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Abstract

Human studies, and especially laboratory studies, provide evidence that early life exposure to 

general anesthesia may affect neurocognitive development via largely unknown mechanisms. We 

explored whether hippocampal histone acetylation had a role in neurodevelopmental effects of 

sevoflurane administered to neonatal rats. Male Sprague-Dawley rats were exposed to 3% 

sevoflurane or were subjected to maternal separation only for 2 h daily at postnatal days 6, 7, and 

8. The histone deacetylase inhibitor, sodium butyrate (250 mg/kg, intraperitoneally), or saline was 

administered starting 2 h prior to anesthesia or maternal separation and continued daily until the 

end of behavioral tests, which were performed between postnatal days 33 and 50. Upon 

completion of the behavioral tests, the brain tissues were harvested for further analysis. Rats 

neonatally exposed to sevoflurane exhibited decreased freezing time in the fear conditioning 

contextual test and increased escape latency, decreased time in target quadrant, and number of 

platform crossings in the Morris water maze test. The sevoflurane-exposed rats had lower 

hippocampal density of dendritic spines, reduced levels of the brain-derived neurotrophic factor, c-

fos protein, microtubule-associated protein 2, synapsin1, postsynaptic density protein 95, pCREB/

CREB, CREB binding protein, and acetylated histones H3 and H4, and increased levels of histone 

deacetylases 3 and 8. These neurobehavioral abnormalities were normalized in the sevoflurane-
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exposed rats treated with sodium butyrate. Our findings provide evidence that neonatal exposure to 

sevoflurane induces neurobehavioral abnormalities and long-lasting alterations in histone 

acetylation; normalization of histone acetylation may alleviate the neurodevelopmental side effects 

of the anesthetic.
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Neonatal rats; Sevoflurane; Maternal separation; Hippocampus; Histone acetylation; Synaptic 
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Introduction

Most of human retrospective epidemiological analyses and a rapidly increasing number of 

specifically designed laboratory studies provide evidence that general anesthesia, 

administered during the early period after birth, may induce developmental neurocognitive 

abnormalities that can be detected long after the anesthesia exposure (Wilder et al., 2009; 

Edwards et al., 2010; Sun, 2010; Seubert et al., 2013; Shen et al., 2013; Rappaport et al., 

2015; Xu et al., 2015). Given that millions of newborns and young children are exposed to 

general anesthesia every year, the possibility that a clinical procedure may have long-lasting 

deleterious effects on brain development in our youngest patients is an issue of important 

health concern (Servick K., 2014; Rappaport et al., 2015). The only way to address this is to 

develop safer anesthesia because treatment of many life-threatening conditions requires 

general anesthesia. Poor understanding of the mechanisms mediating adverse developmental 

effects of general anesthetics is an important barrier on the way to developing safer 

anesthesia.

A rapidly raising number of studies demonstrate that epigenetic mechanisms, such as DNA 

methylation and histone acetylation, are involved in the mediation of environmental factor-

induced shaping of the developing brain during its critical period of maturation by 

reprogramming diversified gene expression, some of which can also be seen as differential 

in early brain development (Fischer et al., 2007; McClelland et al., 2011; Powell and 

LaSalle, 2015; Roth and Sweatt, 2011; Johnson et al., 2009). These mechanisms are critical 

mediators whereby early life environmental factors affect long-term learning and memory, 

resulting in improvement of mental function or neuropsychiatric disorders. During general 

anesthesia, anesthetic agents such as sevoflurane force transition of the brain into a coma 

state that is characterized by profound alteration of most aspects of brain functioning (Baker 

et al., 2014; Franks and Zecharia, 2011), placing general anesthetic agents among highly 

reactive environmental factors. The importance of environmental factors in the 

developmental outcome of neonatal anesthesia in rodents is evident from the opposite effects 

of postanesthesia enriched and deprived housing conditions (Brenes et al., 2015; Shih et al., 

2012; Zhang et al., 2015). Therefore, it is plausible that general anesthetics may initiate 

developmental abnormalities in the brain, at least in part, through modulation of epigenetic 

mechanisms. This possibility is further supported by the fact that neurotrophins such as 

brain-derived neurotrophic factor (BDNF), which plays an important role in brain 

development and function, and which is shown to be involved in the neurodevelopmental 
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effects of neonatal anesthesia (Head et al., 2009), are downward targets for regulation by 

histone acetylation (Barichello et al., 2015; Khan and Jena, 2014; Sharma, 2010). Histone 

acetyltransferases and histone deacetylases (HDAC) modulate histone interaction with DNA 

by adding and removing acetyl groups to N-terminal of histone tails, respectively. Histone 

acetyltransferases can enable chromatin relaxation and facilitate transcription, whereas 

HDAC enable chromatin compaction and repress transcription (Bannister and Kouzarides, 

2011; Fischer et al., 2010; Guan et al., 2009; Jia et al., 2015; McQuown et al., 2011). In the 

present study, we investigated whether early life exposure to sevoflurane anesthesia-induced 

neurobehavioral abnormalities in rodents are associated with alterations in hippocampal 

histone acetylation and whether such neurobehavioral abnormalities can be ameliorated by 

treatments with the HDAC inhibitor, sodium butyrate (NaB) (Intlekofer et al., 2013; Febo et 

al., 2009; Fontan-Lozano et al., 2008; Khan and Jena, 2014; Rane et al., 2012).

