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Abstract
Increasing evidence indicates that most general anesthetics can harm developing neurons

and induce cognitive dysfunction in a dose- and time-dependent manner. Histone deacety-

lase 2 (HDAC2) has been implicated in synaptic plasticity and learning and memory. Our

previous results showed that maternal exposure to general anesthetics during late preg-

nancy impaired the offspring’s learning and memory, but the role of HDAC2 in it is not

known yet. In the present study, pregnant rats were exposed to 1.5% isoflurane in 100%

oxygen for 2, 4 or 8 hours or to 100% oxygen only for 8 hours on gestation day 18 (E18).

The offspring born to each rat were randomly subdivided into 2 subgroups. Thirty days after

birth, the Morris water maze (MWM) was used to assess learning and memory in the off-

spring. Two hours before each MWM trial, an HDAC inhibitor (SAHA) was given to the off-

spring in one subgroup, whereas a control solvent was given to those in the other subgroup.

The results showed that maternal exposure to isoflurane impaired learning and memory of

the offspring, impaired the structure of the hippocampus, increased HDAC2 mRNA and

downregulated cyclic adenosine monophosphate (cAMP) response element binding protein

(CREB) mRNA, N-methyl-D-aspartate receptor 2 subunit B (NR2B) mRNA and NR2B pro-

tein in the hippocampus. These changes were proportional to the duration of the maternal

exposure to isoflurane and were reversed by SAHA. These results suggest that exposure to

isoflurane during late pregnancy can damage the learning and memory of the offspring rats

via the HDAC2-CREB -NR2B pathway. This effect can be reversed by HDAC2 inhibition.
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Introduction
Increasing evidence indicates that most general anesthetics are harmful to developing neurons
and cause cognitive deficits in a dose- and time- dependent manner. Previous study [1]
reported that exposure of pregnant rats to low concentrations of isoflurane (1.3%) for 6 hours
did not cause neurodegeneration in the fetal brain or affect learning and memory in the off-
spring. However, in a similar animal model, exposure to high concentrations of isoflurane
(3%) for only 1 hour caused significant neurodegeneration in fetal brain [2], suggesting a dose-
dependent effect of isoflurane neurotoxicity. The majority of general anesthetics are lipophilic
and can easily cross the placental barrier. About 0.5% to 2% of pregnant women will suffer
non-obstetric surgery [3–5], and most of these procedures (up to 73%) must be completed
under general anesthesia [6]. More than 75,000 pregnant women in the United States and
5,700 to 7,600 pregnant women in the European Union undergo non-obstetric surgery each
year [7]. However, little is known regarding the effects of maternal exposure to general anes-
thetics during late pregnancy on the offspring’s subsequent learning and memory. Data from
Sweden showed that among 5,405 patients who had non-obstetric surgery during pregnancy,
23% had procedures during the third trimester [4]. Most of the published studies about isoflur-
ane showed a protective effect on the brain, however our previous studies showed that maternal
exposure to propofol, ketamine, enflurane, isoflurane or sevoflurane during early gestation
could cause learning and memory deficits and showed time-dependent effects [8]. A recent ani-
mal study indicated that rats exposed to isoflurane in utero at a time that corresponds to the
second trimester in humans exhibited impaired spatial memory [9]. However, rats exposed to
isoflurane on gestational day 21(E21) showed no neurotoxicity to the fetal brain, and no learn-
ing and memory impairments in the juvenile or adult rats [1].

Synaptic plasticity is critical to memory formation and storage [10]. Histone acetylation has
been implicated in synaptic plasticity and learning and memory [11–13]. Histone deacetylase
(HDAC) inhibitors can reinstate learning and promote the retrieval of long-term memory in
animals with massive nerve degeneration [14]. These findings suggested that HDAC inhibition
may provide a therapeutic avenue for memory impairment caused by neurodegenerative dis-
eases. Among HDAC family members, HDAC2 functions in modulating synaptic plasticity
and producing long-lasting changes to neural circuits, which in turn negatively regulate learn-
ing and memory [15]. The hyperphosphorylation of HDAC2 decreases the phosphorylation of
cAMP response-element binding (CREB) protein, leading to a decrease in the CREB protein
levels [16]. The administration of SAHA increased the levels of acetylated histones, accompa-
nied by enhanced binding of phospho-CREB (p-CREB) to its binding site in the promoter of
the NR2B gene, a subunit of N-methyl-D-aspartic (NMDA) receptors. This effect led to
increased NR2B protein levels in the rat hippocampus, thus facilitating fear extinction [17].
Thus, HDAC2 modulates learning and memory by inhibiting CREB expression and down-reg-
ulating the expression of NR2B. Isoflurane can induce repression of contextual fear memory in
3-month-old mice by reducing histone acetylation in the hippocampus, an effect that can be
rescued by the HDAC inhibitor sodium butyrate [18]. Neonatal mice repeatedly exposed to
isoflurane also showed repression of contextual fear memory [19].

Many pregnancies include non-obstetric surgery during the late pregnancy due to diverse
medical conditions, such as acute appendicitis, symptomatic cholelithiasis, and trauma [20–
22]. Increasing reports suggested that any trimester of pregnancy should not be considered as a
contraindication to surgery, and many non-obstetric surgeries can be safely performed in the
third trimester [20–27]. Prospective clinical studies showed that approximately 27.6% of
appendectomies performed during pregnancy were done in the third trimester, and none of
the children exhibited any developmental delay during a 47.2-month (range from 13 to 117
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months) follow-up time after delivery [28], however learning and memory was not evaluated
in these children. The effect of maternal exposure to isoflurane on learning and memory and
its mechanism is not well understood. Therefore, the present study was designed to explore the
effects of maternal exposure of rats to isoflurane during late pregnancy (corresponding to the
human third trimester) on learning and memory in the offspring. Further, we hypothesized
that the detrimental effects of isoflurance on learning and memory are mediated through
changes in the HDAC2-CREB-NR2B pathway, which we explored by administration of an
SAHA.

