious morphological changes were 
observed in the groups exposed to low concentrations of 
propofol and/or remifentanil (P1, R1, and R1 + P1 groups). 
However, the morphology and viability of differentiated cells, 
and the development of synapses or axons, were impaired in 
the groups exposed to higher concentrations of the drugs (P2, 
P3, R2 and R3 groups). Non-apoptotic astrocyte hypertrophy 
was visible in the R2 and R3 groups. The number of differen-
tiated cells was lower in the R2+P2 and R3+P3 groups (high 
concentrations of propofol + remifentanil), and a large num-
ber of cells had died, showing poor cell morphology and via-
bility, and poor development of synapses or axons. Moreover, 
non-apoptotic astrocyte hypertrophy was visible (Figure 1).

Effects of propofol and remifentanil on proliferation and 
differentiation of neural stem/progenitor cells
Compared with the blank control and Intralipid groups, no 
significant differences in cell proliferation or apoptosis were 
detected in the R1, P1, or R1 + P1 groups (P > 0.05). How-
ever, treatment with high concentrations of propofol and/
or remifentanil inhibited cell proliferation and significantly 
increased the apoptosis ratio (P < 0.05). The apoptosis ratio 
increased with increasing concentrations of propofol and/or 
remifentanil (Figure 2). 

After 12 days of differentiation, the proportion of β-tubu-
lin immunopositive neurons was significantly higher in the 
P1 and R1+P1 groups than in the blank control group (P < 
0.05). There was no significant difference in the proportion 
of β-tubulin immunopositive neurons between the P2 and R1 
groups and between the blank control and Intralipid groups 
(P > 0.05). The proportion of β-tubulin positive neurons 
was lower in the R2, R3, R2 + P2 and R3+P3 groups (P < 0.05, 
vs. blank control group; Figure 2). 

Effects of different concentrations of propofol and 
remifentanil on [Ca2+]i at the initial stage of neural stem/
progenitor cell differentiation 
Compared with the blank control and Intralipid groups, 
[Ca2+]i was significantly lower in all groups (P < 0.05) except 
the P1 group, in which [Ca2+]i was significantly higher than 
in the control groups (P < 0.05; Figure 3). 

Discussion
Previous studies have shown that during synapse forma-
tion (the key period of rapid development of the immature 
brain), an increase in neuronal differentiation and a reduc-
tion in proliferation of other nerve cells can affect the struc-
ture and physiological function of the hippocampus, and 
induce cognitive impairment (Sall et al., 2009; Stratmann 
et al., 2009). Our study supports these findings: propofol 
caused an increase in differentiation of neural stem/progen-
itor cells into neuronal cells but a decrease in the number 
of astrocytes. This indicates that propofol exposure during 

development would also affect the normal structure and 
physiological function of the hippocampus, and may result 
in later cognitive impairment. This may explain the effects of 
propofol on the rapid development of the immature brain in 
juvenile mammals (Karen et al., 2013; Kargaran et al., 2014; 
Sharma et al., 2014; Yu and Sun, 2014). Intralipid, the sol-
vent of propofol, did not affect cell differentiation, illustrat-
ing that the effects observed are due to the pharmacological 
action of propofol rather than its solvent. 

The results from this study demonstrate that clinically 
effective concentrations of propofol, remifentanil or their 
combination had no significant effect on the proliferation, 
differentiation, or apoptosis of rat neural stem/progenitor 
cells. However, moderate and high concentrations of propo-
fol, remifentanil or their combination significantly inhibited 
the proliferation and differentiation of neural stem/progen-
itor cells, induced extensive apoptosis of differentiated cells, 
and disrupted the development of neuronal dendrites and 
axons. Our results suggest that propofol, remifentanil or 
their combination would produce noticeable effects on brain 
development in vivo, by altering the proliferation and differ-
entiation of neural stem/progenitor cells in neonatal brain. 
This hypothesis warrants further investigation in vivo. 

Furthermore, at a clinically effective concentration, 
propofol caused an increase of neural stem/progenitor cell 
differentiation into neuronal cells but a decrease in astrocyte 
differentiation. 

We also explored [Ca2+]i as a possible mechanism for the 
observed effects. At the initial stage of neural stem/progen-
itor cell differentiation, compared with [Ca2+]i in control 
cells, [Ca2+]i was significantly higher only in the presence of 
low (clinically effective) concentrations of propofol, where-
as at all other concentrations of propofol, remifentanil or 
their combination, initial [Ca2+]i was lower than in controls. 
The higher the drug concentration, the lower the initial 
[Ca2+]i. 

Our study confirmed that the anesthetics propofol and 
remifentanil affect the proliferation and differentiation of 
neural stem/progenitor cells by altering [Ca2+]i. Moderate 
and high concentrations of remifentanil and propofol, alone 
or in combination, significantly diminished [Ca2+]i in the 
initial stage of neural stem/progenitor cell differentiation. 

In summary, propofol and/or remifentanil affect neural 
stem/progenitor cell proliferation and differentiation, possi-
bly by altering [Ca2+]i in these cells.
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