Materials and Methods

Animals

The present study was approved by the Ethics Committee of Jinling Hospital, Nanjing 

University, China, and was performed in accordance with the Guide for the Care and Use of 

Laboratory Animals from the National Institutes of Health (Bethesda, Maryland). Sprague-

Dawley rats (dams with pups) were purchased from the Animal Center of Jinling Hospital, 

Nanjing, China, and were housed individually in standard conditions with a 12-h light/dark 

cycle (light from 07:00–19:00) at 23 ± 1°C and ad libitum access to food and water. At the 

age of 21 days, pups were weaned and housed in sex-matched groups of three to four for the 

rest of the study. To control for litter variability, several pups from different litters were used 

for each treatment condition. The data reported in this study was collected from 60 male 

rats.

Sevoflurane Exposure

The P6 male rat pups were randomly assigned to be exposed to sevoflurane or not exposed 

to sevoflurane. Rats received 3% sevoflurane in O2 for 2 h daily for three consecutive days 

in a thermostat chamber set to 37 ± 1ºC (Shen et al., 2013). The total gas flow was 1.5 L/

min. The rats breathed spontaneously, and concentrations of anesthetic and oxygen were 

measured continuously using a calibrated Datex side stream analyzer (Vamos, Drägerwerk 

AG & Co., Shanghai, China) that sampled from the interior of the animal chamber. After 

termination of anesthesia, the rat pups recovered with the thermostat set at 37 ± 1°C. Upon 

gaining the righting reflex, the pups were returned to the mothers. The animals not exposed 

to sevoflurane were separated from the dams for the same duration of time in a temperature-

controlled chamber with a continuous supply of oxygen. In line with previous studies (Lu et 

al., 2010; Shen et al., 2013), we found that anesthesia with 3% sevoflurane for 2 h did not 

significantly change the values of pH, partial pressure of oxygen, and/or carbon dioxide 

compared to the control group.

Drug Treatment

To study the role of histone acetylation in the developmental effects of sevoflurane, the 

inhibitor of HDAC, NaB (250 mg/kg, intraperitoneally, i.p.), was administered to 
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sevoflurane (Sev)-exposed (the Sev + NaB group) and sev-non-exposed, that is, the maternal 

separation (MS) + NaB group rats. To control for the injections, an equal volume of i.p. 

saline, the vehicle for NaB, was administered to another half of sevoflurane-exposed (the 

Sev group) and sevoflurane-non-exposed (the MS group) rats. The injections were done 2 h 

prior to anesthesia with sevoflurane or MS and then daily until the end of behavioral tests at 

P50 (Fig. 1). The i.p. injections were alternated daily between the right and left sides of the 

abdomen. The volume of injection was 10 ml/kg. All rats were sequentially evaluated in 

open field (OF) tests starting at P33, Morris water maze (MWM) tests starting at P36, and 

fear conditioning (FC) tests starting at P48 (Fig. 1).

Behavioral Tests

All apparatus used to conduct the behavioral tests were purchased from Shanghai Softmaze 

Information Technology Co. Ltd, Shanghai, China. All behavioral tests were performed 

during the light phase of a 12-h light/dark cycle between 9:00 A.M. and 4:00 P.M.

OF Test—Explorative activities and anxiety-like behaviors were studied by using the OF 

apparatus (XR-XZ301). The rat was placed in a gray plastic chamber (100 cm × 100 cm × 

40 cm) and was allowed to explore the apparatus for 10 min; this autonomous exploration 

was automatically recorded by a video tracking system. After each test, the surface of the 

apparatus was thoroughly cleaned with 75% alcohol to avoid the presence of olfactory cues 

from the previous rat.

MWM Test—Spatial learning and memory of the rats were tested by using the MWM 

apparatus (XR-XM101). The apparatus was consisted of a circular tank (150-cm diameter, 

55-cm height) filled with water (35 cm, approximately 23 ± 1°C. The pool was surrounded 

with an opaque curtain and was placed in an isolated room with four visual cues on the wall 

of the tank. A nontoxic paint was used to render the water opaque. The tank was divided into 

four equal quadrants, labeled left-top, left-bottom, right-top, and right-bottom. A 10-cm 

diameter platform (as the escape platform) was submerged 1.5 cm below the surface of the 

water at a constant location in one of the quadrants, i.e., the left-top quadrant in this study. 

The rats were tested in the MWM four times per day for six consecutive days from P36 to 

P41 to search for the escape platform (Fig. 1). The starting points for each rat were 

randomly chosen in one of the four quadrants, and the each trial had a ceiling time of 60 s or 

a stopping time of when the escape platform was found. Between the trials, the rat was 

allowed to stay on the platform for additional 15 s to rest. If the rat failed to find the 

platform within 60 s, it was gently guided to the platform and allowed to rest on the platform 

for additional 15 s prior to the next trial. A video tracking system recorded the swimming 

tracks of the rats. Twenty-four hours later, on P42, the spatial memory test was performed. 

The test lasted 60 s, during which the escape platform was removed. The rat was placed in 

the tank in the contralateral quadrant relative to the original location of the escape platform 

(the target quadrant). The time spent in the target quadrant and the number of times the rat 

crossed the previous location of the escape platform were recorded.

FC Test—The rats were put in the training chamber (32 cm × 32 cm × 45 cm) with 21 

stainless steel rods evenly distributed at the bottom of chamber. The chamber was placed in 
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a soundproof box (52 cm × 45 cm × 75 cm) with a camera fixed on the top. The rats were 

habituated to the chamber for 180 s, after which they received a tone stimulus (30 s, 70 dB, 

3000 Hz) followed by an electric foot-shock (2 s, 0.7 mA) delivered during the last 2 s of the 

tone stimulus. After the foot-shock, the rats remained in the chamber for an additional 30 s 

before being returned to their home cages. Twenty-four hours later, a contextual FC test was 

performed. The rats were returned to the original training chamber and allowed to explore 

the context for 300 s without any stimulation. Forty-eight hours after the FC training, a cued 

FC test was performed. The rat was placed into a novel chamber (with a smooth flat rather 

than a grid floor, and altered color, shape, materials, and smell) for 180 s for habitation 

followed by the 180 s of the training tone (70 dB, 3000 Hz). Activities were tracked using a 

video tracking system. The percentage of time spent freezing was used to measure the fear 

memory formation after training. Freezing was defined as no movement with the exception 

of respiration for at least 1 s. The chamber was thoroughly cleaned with 75 % alcohol at the 

end of each training and testing.