Experimental Procedures

Subjects
This protocol was approved by the institutional review board of the First Affiliated Hospital of
Nanchang University on the Use of Animals in Research and Teaching. Seventy-day-old
female Sprague-Dawley (SD) rats (maternal rats) were supplied by the animal science research
department of the Jiangxi Traditional Chinese Medicine College (JZDWNO: 2011–0030). The
learning and memory functions of the parental rats were assessed with the MWM before mat-
ing. Female rats were then housed with a male rat (2 female: 1 male rat per cage) for mating.
Pregnant rats were identified and divided into the isoflurane exposure 2h (I2), 4h (I4), 8h (I8)
and control (C) groups (n = 10 per group) based on the MWM test results to minimize the
effects of maternal differences in learning and memory.

Anesthesia
On E18, gravid rats in the I2, I4 and I8 groups were exposed to 1.5% isoflurane (Abbott labo-
ratories Ltd, Worcester, MA, USA) in 100% oxygen for 2, 4 and 8 hours, respectively, while
those in the control group received 100% oxygen only. Electrocardiogram, saturation of
pulse oximetry, and the respiratory rate of the rats as well as the inhaled concentration of iso-
flurane were monitored continuously with a Datex-Ohmeda ULT-I analyzer. The tail inva-
sive blood pressure was monitored intermittently. The rectal temperature was maintained at
37 ± 0.5°C with heating pads. The exposure time began from the loss of the righting reflex.
The depth and rate of breath was monitored. The exposure durations were selected because
different lengths of surgeries are performed [29], and neuronal damage or apoptosis reaches
a maximum when general anesthetic exposure time reaches 6 to 8 hours [30]. Our prelimi-
nary study showed that maternal exposure to 1.5% isoflurane for 8 hours did not significantly
change blood pressure, blood glucose or venous blood gases. The concentration of isoflurane
was selected because 1.5% isoflurane in 100% oxygen equals approximately 1 MAC (mini-
mum alveolar concentration) in gestating rats and caused righting reflex loss in our prelimi-
nary studies. At the end of the exposure time, all of the rats were exposed to 100% oxygen for
30 min for anesthesia recovery in an anesthesia chamber (40 × 40 × 25 cm). If the cumulative
time of SpO2 <95% and/or the systolic blood pressure (SBP) decreased by more than 20% of
baseline more than 5 minutes, the dam would be excluded from the study, and another dam
was selected to supplement the sample size, thereby excluding the harmful effect of maternal
ischemia or hypoxia on offspring rats. Furthermore, to clarify whether exposure to isoflurane
caused a significant effect on the internal environment of maternal rats, 10 additional rats at
gestational day 18 were selected. Five were exposed to 1.5% isoflurane in 100% oxygen for 8
hours, and the other five were exposed to 100% oxygen for 8 hours. Femoral vein blood was
harvested for blood gas analysis.
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Morris Water Maze (MWM) Test
The age of P30 in rat corresponds to preschool age in human [31]. Therefore, we evaluated the
spatial learning and memory of the offspring begining on P30 with MWM according previous
report [32]. All of the offspring were acclimated to the experimental environment for 30 min
before testing. The Morris water maze is a black circular steel pool with a diameter of 150 cm
and a height of 60 cm, filled with 24 ± 1°C water to a depth of 20 cm. A circular escape platform
of 10 cm in diameter was submerged 1 cm below the water surface in the second quadrant. The
swimming trail and speed of the rats was automatically recorded by the SLY-WMSMorris
water maze test system (Beijing Sunny Instruments Co. Ltd., Beijing, China). The escape
latency (time needed to find the platform), platform crossing times (number of times the rat
swam across the submerged platform), and the target quadrant traveling time (time spent in
the platform-hidden quadrant) were recorded automatically by the test system. The tests were
begun at 9:00 am, one time per day for seven consecutive days. Each offspring rat was put into
the pool to search for the platform one time per day for six days (training trial). The starting
point was in the third quadrant, the farthest quadrant from the platform-hidden quadrant (the
second quadrant in the present study, named the target quadrant). The rats were placed in the
water facing the wall of the pool. The same starting point was used for each rat (with a colour
marker on the pool wall). The animals were allowed to stay on the platform for 30 seconds
when they found the platform. If an animal could not find the platform within 120 s, the escape
latency was recorded as 120 s for that trial. The animal was then guided to the platform and
allowed to stay on it for 30 s. On the seventh day, the platform was removed. Rats were allowed
to swim for 120s to test their memory (platform-crossing times and target quadrant traveling
time). The mean of the latencies, platform-crossing times and target quadrant traveling time of
the offspring rats born by the same mother rat were calculated as the final results.

The offspring born to the same dam in each group were subdivided into the SAHA sub-
group (I2S, I4S, I8S and CS subgroup) and the non-SAHA subgroup (I2N, I4N, I8N and CN
subgroup) (Fig 1). Two hours before each MWM test, 90 mg/kg SAHA (Selleck Chemicals,
Houston, TX, USA), at a concentration of 0.6 μM in dimethyl sulfoxide (DMSO) was given
intraperitoneally to the offspring in the SAHA subgroups. An equal volume of DMSO was
given to the rats in the non-SAHA subgroups. We selected 2 h before each MWM trial as the
administration time point for SAHA based on the fact that 2 h after SAHA administration, the
expression of NR2B increased in the hippocampus of Sprague-Dawley rats by enhancing his-
tone acetylation, thus facilitating fear extinction [17].