Isolation of the Hippocampus

One hour after a cued FC test, five rats from each experimental group were sacrificed by 

administering sodium pentobarbital (60 mg/kg, i.p.) followed by decapitation. The 

hippocampus was dissected as described elsewhere (Kilgore et al., 2010), placed in liquid 

nitrogen, and stored at −80 °C.

Preparation for Hippocampal Protein Extractions

For histone extraction, the tissue samples were homogenized in ice-cold solution containing 

(in millimoles): 50 Tris-HCl, 25 KCl, 250 sucrose, 2 NaB, 1 sodium orthovanadate, 0.5 

phenylmethylsulfonyl fluoride, and 1× protease inhibitor cocktail, pH 7.5. The tissue 

homogenates were centrifuged at 7700 g for 60 s at 4 °C. The supernatant was aspirated and 

the pellet was resuspended in 1 ml 0.4 N H2SO4. Trichloroacetic acid with 10 mM sodium 

deoxycholate was added to the supernatant for 30 min at 4°C to extract histones, followed by 

centrifugation at 14000 g for 30 min. The protein pellet was washed once by acidified 

acetone (0.1% HCl) for 5 min. Protein pellets were collected between washes by 

centrifugation at 14000 g for 5 min and were then resuspended in 50 mM Tris-HCl (pH 8.0) 

and stored at −80 °C.

For measuring the proteins of HDAC1, HDAC2, HDAC3, HDAC8, BDNF, c-fos, 

microtubule-associated protein 2 (MAP2), synapsin1, PSD95, cyclic-AMP response element 

binding protein (CREB), phosphrated-CREB (pCREB), and CREB binding protein (CBP) in 

the hippocampus, radioimmunoprecipitation assay buffer containing 1× protease inhibitor 

cocktail was used. Homogenates were centrifuged at 13000g at 4°C for 10 min and the 

supernatants were transferred to a fresh tube for western blotting.

Western Blot

Five rats in each group were used for western blot. Levels of hippocampal HDAC1, HDAC2, 

HDAC3, HDAC8, total-H3, acetyl-H3K9, acetyl-H3K14, total-H4, acetyl-H4, acety-H4K5, 

acetyl-H4K12, BDNF, c-fos, MAP2, synapsin1, PSD95, pCREB/CREB, and CBP were 

assayed by the western blot. The hippocampus was homogenated in 
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radioimmunoprecipitation assay buffer plus protease inhibitors (Sigma, St. Louis, Missouri), 

and centrifuged at 4°C for 15 min at 12000 rpm; the supernatant was then collected. The 

protein concentrations were measured according to the method of Bradford using bovine 

serum albumin as a standard (BioRad, Hercules, California). Protein extracts (20 μg/well) 

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

on 8% to −12% resolving gels and were then transferred to polyvinylidene difluoride 

membranes. After that, the membranes were incubated in primary antibody containing Tris-

buffered saline and Tween 20 (TBST) and 5% nonfat dry milk for 60 min at room 

temperature. The following anti-rabbit, anti-rat, or anti-mouse primary antibodies were used 

as follows overnight at 4°C.: anti-HDAC1 (1:1000; Abcam, Cambridge, UK), anti-HDAC2 

(1:1000; Abcam), anti-HDAC3 (1:1000; Abcam), anti-HDAC8 (1:1000; Abcam), anti-

histone H3 (1:500; Cell Signaling, MA, USA), anti-histone H3 (acetyl K9) (1:500; Abcam), 

anti-histone H3(acetyl K14) (1:500; Abcam), anti-histone H4 (1:500; Cell Signal 

Technology, Danvers, Massachusetts), anti-acetyl histone H4 (Lys5/8/12/16) (1:500; 

Abcam), anti-histone H4 (acetyl K5) (1:500; Abcam), anti-histone H4 (acetyl K12) (1:500; 

Abcam), anti-BDNF (1:1000; Santa Cruz Technologies, Santa Cruz, California), anti-c-fos 

(1:500; Santa Cruz Technologies), anti-MAP2 (1:1000; Abcam), anti-Synapsin1 (1:1000; 

Merck Millipore, Darmstadt, Germany), anti-PSD95 (1:1000; Abcam), anti-CREB (phospho 

S133) (1:500; Abcom), anti-CREB (1:500; Abcom), and anti-CBP (1:500; Cell Signaling). 

After three washings with TBST for 5 min, membranes were incubated in 5% nonfat dry 

milk in TBST and incubated in the secondary antibodies (1:10,000; goat anti-rabbit or goat 

anti-mouse; 1:5000, goat anti-rat; Bioworld Technology, Nanjing, Jiangsu, China) for 60 min 

at room temperature. The membranes were rinsed again in TBST three times for 5 min. 

Enhanced chemiluminescent and Image J software (Version 1.49v, NIH, Bethesda, 

Maryland) were used to visualize and quantitate the bands, respectively.