Transmission Electron Microscopy
The offspring were anesthetized with isoflurane at 24 h after the MWM test and then eutha-
nized by cervical dislocation. Left hippocampus tissues were harvested quickly (in 1 minute)
on ice and cut into small pieces of 1 mm3. The hippocampal pieces were immersed in 2.5% glu-
taraldehyde in 0.1 mol/l phosphate buffer (pH 7.4) at 4°C for 3 hours, rinsed three times in 0.1
M PBS (phosphate buffered saline), fixed in 1% osmium tetroxide at 4°C for 2 h, dehydrated,
embedded, cut into ultrathin sections of 50–70 nm, stained by saturated uranium acetate and
lead citrate and observed by transmission electron microscopy.

Real Time Polymerase Chain Reaction (RT- PCR)
Total RNA of the hippocampus was extracted with Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. The mRNA concentration was measured (OD 260 nm) with a spec-
trophotometer (Nanophotometer P, MPLEN Co., Germany). Reverse transcription was per-
formed with 1 μg total RNA using a Prime ScriptTM RT reagent Kit with gDNA Eraser (Perfect
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Real Time; RR047A, TaKaRa BIO Inc., Japan). The cDNA sample was amplified by a real time
PCR instrument (ABI7500), with SYBR Premix Ex TaqTM (Tli RNaseH Plus; Code: RR820A,
TaKaRa Co., Japan). β-actin was chosen as a reference gene. The length of both the HDAC2
product and the CREB product is 94 bp, whereas the length of the NR2B product is 103 bp,
and the length of the β-actin product is 150 bp. PCR amplification was performed with the fol-
lowing cycling parameters: one cycle of 95°C for 30 s followed by 40 cycles of 95°C for 5 s, 60°C
for 34 s, 95°C for 15 s, 60°C for 1 min and 95°C for 15 s.

The ABI7500 instrument automatically analyzed the fluorescence signal and converted it to
the Ct value, using β-actin as a housekeeping gene and the Ct value of group C as the compara-
tive object. Single-product amplification was confirmed by melting curve and gel electrophore-
sis analysis. The expression levels of HDAC2, CREB and NR2B mRNA were normalized to β-
actin mRNA and the values of the control group. The mean mRNA expression level of all of
the offspring born to the same mother rat was calculated as the final expression level of mRNA.

Western Blot
Total protein was extracted by lysing the hippocampus (one offspring from each dam) in lysis
buffer (Thermo Scientific, Rockford, IL, USA) containing a protease inhibitors cocktail
(Sigma-Aldrich). Total protein (50 μg/ lane) was separated on a polyacrylamide gel and then
transferred onto PVDF membranes. The membranes were blocked with Protein-Free T20
Blocking Buffer (Thermo Scientific) for 1 h at room temperature and incubated with rabbit
polyclonal anti-NR2B antibody (Cell signaling Technology, 1:500) or rabbit polyclonal anti-β
actin antibody (Cell Signaling Technology, 1:500) overnight at 4°C. After incubation with goat
anti-rabbit HRP-conjugated IgG, the protein complex was revealed with enhanced chemilumi-
nescence reagents (Pierce, IL, USA) and quantified by Genesnap version 7.08. The density of

Fig 1. Experimental design. Pregnant dams were exposed to 1.5% isoflurane in 100% oxygen or to 100% oxygen alone for the times indicated on
E18 and the offspring were treated with 90 mg/kg SAHA (ip) or vehicle (DMSO) 2 hours before behavioral testing. The number in parentheses
represents the number of animals: F = female, M = male; DMSO = dimethyl sulfoxide; SAHA = suberanilohydroxamic acid, also known as
vorinostat; TEM = transmission electron microscopy.

doi:10.1371/journal.pone.0160826.g001
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NR2B protein band was normalized to that of β-actin in the same sample. The results from iso-
flurane exposed offspring were then normalized to the average values of control offpring in the
same western blot. The mean expression level of all of the offspring born to the same mother
rat was calculated as the final expression level of NR2B protein.

Statistical Analysis
All values shown represent the mean ± SEM. The escape latency was subjected to a two-way
repeated measures ANOVA (RM ANOVA) with prenatal treatment as a between-litters inde-
pendent factor and day as a repeated factor. When an initial ANOVA showed main effects of
the factors as well as significant interactions among the factors, post hoc comparisons were
conducted by the least significant difference (LSD) t test. The mRNA and protein data, plat-
form crossing times, and target quadrant traveling time were analyzed by one-way ANOVA,
and followed by LSD t test when a significant difference was found in groups (p< 0.05). Results
are considered statistically significant at p< 0.05.

Results

Isoflurane Exposure Does Not Alter Maternal Blood Gases
To clarify whether exposure to 1.5% isoflurane for 8 hours causes significant changes to the
internal environment during late pregnancy, 10 gravid rats on E18 were used. We continuously
monitored the saturation of pulse oximetry during anesthesia. As a matter of convenience,
femoral vein blood gas analysis was used to evaluate whether isoflurane exposure would cause
changes in acid-base balance or serum electrolytes in maternal rats. All of the indices of venous
blood gases showed no significant changes after an 8-hour exposure to 1.5% isoflurane com-
pared with rats exposed to oxygen only (Table 1). These results indicate that exposure to 1.5%
isoflurane for 8 hours on E18 does not cause significant metabolic changes to pregnant rats.

Impaired Learning and Memory in Rat Offspring and the Ameliorating
Effect of SAHA
The results of MWM showed that the offspring in isoflurane exposure group had to spend
more time finding the platform than the control group. At the third MWM trial, the escape
latency in the I2N, I4N or I8N groups was longer than the control group (p < 0.05). The
escape latency increased with the increase of isoflurane exposure time. The escape latency in

Table 1. The effect of isoflurane exposure on femoral venous blood gas and electrolytes in maternal
rats.