Immunofluorescence

Six rats in each group were used for the immunofluorescence analysis. One hour after 

completion of the cued FC test, rats were anesthetized with sodium pentobarbital (60 mg/kg, 

i.p.). The anesthetized rats were perfused transcardially via the left ventricle with 200 ml of 

phosphate-buffered saline (PBS; pH 7.4), followed by 300 ml of 4% paraformaldehyde in 

PBS (pH 7.4). The brains were harvested and dipped in 4% paraformaldehyde at 4°C for 2 h, 

dehydrated in 30% sucrose for 24 h, embedded with OCT (Leica, Jung, Germany), and 

stored at −80°C. Coronal sections (10 µm thick) were cut from −2.12 to −4.80 mm of the 

bregma using the frozen section machine (Leica CM 1950). The sections were rinsed with 

PBS three times for 5 min to wash off the OCT, mounted with 10% normal goat serum for 1 

h at room temperature, and then incubated with anti-histone H3 (acetyl K9; 1:500; Abcam), 

anti-histone H3 (acetyl K14; 1:500; Abcam), anti-histone H4 (acetyl K5; 1:500; Abcam), or 

anti-histone H4 (acetyl K12; 1:500; Abcam) overnight at 4 °C. The sections were washed 

with PBS three times for 5 min and incubated at room temperature for 1 h with the second 

antibody (goat anti-rabbit; 1:300; Bioworld Technology, Nanjing, Jiangsu, China) and 4',6-

diamidino-2-phenylindole (1:1000; Sigma). After repeated washing with PBS, the sections 

were mounted with 50% glycerine. Fluorescence FV-1000 confocal microscope (Olympus, 

Japan) was used under 200× magnification to acquire images of the hippocampus.

Jia et al. Page 6

Neurobiol Dis. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Golgi Staining

Four rats in each group were used for Golgi staining analysis. Golgi staining was performed 

using an FD Rapid GolgiStain™ Kit (FD Neurotechnologies, Inc., Columbia, Maryland). 

The rats were sacrificed with an overdose of sodium pentobarbital (60 mg/kg, i.p.). The 

brains were harvested and the hippocampus was immediately dissected, rinsed in Milli-Q 

water to wash blood from the surface, and then immersed in FD Rapid Golgi staining 

impregnation solution, including solution A and solution B (volume 1:1) for 21 d. The 

impregnation solution was replaced after 24 h. Later, the tissue was transferred into solution 

C, which was replaced after 24 h, and stored at 4ºC in the dark for 7 d. The 120-μm-thick 

tissue slices were cut using a vibratome. The tissue slices were transferred on gelatin-coated 

microscope slides with solution C. The sections were allowed to dry naturally and stored in a 

slide box at room temperature in the dark for 3 d. After that, the sections were washed with 

Milli-Q water two times for 2 min. The sections were then placed in a mixture containing 1 

part solution D, 1 part solution E, and 2 parts Milli-Q water. Ten minutes later, the sections 

were washed with Milli-Q water again two times for 4 min and dehydrated using graded 

ethanol (50%, 75%, and 95%, respectively), each time for 4 min. The tissue sections were 

dehydrated again using absolute ethanol four times for 4 min prior to permeabilization with 

xylene three times for 4 min. Finally, the sections were covered by cover slides with 

permount TM mounting medium. The pictures of pyramidal neurons in the hippocampal 

CA1 subfield were taken using an Olympus FV1000 confocal microscope (Olympus, Japan) 

at 400× magnification. The pictures of dendritic spines were visualized using a BM53F 

microscope (Olympus) under oil immersion at a 1000× magnification. The quantification of 

dendritic branching points and intersections was performed using Sholl analysis (version 

v3.4.4, NIH, Bethesda, MD). Dendritic branching and intersections were observed up to the 

length of a 250 μm distance from the soma center, confirming that apical dendrites can 

receive major afferent input. In Sholl analysis, concentric circles of 50 μm distances apart 

were drawn using a stage micrometer scale on the tracks, keeping the center of the soma as 

the center of concentric circles (Bindu et al., 2007 and Wang et al., 2013a). The number of 

branching points and intersections was calculated in each successive concentric segment. 

The length of the apical dendrite was measured using image analysis software NIH Image J 

ver.1.42 (NIH, Bethesda, MD). The number of dendritic spins was counted using Image J 

software (version 1.49v).

Statistical Analysis

Data are presented as the mean ± SEM. Statistical analyses were carried out using SPSS 

software (version 17.0, SPSS Inc., Chicago, IL). Normal distribution of data was analyzed 

using the Kolmogorov-Smirnov test. Multiple comparisons among groups were analyzed 

using analysis of variance (ANOVA) followed by the post hoc Tukey's test. Two-way RM 

ANOVA was used to analyze the MWM escape latency data, with the time and treatment as 

interaction factors (Vorhees and Williams, 2006). The Bonferroni test was used to analyze 

the difference among experimental groups in escape latency during the MWM training. The 

dendritic branching points and intersections were also analyzed using two-way RM ANOVA 

followed by the post hoc Tukey's test. A P value less than 0.05 was considered statistically 

significant.
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Results

Rats Exposed to Sevoflurane Neonatally Exhibited Abnormal behavior; Ameliorating Effect 
of NaB

One-way ANOVA revealed no differences among the four experimental groups during the 

OF test in the distance traveled (F(3,56) = 0.183, P = 0.908; Fig. 2A), speed (F(3,56) = 0.239, 

P = 0.869; Fig. 2B), and time spent in the center (F(3,56) = 0.209, P = 0.889; Fig. 2C).

In the MWM test, the rats in the Sev group exhibited longer escape latency on P38 (F(3,56) = 

11.305, P < 0.001; Fig. 2D) and P39 (F(3,56) = 7.242, P < 0.001; Fig. 2D), spent less time in 

the target quadrant (F(3,56) = 9.066, P < 0.001; Fig. 2E), and made fewer platform crossings 

(F(3,56) = 6.607, P = 0.001; Fig. 2F). The MWM behavior of the rats from the Sev + NaB 

group and of the rats not exposed to sevoflurane neonatally was not different (Fig. 2, D-F, P 
> 0.05).

In the FC test, no significant difference was observed during the FC training among the four 

experimental groups (F(3,56) = 0.623, P = 0.603; F(3,56) = 0.463, P = 0.709; Fig. 2G). 

However, the rats in the Sev group exhibited shorter freezing times in the FC contextual test 

(F(3,56) = 12.360, P < 0.001, Fig. 2H), but not in the FC cued test (F(3.56) = 0.341, P = 0.795, 

Fig. 2I). Treatments with NaB reversed the effects of sevoflurane on the rat’s behavior in the 

FC contextual test (Fig. 2H).

Hippocampal Levels of HDAC3 and HDAC8 Were Elevated in the Sev Group, But Not in the 
Sev + NaB Group

No significant difference was found in the levels of hippocampal HDAC1 and HDAC2 

among the four experimental groups (F(3,16) = 0.242, P = 0.866; F(3,16) = 0.266, P = 0.849; 

Fig.3A). However, the levels of hippocampal HDAC3 (F(3,16) = 5.226, P = 0.010; Fig. 3B) 

and HDAC8 (F(3,16) = 6.530, P = 0.004; Fig. 3C) in the Sev group were significantly 

increased. The sevoflurane-exposed rats that were treated with NaB had levels of 

hippocampal HDAC3 and HDAC8 not different from those in rats that were not exposed to 

sevoflurane neonatally.

Hippocampal Levels of Histone Acetylation Were Lower in the Sev Group, But Not in the 
Sev + NaB Group

Assessment of acetylated hippocampal histones in the four treatment groups using western 

blot found decreased levels of acetyl-H3K9 (F(3,16) = 4.899, P = 0.013; Fig. 4A), acetyl-

H3K14 (F(3,16) = 7.372, P = 0.003; Fig. 4A), acetyl-H4 (F(3,16) = 10.237, P = 0.001; Fig. 

4B), acetyl-H4K5 (F(3,16) = 15.154, P < 0.001; Fig. 4B), and acetyl-H4K12 (F(3,16) = 

11.982, P < 0.001; Fig. 4B) in the Sev group. In contrast, these parameters in the 

sevoflurane-exposed rats treated with NaB were not different from those in rats that were not 

exposed to sevoflurane (Fig. 4).
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Decrease in Hippocampal Levels of Histone Acetylation in Rats Neonatally Exposed to 
Sevoflurane Was Most Prominent in the CA1 Region

Immunofluorescent staining revealed that the Sev group had lower intensities associated 

with acetyl-H3K9 (F(3,20) = 23.103, P < 0.001; Fig. 5), acetyl-H3K14 (F(3,20) = 21.182, P < 

0.001; Fig. 6), acetyl-H4K5 (F(3,20) = 5.281, P = 0.008; Fig. 7), and acetyl-H4K12 (F(3,20) = 

23.431, P < 0.001; Fig. 8) in the hippocampal CA1 region. There were no significant 

differences between intensities associated with acetyl-H3K9 (F(3,20) = 0.387, P = 0.763, Fig. 

5), acetyl-H3K14 (F(3,20) = 0.203, P = 0.893, Fig. 6), acetyl-H4K5 (F(3,20) = 0.283, P = 

0.837, Fig. 7), and acetyl-H4K12 (F(3,20) = 0.288, P = 0.834, Fig. 8) in the CA3 

hippocampal region among the four experimental groups. Similar to the CA3 region, there 

was no significant difference between intensities of acetyl-H3K9 (F(3,20) = 0.216, P = 0.884, 

Fig. 5), acetyl-H4K5 (F(3,20) = 0.190, P = 0.902, Fig. 7), and acetyl-H4K12 (F(3,20) = 0.219, 

P = 0.882, Fig. 8) in the hippocampal dentate gyrus (DG) regions of the four experimental 

groups. However, the acetyl-H3K14 intensity was decreased in the DG region in the Sev 

group (F(3,20) = 41.249, P < 0.001; Fig. 6). The acetyl-H3K9, acetyl-H3K14, acetyl-H4K5, 

and acetyl-H4K12 intensities had no significant difference in all three hippocampal regions 

in the Sev + NaB group compared with the non-exposed sevoflurane groups (Figs. 5-8).

Treatment with NaB Normalized Hippocampal Levels of BDNF, c-fos, MAP2, synapsin1, 
PSD95, pCREB/CREB, CBP, and Density of Dendritic Spines, Reduced by Neonatal 
Exposure to Sevoflurane

The hippocampal levels of BDNF (F(3,16) = 22.715, P < 0.001; Fig. 9A), c-fos (F(3,16) = 

8.313, P = 0.001; Fig. 9B), MAP2 (F(3,16) = 10.297, P = 0.001; Fig. 9C), synapsin1 (F(3,16) 

= 6.975, P = 0.003; Fig. 9C), PSD95 (F(3,16) = 5.017, P = 0.012; Fig. 9C), pCREB/CREB 

(F(3,16) = 7.787, P = 0.002; Fig. 9D), and CBP (F(3,16) = 21.241, P < 0.001; Fig. 9E), were 

decreased in the Sev group. The levels of these proteins in rats exposed to sevoflurane and 

treated with NaB were not different from those in rats not exposed to sevoflurane neonatally 

(Fig. 9).