Indexes 100% oxygen 1.5% isoflurane+100% oxygen

pH 7.39±0.03 7.39±0.23

PO2 (mmHg) 46.33±6.15 49.50±4.93

PCO2 (mmHg) 51.5±3.62 50.50±12.79

HCO3
- (mmol/L) 31.13±0.45 27.85±4.78

BE(B) (mmol/L) 3.75±1.33 3.20±0.80

Ca2+ (mmol/L) 1.24±0.20 1.41±0.06

K+ (mmol/L) 4.51±0.64 4.8±0.50

Na+ (mmol/L) 135.50±1.22 134.25±0.96

Rats were exposed to oxygen or isoflurane + oxygen for 8 hour and monitored continuously. Final values

were recorded at the end of the 8 hour period. n = 5.

doi:10.1371/journal.pone.0160826.t001
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I8N group was longer than control group at 3rd, 4th, 5th and 6th trial (5 p< 0.05). At the 6th

training trial, the escape latency in the I8N group was significantly longer than the I2N or
I4N group (# p < 0.05) (Fig 2A). The offspring in isoflurane exposure group spent less time
traveling in the platform hidden quadrant. The target quadrant traveling time in I8N group
was less than CN group (� p< 0.05), I2N and I4N group (# p < 0.05). The offspring in iso-
flurane exposure group swam across the location where the platform hidden less than control
group, especially those in I8N group. The platform-crossing times in I8N group was less than
CN group (� p < 0.05), I2N and I4N group (# p< 0.05, Fig 2B and 2C). These results indicate

Fig 2. Maternal isoflurane exposure impaired learning andmemory in offspring: Offspring of rats exposed to isoflurane on gestation
day 18 (E18) for 2h (I2N), 4h (I4N) and 8h (I8N) respectively. Thirty days postneaonatal (P30), the learning and memory was assessed
using the Morris water maze: (a) Escape latency (time to find the hidden platform). At the third trial, the escape latency in the I2N, I4N or I8N
group was significant longer than the control group (* p < 0.05); The escape latency increased with the increase of isoflurane exposure time.
The escape latency in I8N group was significant longer than control group at 3rd, 4th, 5th and 6th trial (5 p < 0.05). At the 6th training trial, the
escape latency in the I8N group was significantly longer than the I2N or I4N group (# p < 0.05); (b) Target quadrant traveling time. The
offspring in isoflurane exposure group spent less time traveling in the platform hidden quadrant (target quadrant). The target quadrant
traveling time in I8N group was significant less than CN group (* p < 0.05), I2N and I4N group (# p < 0.05); (c) Platform crossing times. The
offspring in isoflurane exposure group swam across the location where the platform hidden (platform-crossing times) less than control group,
especially those in I8N group. The platform-crossing times in I8N group was significant less than CN group (* p < 0.05), I2N and I4N group
(# p < 0.05). CN = control group.

doi:10.1371/journal.pone.0160826.g002
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that maternal exposure to isoflurane of approximately 1 MAC (1 MAC of isoflurane for rats
on gestational day 14–16 is 1.4%) [33, 34] can impair learning and memory in the offspring.

To study whether the learning and memory impairment caused by maternal isoflurane
exposure could be reversed by HDAC inhibitor, SAHA was given to the offspring before each
MWM trial. The escape latencey in SAHA treated normal offspring was shorter than control
group at 2nd, 4th and 5th trial (� p< 0.05, Fig 3A). The escape latency in I2S, I4S and I8S group
were shorter than their relative control groups (I2N, I4N and I8N group respectivly), but had
no statistical differences (p> 0.05, Fig 3B, 3C and 3D). The escape latency in I8S group was
longer than normal control group (CN group) at 3rd, 4th and 5th trial (p< 0.05, Fig 3E). The
target quadrant traveling time in SAHA treated sugroup was more than relative non-SAHA
subgroup (p< 0.05, Fig 4A). The traveling time in I2S, I4S and I8S group was not significantly
different from that in CN group (Fig 4A). The platform-crossing times in SAHA treated
sugroups increased compared with their relative non-SAHA subgroups (Fig 4B). But the plat-
form-crossing times in I8S subgroup was still less than CN group (p< 0.05, Fig 4B). These

Fig 3. HDAC2 inhibition alleviated the impaired learning caused by maternal isoflurane exposure. SAHA potentiates the learning ability of normal rats,
the escape latencey in SAHA treated normal offspring was shorter than normal control offspring at 2nd, 4th and 5th trial (* p < 0.05, Fig 3a); The escape
latency in I2S, I4S and I8S group were shorter than their relative control groups (I2N, I4N and I8N group respectivly), but had no statistical differences
(p > 0.05, Fig 3b, c and d). The escape latency in I8S group was longer than normal control group (CN group) at 3rd, 4th and 5th trial (p < 0.05, Fig 3e).
S = SAHA treated subgroup; N = non—SAHA treated subgroup.

doi:10.1371/journal.pone.0160826.g003
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results indicate that SAHA can alleviate the learning and memory impairment caused by iso-
flurane exposure, but cannot completely reverse the impairment when the exposure time was 8
hours.

Maternal Isoflurane Exposure Disrupted Ultrastructural Features of
Hippocampal Neurons in Offspring
Ultrastructural changes in hippocampal neurons were evaluated by electron microscopy.
Maternal isoflurane exposure impaired the structure of the hippocampus when the exposure
time was more than 4 hours. The ultrastructure in group I2N showed no obvious differences
compared to group CN. When the exposure time was lengthened to 4 hours, neuron number
decreased, nuclei became irregular, cytoplasmic area decreased, mitochondrial number
decreased, and we observed evidence of disordered mitochondrial cristae. The quantity of
rough endoplasmic reticulum, ribosome and Golgi apparatus decreased, and the ribosomes
exhibited degranulation. When the isoflurane exposure time was prolonged to 8 hours, all of
these changes became more prominent. We observed fewer neurons with dilated intercellular
space. Dissolved mitochondrial cristae and swollen Golgi apparatus could be observed in group
I8. HDAC inhibition alleviated all the hippocampal impairments caused by isoflurane expo-
sure, but the neurons number had no obvious change (Fig 5).