The Golgi staining technique was used to study the effects of neonatal sevoflurane and 

treatment with NaB on neuronal dendritic branching points, intersections, length of apical 

dendrites, and spine density in the hippocampal CA1 region. No significant differences were 

found in the dendritic branching points (F(3,12) = 1.20, P = 0.352; F(3,12) = 0.613, P = 0.620; 

F(3,12) = 0.588, P = 0.634; F(3,12) = 0.769, P = 0.533; F(3,12) = 0.478, P = 0.703; Fig. 10, A 

and B), intersections (F(3,12) = 3.305, P = 0.057; F(3,12) = 2.452, P = 0.114; F(3,12) = 0.535, P 
= 0.667; F(3,12) = 0.355, P = 0.787; F(3,12) = 0.606, P = 0.624; Fig. 10, A and C), and length 

of apical dendrites (F(3,12) = 0.455, P = 0.719; Fig. 10, A and D) among the four 

experimental groups. However, dendritic spine density was significantly reduced in the Sev 

group (F(3,12) = 7.117, P = 0.005; Fig. 10E). Dendritic spine density in the Sev + NaB group 

was not different from the same parameters in rats that were not exposed to sevoflurane.

Discussion

The results of this study demonstrate that juvenile male rats exposed neonatally to 

sevoflurane, one of most frequently used general anesthetics in pediatric anesthesia, 
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exhibited impaired hippocampus-dependent spatial and associative memory. These 

behavioral abnormalities were accompanied by reduced spine density and acetylated 

histones H3 and H4 in the hippocampal CA1 region, as well as decreased levels of 

hippocampal BDNF, c-fos, MAP2, synapsin1, PSD95, PCREB/CREB, and CBP, and 

increased levels of HDAC 3 and 8. The levels of acetylated histones, BDNF, MAP2, c-fos, 

pCREB/CREB, CBP, synaptic proteins, and dendritic spine density, and behavioral 

characteristics found in sevoflurane-exposed rats treated with the HDAC inhibitor, NaB, 

were not different from those in sevoflurane-non-exposed rats. These findings suggest that 

neonatal sevoflurane-induced alterations in epigenetic mechanisms, specifically, an increase 

in histone deacetylation, are involved in mediation of the developmental neurocognitive 

effects of the anesthetic. This is in line with a notion that epigenetic mechanisms, histone 

acetylation in particular, regulate diverse aspects of nervous system development and 

function, such as dendritic development, synapse maturation, synaptic plasticity, learning, 

and memory (Fontan-Lozano et al., 2008; Gräff and Tsai, 2013; Graff and Mansuy, 2008; 

Jarome and Lubin, 2014; Jia et al., 2015; Pirooznia and Elefant, 2013).

Our current findings of neonatal sevoflurane-induced neurodevelopmental abnormalities in 

rodents are in agreement with the reports from different laboratories (Chung et al., 2015; 

Wang et al., 2013b; Tan et al., 2014; Xu et al., 2015). The new aspect of these findings is a 

demonstration that repeated exposures to sevoflurane during the early postnatal period 

initiate changes in histone acetylation in specific regions of the brain, such as the 

hippocampal CA1 area, affecting some aspects of rat brain maturation and behaviors, but not 

others. Thus, sevoflurane-exposed rats exhibited impaired hippocampus-dependent spatial 

and associative memory. On the other hand, explorative behaviors in the OF test and 

freezing time in the cued FC test were not different from the MS groups. Treatment with 

NaB normalized the sevoflurane-induced alterations in hippocampal synaptic morphology as 

well as the rat’s behavior, further implying that histone deacetylation may play a 

mechanistic role in the observed abnormalities.

We found that NaB, administered to sevoflurane-exposed rats, preserved not only 

hippocampal synaptic morphology and higher brain activities, e.g., learning and memory, 

but also reestablished the expression of a number of important brain proteins, including 

CBP, pCREB/CREB, synaptic protein PSD95 and BDNF, which enhances synaptic plasticity 

by triggering functional and structural changes in neurons and synapses essential for 

learning and memory processes (Kellner et al., 2014; Sakata et al., 2013). It was previously 

reported that exposure of neonatal mice to isoflurane for 4 h resulted in the loss of 

hippocampal dendritic spines and synapses presumably due to the increase in the pro-

BDNF/BDNF ratio (Head et al., 2009), although other investigators did not detect changes 

in hippocampal BDNF expression after a single exposure of P7 mice to sevoflurane for 2 h 

(Han et al., 2015). Our findings that treatment with NaB prevented a sevoflurane-induced 

decrease in hippocampal BDNF expression are in agreement with emerging evidence 

indicating that histone acetylation/deacetylation modulates BDNF and its role in 

neurocognitive mechanisms. For example, NaB or voluntary exercise improved performance 

in the spatial memory task of sedentary mice by upregulating hippocampal BDNF 

expression (Intlekofer et al., 2013). It is of relevance that recent studies report that 

neurocognitive developmental abnormalities in neonatal anesthesia exposed-rodents housed 
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in an enriched environment that included voluntary exercise were largely ameliorated 

(Brenes et al., 2015; Shih et al., 2012). On the other hand, rats housed in enrichment-

deprived conditions exhibited exacerbated neurobehavioral deficiencies (Zhang et al., 2015). 

Our findings, in combination with data in the literature, support the notion that a chain of 

events consisting of sevoflurane-induced histone deacetylation, a decrease in hippocampal 

levels of CBP, pCREB/CREB, and BDNF, and impairment in synaptic integrity could 

contribute to the observed long-term neurobehavioral effects of the anesthetic in rodents.

The absence of the effects of NaB on behavioral parameters not affected by sevoflurane and 

the absence of the effects of NaB on sevoflurane-sensitive parameters in rats that were not 

exposed to sevoflurane, e.g., spatial learning and memory and associative memory, may 

suggest that a limited number of injections of NaB at the time of exposure to sevoflurane 

may be as effective as daily injections of the drug during the entire duration of the 

experiment used in this study. The daily schedule of treatment with NaB in this study was 

chosen to test in principle whether histone acetylation/deacetylation is involved in 

developmental neurocognitive effects of neonatal exposure to sevoflurane. It will be 

important to repeat these experiments in the future using a shorter period of NaB 

administration after termination of exposure to the anesthetic, as well as lower doses of NaB 

and other HDAC inhibitors, although chronic NaB treatment was commonly used in the 

studies of neurodegenerative disease, like Alzheimer’s disease (Cuadrado-Tejedor et al., 

2013; Dash et al., 2009; Kilgore et al., 2010; Ricobaraza et al., 2012). As far as later is 

concerned, NaB at the dose that was investigated in this study has been widely used as 

inhibitor of class I and class IIa HDACs in in vivo studies (Febo et al., 2009; Rane et al., 

2012). At much higher doses, e.g., 1.2 g/kg, NaB may trigger a stress-like response 

(Gagliano et al., 2014). Moreover, in line with the previous studies (Kilgore et al., 2010; 

Ricobaraza et al., 2012), we did not find behavior changes after chronic treatment with NaB 

in control rodents. We only studied the male rats because the previous studies have shown 

that the male rats could be more susceptive to the developmental deficits induced by 

neonatal anesthesia with isoflurane, sevoflurane, or propofol (Lee et al., 2014; Rothstein et 

al., 2008; Tan et al., 2014; Xu et al., 2015).

Conclusion

Our results provide support for the engagement of epigenetic mechanisms, e.g., sevoflurane-

initiated reduction in hippocampal histone acetylation, in mediating neonatal anesthesia with 

sevoflurane-induced long-term developmental neurocognitive abnormalities in rodents. 

These findings suggest that upregulation of epigenetic mechanisms pharmacologically using 

HDAC inhibitors or by enhancing environmental factors known to stimulate histone 

acetylation such as voluntary physical exercise (Intlekofer et al., 2013) may potentially be an 

effective approach to ameliorate the developmental side effects of neonatal anesthesia with 

sevoflurane in rodents.
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Abbreviations

MS maternal separation

BDNF brain-derived neurotrophic factor

HDAC histone deacetylases

NaB sodium butyrate

Sev sevoflurane

OF open field

MWM Morris water maze

FC fear conditioning

MAP2 microtubule-associated protein 2

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

TBST Tris-buffered saline and Tween 20

PBS phosphate-buffered saline

CREB cyclic-AMP response element binding protein

CBP CREB binding protein
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Highlights

• Early life exposure to sevoflurane anesthesia deteriorates neurocognitive 

development.

• Neonatal sevoflurane anesthesia down-regulates hippocampal histone 

acetylation.

• Down-regulation of histone acetylation results in impairments of hippocampal 

synaptic plasticity.

• Sodium butyrate, an HDAC inhibitor, may represent a promising path to safer 

neonatal anesthesia with sevoflurane in rodents.
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Fig. 1. 
Illustration of the experimental protocol. See text for details.
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Fig. 2. 
Effects of neonatal exposure to sevoflurane on behavior of rats in the open field (OF), Morris 

water maze (MWM), and fear conditioning (FC) tests. (A-C) Histograms showing distance 

traveled, speed, and time spent in center during the OF test. (D) Plots showing escape 

latency during the MWM training. (*P < 0.001 vs. the MS group; #P = 0.007 vs. the Sev 

group; P39: *P < 0.001 vs. the MS group; #P = 0.018 vs. the Sev group). (E) Histogram 

showing time spent in the target quadrant during the MWM test (*P < 0.001 vs. the MS 

group; #P = 0.001 vs. the Sev group). (F) Swimming tracks and plots showing rats crossing 

the escape platform during the MWM test (*P = 0.002 vs. the MS group; #P = 0.007 vs. the 

Sev group). (G) Histograms showing the percent of freezing during the FC training session. 

(H) Histograms showing the percent of freezing during the contextual FC test (*P < 0.001 

vs. the MS group; #P < 0.001 vs. the Sev group). (I) Histograms showing the percent of 

freezing during the cued FC test. n = 15 per treatment group. MS: maternal separation; Sev: 

sevoflurane.
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Fig. 3. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

expression of hippocampal class I histone deacetylases (HDACs). (A, top) Representative 

Western blot images of HDAC1, HDAC2, and GADPH blots in the hippocampal tissue of 

rats from four treatment groups. (A, bottom) Histograms showing results of the 

densitometric analysis of HDAC1 and HDAC2 blots in the hippocampal tissue from four 

treatment groups. Densities of HDAC1 and HDAC2 blots in the MS groups were taken as 

100%. (B) The Western blot data for HDAC3 in the hippocampal tissue from four treatment 

groups presented as in (A). *P = 0.044 vs. the MS group; #P = 0.013 vs. the Sev group. (C) 

The Western blot data for HDAC8 in the hippocampal tissue from four treatment groups 

presented as in (A). *P = 0.012 vs. the MS group; #P = 0.040 vs. the Sev group. n = 5 per 

treatment group. MS: maternal separation; Sev: sevoflurane.
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Fig. 4. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

expression of hippocampal acetylated histones H3 and H4. (A, top) Representative Western 

blot images of acetyl-H3K9, acetyl-H3K14, and total H3 blots in the hippocampal tissue of 

rats from four treatment groups. (A, bottom) Histograms showing results of the 

densitometric analysis of acetyl-H3K9 and acetyl-H3K14 blots in the hippocampal tissue 

from four treatment groups. Densities of acetyl-H3K9 and acetyl-H3K14 blots in the MS 

groups were taken as 100%. Acety-H3K9: *P = 0.036 vs. the MS group; #P = 0.048 vs. the 

Sev group. Acetyl-H3K14: *P = 0.003 vs. the MS group; #P = 0.010 vs. the Sev group. (B) 