Increased HDAC2 mRNA Expression Caused By Isoflurane and the
Reversed Effect of SAHA
Maternal isoflurnae exposure increased the expression levels of HDAC2 mRNA in the hippo-
campus of the offspring rats (p< 0.05; Fig 6A). SAHA reversed the expression of HDAC2
mRNA in the hippocampus. The expression levels of HDAC2 mRNA in the CS, I2S, I4S and
I8S groups were lower than those in the CN, I2N, I4N and I8N groups respectively (p< 0.05;

Fig 4. HDAC2 inhibition reversed the memory impairment caused by maternal isoflurane exposure. (a) Target quadrant traveling time. The target
quadrant traveling time in SAHA treated sugroup was significant more than relative non-SAHA subgroups (* p < 0.05); The traveling time in I2S, I4S and I8S
group was not significantly different from that in CN group. (b) Platform crossing times. The platform-crossing times in SAHA treated sugroups increased
compared with their relative non-SAHA subgroups, but had no statistical differences. The platform-crossing times in I8S subgroup was still less than CN
group (* p < 0.05).

doi:10.1371/journal.pone.0160826.g004
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Fig 6B). These results indicate that HDAC2 inhibition can reverse the overexpression of
HDAC2 mRNA in offspring caused by maternal isoflurane exposure during late pregnancy.

Downregulated CREBmRNA Expression and the Reversed Effect of
SAHA
The expression levels of CREB mRNA in the hippocampus of the offspring in the I2N, I4N and
I8N groups were significantly lower than those in the CN group (p< 0.05; Fig 7A). These
results indicate that maternal isoflurane exposure during late pregnancy can inhibit the expres-
sion of CREB mRNA in offspring. The CREB mRNA levels in the I8N group were significantly
lower than in the I2N group and I4N group (p< 0.05; Fig 7A), suggesting that prolonged expo-
sure to isoflurane during late pregnancy has a more profound effect on inhibiting CREB
mRNA expression. The expression levels of CREB mRNA in the CS group were higher than
those in the CN group (p< 0.05; Fig 7B). This finding indicates that SAHA can potentiate the
expression of CREB mRNA in the hippocampus of the offspring rats. The expression levels of
CREB mRNA in the I2S, I4S and I8S groups were significantly higher than those in the I2N,
I4N and I8N groups respectively (p< 0.05; Fig 7B). These results indicate that SAHA can
reverse the inhibiting effect of maternal isoflurane exposure on CREB mRNA expression off-
spring rats. However, the expression level of CREB mRNA in the I8S group was still lower than
CN group (p< 0.05, Fig 7B). This means that SAHA cannot completely reverse the inhibiting
effect of maternal isoflurane exposure on the expression of CREB mRNA when the exposure
time is 8 hours.

Fig 5. HDAC2 inhibition alleviated the hippocampal ultrastructure impairment caused by maternal isoflurane exposure (transmission electron
microscopy, ×6000). The hippocampal ultrastructure showed apparent abnormality with the increase of isoflurane exposure time. The ultrastructure showed
no differences compared to the control group when isoflurane exposure time was 2h (I2N). When isoflurane exposure time lengthen to 4h, the neuron
number decreased, the nuclei became irregular, cytoplasmic area decreased, mitochondrial number decreased, and we observed evidence of disordered
mitochondrial cristae. The quantity of rough endoplasmic reticulum, ribosome and Golgi apparatus decreased, and the ribosomes exhibited degranulation
(I4N). When the exposure time prolonged to 8h, all of these changes becamemore prominent, there were fewer neurons with dilated intercellular space.
Dissolved mitochondrial cristae and swollen Golgi apparatus could be observed (I8N). HDAC inhibition alleviated the impairments, but did not increase the
neuronal number (I4S and I8S group).

doi:10.1371/journal.pone.0160826.g005
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Downregulated Expression of NR2B and the Reversed Effect of SAHA
The expression levels of NR2B mRNA in the hippocampus of the offspring in the I2N, I4N and
I8N groups were lower than those in the CN group (p< 0.05; Fig 8A3). The expression levels
of NR2B mRNA in the I4N and I8N groups were lower than those in the I2N group (p<0.05;
Fig 8A3). The changes of NR2B protein expression levels were similar to NR2B mRNA levels
(Fig 8B3). These results indicate that maternal isoflurane exposure during late pregnancy

Fig 6. HDAC2 inhibition reversed the overexpression of HDAC2mRNA caused by maternal isoflurane exposure. The expression levels of
HDAC2mRNA in offspring hippocampus were detected by real time PCR (RT—PCR). The levels of mRNA were normalized to that of β-actin in the
same sample and then normalized to the average values of control offspring in the same RT-PCR. The mean value of the mRNA expression level
of all of the offspring born to the samemother rat was calculated as the final expression level of mRNA. (a) maternal isoflurane exposure
potentiated the expression of HDAC2mRNA. The HDAC2mRNA levels in the offpsring hippocampus in I2N, I4N and I8N group were higher than
normal control group (CN group, * p < 0.05). (b) SAHA reversed the overexpression of HDAC2mRNA. The HDAC2mRNA levels in SAHA treated
subgroup were higher than non-SAHA subgroups (* p < 0.05).

doi:10.1371/journal.pone.0160826.g006

Fig 7. HDAC2 inhibition reversed the downregulated expression of CREBmRNA caused by maternal isoflurane exposure: (a) Isoflurane exposure
downregulated CREBmRNA expression. The CREBmRNA levels in the offspring hippocampus in isoflurane exposed group were lower than control
group (* p < 0.05). With the increase of isoflurane exposure time, the downregulated effect becamemore obvious. The CREBmRNA levels in I8N
group were higher than I2N group (# p < 0.05). (b) SAHA reversed the down-regulation of CREBmRNA expression. Compared with relative non-SAHA
subgroup, the levels of CREBmRNA in SAHA treated sugroup increased (* p < 0.05). But the CREBmRNA levels in I8S subgroup were still lower than
normal control group (# p < 0.05). This indicates that SAHA cannot completely reverse the downregulated effect caused by isoflurane when the
exposure time prolonged to 8 hours.

doi:10.1371/journal.pone.0160826.g007
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inhibits the expression of NR2B in the hippocampus of the offspring rats and that prolonged
isoflurane exposure can exacerbate these changes. The expression levels of NR2B protein and
mRNA in the CS, I2S, I4S and I8S groups were higher than those in the CN, I2N, I4N and I8N
groups respectively (Fig 8A4 and 8B3). These results indicate that SAHA can reverse the inhib-
iting effect of maternal isoflurane exposure on NR2B expression in the hippocampus of the off-
spring. However, the mRNA and protein levels of NR2B in the I8S group were still lower than
those in the CN group (Fig 8A4 and 8B3). Thus, HDAC2 inhibition cannot completely reverse
the inhibiting effects of maternal isoflurane exposure on the expression of NR2B when the
exposure time is 8 hours.

Discussion
The present study provides preclinical evidence that maternal rat exposure to isoflurane during
late pregnancy impairs the spatial learning and memory in their offspring. The behavioural
abnormality was associated with hippocampal neuronal damage, overexpression of HDAC2
mRNA and the subsequent downregulation of CREB mRNA and NR2B in hippocampus.

This finding is similar to the results described in a previous report, which showed that
maternal exposure to 1.4% isoflurane for 4 hours on gestational day 14 impairs the offspring
rats’ spatial memory acquisition [9]. The results of the present study are different from another
report showing that isoflurane exposure during late pregnancy was not neurotoxic to the fetal
brain and did not impair learning and memory in juvenile or adult offspring [1]. Isoflurane
neurotoxicity is concentration-dependent [35]. General anesthetics can be neuroprotective and
neurotoxic, depending on the levels, timing and mode of exposure. Isoflurane exerts multiple
effects on neuronal stem cell survival, proliferation and differentiation. Short exposures to low
isoflurane concentrations promote proliferation and differentiation of ReNcell CX cells,
whereas prolonged exposure to high isoflurane concentrations induced significant cell damage
[36]. This may be one of the critical reasons that our result is different from the report by Li
et al. [1]. Our study involved 1.5% isoflurane, approximately 1 MAC, which is higher than the
concentration used in the previous study (1.3%) [1]. The different exposure timing may be
another reason for the differences between two experiments. The exposure time point in our
experiment was E18 day, whereas that in previous study was E21 [1]. Therefore, the develop-
mental maturity of the neurons was different between two experiments, which may result in
different vulnerability to isoflurane [37]. In the present study, the dams were divided into dif-
ferent groups based on their learning and memory results tested before pregnancy. This was
meant to exclude the effects of genetic factors on the learning and memory of the offspring and
may have facilitated the significant differences in learning and memory obtained between the
control and isoflurane exposure groups.

There was no obvious dyskinesia in offspring. There was no difference in swimming speed
(automatically record by MWM system) of the offspring among groups. We had not evaluated
the anxiety of offspring rats in present study. But previous study had revealed that rats exposed

Fig 8. HDAC2 inhibition reversed the downregulated expression of NR2B caused by maternal isoflurane exposure. (A1) Amplification plot of
NR2B and β-actin mRNA; (A2) Agarose gel electrophoresis images of NR2B and β-actin mRNA; (A3) Maternal isoflurane exposure downregulated the
expression of NR2BmRNA (mean ± SE): The levels of NR2BmRNA in isoflurane exposure group (I2N, I4N, I8N) were lower than CN group (* p < 0.05).
The NR2BmRNA levels in I4N and I8N group were lower than I2N group (# p < 0.05); (A4) SAHA reversed the downregulated expression of NR2BmRNA
(mean ± SE): The levels of NR2BmRNA in I2S, I4S and I8S subgroup were higher than I2N, I4N and I8N subgroup respectively (* p < 0.05). The NR2B
mRNA levels in I8S subgroup were lower than CN group (# p < 0.05). (B1) NR2B protein western blot images; (B2) Maternal isoflurane exposure
downregulated the expression of NR2B protein (mean ± SD): The protein levels of NR2B protein were lower than CN group (# compared with I2N group,
p<0.05b); (B3) HDAC2 inhibition reversed the downregulated expression of NR2B protein: The protein levels of NR2B in I2S, I4S and I8S subgroups were
higher than I2N, I4N and I8N sugroups respectively. The levels of NR2B protein in I8S subgroup were lower than CN group (# p < 0.001). This indicates
that SAHA cannot completely reverse the downregulated effect caused by isoflurane when the exposure time prolonged to 8 hours.

doi:10.1371/journal.pone.0160826.g008
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to isoflurane in utero on E14 have reduced anxiety compared with controls [9]. Thus the differ-
ences in learning and memory results were not caused by abnormal motor function or anxiety
in offspring. The femoral vein blood gas analysis showed that exposure to this concentration of
isoflurane for 8 hours had no significant effect on the blood gases and electrolytes of the dams
(Table 1). Normal maternal body temperature was maintained during the isoflurane exposure
process. Dams were removed from the study if they exhibited a cumulative time of more than 5
minutes with SpO2 <95% or>20% decrease in systolic blood pressure (SBP). Therefore, the
damaging effect on learning and memory was not induced by physiological disturbances
caused by isoflurane.