The Western blot data for acetyl-H4, acetyl-H4K5, and acetyl-H4K12 in the hippocampal 

tissue from four treatment groups presented as in (A). Acetyl-H4: *P = 0.004 vs. the MS 

group; #P = 0.001 vs. the Sev group. Acetyl-H4K5: *P = 0.001 vs. the MS group; #P = 0.001 

vs. the Sev group. Acetyl-H4K12: *P < 0.001 vs. the MS group; #P = 0.004 vs. the Sev 

group. n = 5 per treatment group. MS: maternal separation; Sev: sevoflurane.
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Fig. 5. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on the 

intensity of acetyl-H3K9 in hippocampal subfields. Representative images of the 

hippocampal CA1, CA3, and dentate gyrus (DG) areas of the rats from four groups: 4',6-

diamidino-2-phenylindole (DAPI), acetyl-H3K9, and an overlay of DAPI and acetyl-H3K9 

images. The intensity of acetyl-H3K9 in hippocampal CA1 (*P < 0.001 vs. the MS 

group; #P < 0.001 vs. the Sev group), CA3, and DG areas. The intensity of acetyl-H3K9 in 

the group was taken as 100%. n = 6 per treatment group. Scale bar = 50 μm. MS: maternal 

separation; Sev: sevoflurane.
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Fig 6. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on the 

intensity of acetyl-H3K14 in hippocampal subfields. Representative images of the 

hippocampal CA1, CA3, and dentate gyrus (DG) areas of the rats from four treatment 

groups: 4',6-diamidino-2-phenylindole (DAPI), acetyl-H3K14, and an overlay of DAPI and 

acetyl-H3K14 images. The intensity of acetyl-H3K14 in hippocampal CA1: *P < 0.001 vs. 

the MS group; #P < 0.001 vs. the Sev group. DG: *P < 0.001 vs. the MS group; #P < 0.001 

vs. the Sev group. The intensity of acetyl-H3K14 in the MS group was taken as 100%. n = 6 

per treatment group. Scale bar = 50 μm. MS: maternal separation; Sev: sevoflurane.
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Fig. 7. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

intensity of acetyl-H4K5 in different hippocampal subfields. Representative images of the 

hippocampal CA1, CA3, and dentate gyrus (DG) areas of the rats from four treatment 

groups: 4',6-diamidino-2-phenylindole (DAPI), acetyl-H4K5 and an overlay of DAPI and 

acetyl-H4K5 images. The intensity of H4K5 acetylation in hippocampal CA1 (*P = 0.032 

vs. the MS group; #P = 0.016 vs. the Sev group), CA3, and DG subfields. The intensity of 

acetyl-H4K5 in the MS group was taken as 100%. n = 6 per treatment group. Scale bar = 50 

μm. MS: maternal separation; Sev: sevoflurane.
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Fig 8. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

intensity of acetyl-H4K12 in different hippocampal subfields. Representative images of the 

hippocampal CA1, CA3, and dentate gyrus (DG) areas of the rats from four treatment 

groups: 4',6-diamidino-2-phenylindole (DAPI), acetyl-H4K5 and an overlay of DAPI and 

acetyl-H4K12 images. The intensity of acetyl-H4K12 in hippocampal CA1: *P < 0.001 vs. 

the MS group; #P < 0.001 vs. the Sev group). The intensity of acetyl-H4K12 in the MS 

group was taken as 100%. n = 6 per treatment group. Scale bar = 50 μm. MS: maternal 

separation; Sev: sevoflurane.
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Fig. 9. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

expression of hippocampal proteins. (A) (A, top) Representative Western blot images of 

brain-derived neurotrophic factor (BDNF) and GADPH blots in the hippocampal tissue of 

rats from four treatment groups. (A, bottom) Histograms showing results of the 

densitometric analysis of BDNF in the hippocampal tissue from four treatment groups. 

Densities of BDNF blots in the MS group were taken as 100%. *P < 0.001 vs. the MS 

group; #P < 0.001 vs. the Sev group. (B) Western blot data for c-fos in the hippocampal 

tissue from four treatment groups presented as in (A). *P = 0.012 vs. the MS group; #P = 

0.001 vs. the Sev group. (C) Western blot data for microtubule-associated protein 2 (MAP2), 

synapsin 1, and PSD 95 in the hippocampal tissue from four treatment groups presented as 

in (A). MAP2: *P = 0.004 vs. the MS group; #P < 0.001 vs. the Sev group. Synapsin 1: *P = 

0.004 vs. the MS group; #P = 0.0012 vs. the Sev group. PSD95: *P = 0.043 vs. the MS 

group; #P = 0.042 vs. the Sev group. (D) Western blot data for pCREB/CREB in the 

hippocampal tissue from four treatment groups presented as in (A). *P = 0.002 vs. the MS 

group; #P = 0.008 vs. the Sev group (E) Western blot data for CBP in the hippocampal tissue 

from four treatment groups presented as in (A). *P < 0.001 vs. the MS group; #P < 0.001 vs. 

the Sev group. n = 5 per treatment group. MS: maternal separation; Sev: sevoflurane.
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Fig. 10. 
Effects of neonatal exposure to sevoflurane and sodium butyrate (NaB) treatment on 

synaptic branching and dendritic spine in the hippocampal CA1 subfield. (A) Representative 

camera tracings of hippocampal CA1 pyramidal neurons from the four groups. (B and C) 

Histograms showing the dendritic branching points, intersections, and the length of apical 

branching in hippocampal CA1 pyramidal neurons. (D) Histograms showing the number of 

dendritic spines in hippocampal CA1 subfield (*P = 0.027 vs. the MS group; #P = 0.015 vs. 

the Sev group). n = 4 per treatment group. Scale bar = 5 μm. MS: maternal separation; Sev: 

sevoflurane.
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