How does isoflurane exposure damage the spatial learning and memory function in off-
spring? Transmission electron microscopy results showed that neuron number and ultrastruc-
ture in offspring hippocampus had been impaired (Fig 5). HDAC inhibitors could alleviate the
impairments, thus improving learning and memory. These data suggest that maternal exposure
to isoflurane during late pregnancy harms hippocampal neurons, thus impairing learning and
memory in the offspring. Previous results showed that prenatal exposure to 1.3% isoflurane for
4 hours on gestational day 14 led to impaired synaptic ultrastructure in the hippocampus of
the offspring and thus causing poor learning and memory [38].

Recently, histone acetylation, which is regulated by histone deacetylases (HDAC), has been
implicated in memory formation [39–43]. Increasing histone-tail acetylation can facilitate
learning and memory [12, 13]. Further studies showed that HDAC2, but not HDAC1,
decreases dendritic spine density, synapse number, synaptic plasticity and memory formation
[15]. HDAC2 regulates learning and memory via the transcription factor CREB and the
recruitment of the transcriptional coactivator and histone acetyltransferase CREB-binding pro-
tein (CBP) via the CREB-binding domain of CBP [44]. The inhibition of HDAC can modulate
hippocampal-dependent long-term memory in a CBP-dependent manner [45]. Inhibiting
HDAC increases the levels of acetylated histones and phospho-CREB (p-CREB), which
enhances the binding of p-CREB to its binding site at the promoter of the NR2B gene, thus
increasing the expression of NR2B in the hippocampus [17]. Thus, HDAC2 impairs learning
and memory through a pathway involving HDAC2-CREB-NR2B. NR2B is critical to the for-
mation and maintenance of learning and memory [46–48]. It is undetermined whether mater-
nal isoflurane exposure during late pregnancy damage the spatial learning and memory in
offspring via this pathway. The hippocampus is a critical structure for learning and memory.
Thus, the expression levels of HDAC2, CREB, and NR2B mRNA and NR2B protein in the hip-
pocampus of the offspring were analyzed in the present study. The results showed that mater-
nal isoflurane exposure during late pregnancy increased the expression of HDAC2 mRNA,
decreased CREB mRNA and NR2B mRNA and protein in the hippocampus of the offspring.
This is similar to a previous report that maternal anesthesia with ketamine on G14 downregu-
lated the expression of NR2B in the hippocampus of offspring [49]. These results indicate that
maternal isoflurane exposure during late pregnancy causes the over-expression of HDAC2,
thereby inhibiting the expression of CREB mRNA, resulting in downregulation of NR2B in the
hippocampus of the offspring rats. These effects lead to impaired learning and memory in the
offspring. NMDA receptor blockade acts critical role in determining whether neurons are
reversibly injured or are driven to cell death by isoflurane [50]. Thus, these results indicate that
maternal isoflurane exposure during late pregnancy can damage the learning and memory of
the offspring rats via the HDAC2-CREB -NR2B pathway.

Further supporting the role of HDAC2, CREB and NR2B in the learning and memory dys-
function of the offspring, we showed that SAHA (an HDAC inhibitor that mainly inhibits
HDAC2) treatment 2 hours before each Morris water maze trial reversed the impaired learning
and memory and the alterations in expression of HDAC2, CREB and NR2B mRNA and
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protein in the hippocampus. Many lines of evidence showed that HDAC inhibitors that mainly
inhibit HDAC2 potentiate learning and memory. The class I HDAC inhibitor RGFP963 can
enhance the consolidation of cued fear extinction [51]. Kinetically selective HDAC2 inhibitors
rescued the memory deficits in mice with neurodegenerative disease by increasing H4K12 and
H3K9 histone acetylation in hippocampal neurons [52]. SAHA facilitated fear extinction of
rats by enhancing the expression of hippocampal NR2B-containing NMDA receptors. The lev-
els of acetylated histones in the hippocampus increased significantly 2 hours after SAHA
administration and were accompanied by enhanced binding of p-CREB to its binding site at
the promoter of the NR2B gene [17], resulted in the increase of of NR2B mRNA levels, but not
NR1 or NR2A mRNA. Therefore, we administered SAHA to the offspring 2 hours before every
water maze trial. It is impossible to know whether the learning and memory improvements
caused by SAHA in animals exposed to isoflurane are due to its general compensatory effects
or a specific reversal of the effects of isoflurane. However, the effects of SAHA on animals
exposed to isoflurane, along with the effects of isoflurane on HDAC, suggest that isoflurane
may act on HDAC to affect learning and memory. The results of the present study provided
the first demonstration that an HDAC inhibitor reverses the learning and memory impair-
ments caused by maternal isoflurane exposure during late pregnancy. β-amyloid protein accu-
mulation, caspase activation [53, 54], inositol 1,4,5-trisphosphate (IP3) receptor activation [36,
55] and calcium dysregulation [56] are critical pathological mechanisms in the neurotoxicity
caused by isoflurane. It remains to be clarified whether these mechanisms are involved in the
learning and memory impairment caused by maternal isoflurane exposure.

The maintenance of normal cognition is known to require precise excitatory–inhibitory (E/
I) balance [57]. Disrupted NMDA-receptor signaling may be a molecular substrate common to
a number of neurodevelopmental, neuropsychiatric disorders [58]. NR2B is an excitatory
receptor and plays a critical role in the maintenance and formation of normal learning and
memory. NR2B signaling can be maintained at a normal range to keep the brain in E/I balance.
The rats in the CS group in the current study were normal offspring that had not exposed to
isoflurane during pregnancy and had normal levels of inhibitory receptors. It is possible that
they could maintain normal NR2B function by autoregulation or other pathways. NR2B pro-
tein expression in the I2, I4 and I8 groups had been inhibited by maternal isoflurane exposure.
Therefore, the expression levels of NR2B protein in these rats could be increased by SAHA via
the HDAC2-CREB-NR2B pathway [16, 17] to maintain the E/I balance. Protein levels are
dependant on numerous factors, including gene transcription, translation and the number and
functional state of cells that produce the protein. Maybe there are some unknow factors affect-
ing the mRNA translating to protein, thus result in the increasing degree of NR2B protein was
different from that of NR2B mRNA in the groups of I2S, I4S and I8S. Future studies are needed
to determine if there are other factors affecting the translation of mRNA to protein in this
pathway.

The present study only assessed the ultrastructural and molecular changes in the offspring
brains after the behaviour test. The acute changes in the fetal brains immediately or several
hours after isoflurane exposure had not been evaluated. Whether pretreatment with SAHA
prior to isoflurane exposure will block all the harmful effects caused by isoflurane in offspring
is not know yet. These questions require further clarification.

Taken together, the results in the present study suggested that maternal exposure of rats to
isoflurane during late pregnancy impairs the spatial learning and memory of the offspring.
This effect was associated with damage to hippocampal neurons, the overexpression of
HDAC2 mRNA and the subsequent downregulation of CREB mRNA and NR2B. HDAC2
inhibition improved the impaired learning and memory of the offspring induced by maternal
exposure to isoflurane.

Maternal Exposure to Isoflurane Impairs Memory in Offspring by HDAC2

PLOSONE | DOI:10.1371/journal.pone.0160826 August 18, 2016 15 / 18



Author Contributions

Conceived and designed the experiments: FL WZ.

Performed the experiments: YH QY BL LW ZL LX YF JL.

Analyzed the data: FL ZZ.

Contributed reagents/materials/analysis tools: ZL LX.

Wrote the paper: FL ZZ YF.

References
1. Li Y, Liang G, Wang S, Meng Q, Wang Q, Wei H. Effects of fetal exposure to isoflurane on postnatal

memory and learning in rats. Neuropharmacology. 2007; 53(8):942–50. PMID: 17959201

2. Wang S, Peretich K, Zhao Y, Liang G, Meng Q, Wei H. Anesthesia-induced neurodegeneration in fetal
rat brains. Pediatr Res. 2009; 66(4):435–40. PMID: 20016413 doi: 10.1203/PDR.0b013e3181b3381b

3. Kort B, Katz VL, WatsonWJ. The effect of nonobstetric operation during pregnancy. Surg Gynecol
Obstet. 1993; 177(4):371–6. PMID: 8211581

4. Mazze RI, Källén B. Reproductive outcome after anesthesia and operation during pregnancy: a registry
study of 5405 cases. Am J Obstet Gynecol. 1989; 161(5):1178–85. PMID: 2589435

5. Brodsky JB, Cohen EN, Brown BW Jr, Wu ML, Whitcher C. Surgery during pregnancy and fetal out-
come. Am J Obstet Gynecol. 1980; 138(8):1165–7. PMID: 7446625

6. Baldwin EA, Borowski KS, Brost BC, Rose CH. Antepartum nonobstetrical surgery at�23 weeks’ ges-
tation and risk for preterm delivery. Am J Obstet Gynecol. 2015; 212(2):232.e1–5. PMID: 25218955

7. Van De Velde M, De Buck F. Anesthesia for non-obstetric surgery in the pregnant patient. Minerva
Anestesiol. 2007; 73(4):235–40. PMID: 17473818

8. Zhang Qin,Luo Foquan,ZhaoWeilu,Li Bingda,Tang Yang,Hu Yan.Effect of prolonged anesthesia with
propofol during early pregnancy on cognitive function of offspring rats. Chin J Anesthesiol, 2014; 34(9):
1051–1053. doi: 10.3760/cma.j.issn.0254-1416.2014.09.005

9. Palanisamy A, Baxter MG, Keel PK, Xie Z, Crosby G, Culley DJ. Rats exposed to isoflurane in utero
during early gestation are behaviorally abnormal as adults. Anesthesiology. 2011; 114(3):521–8.
PMID: 21307768 doi: 10.1097/ALN.0b013e318209aa71

10. Guan Z, Giustetto M, Lomvardas S, Kim JH, Miniaci MC, Schwartz JH, et al. Integration of long-term-
memory-related synaptic plasticity involves bidirectional regulation of gene expression and chromatin
structure. Cell. 2002; 111(4):483–93. PMID: 12437922

11. Korzus E, Rosenfeld MG, Mayford M. CBP histone acetyltransferase activity is a critical component of
memory consolidation. Neuron. 2004; 42(6):961–72. PMID: 15207240

12. Levenson JM, O'Riordan KJ, Brown KD, Trinh MA, Molfese DL, Sweatt JD. Regulation of histone acety-
lation during memory formation in the hippocampus. J Biol Chem. 2004; 279(39):40545–59. PMID:
15273246

13. Vecsey CG, Hawk JD, Lattal KM, Stein JM, Fabian SA, Attner MA, et al. Histone deacetylase inhibitors
enhance memory and synaptic plasticity via CREB:CBP-dependent transcriptional activation. J Neu-
rosci. 2007; 27(23):6128–40. PMID: 17553985

14. Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH. Recovery of learning and memory is associ-
ated with chromatin remodelling. Nature. 2007; 447(7141):178–82. PMID: 17468743

15. Guan JS, Haggarty SJ, Giacometti E, Dannenberg JH, Joseph N, Gao J, et al. HDAC2 negatively regu-
lates memory formation and synaptic plasticity. Nature. 2009; 459(7243):55–60. PMID: 19424149 doi:
10.1038/nature07925

16. Almeida S, Cunha-Oliveira T, Laço M, Oliveira CR, Rego AC. Dysregulation of CREB activation and
histone acetylation in 3-nitropropionic acid-treated cortical neurons: prevention by BDNF and NGF.
Neurotox Res. 2010; 17(4):399–405. PMID: 19779956 doi: 10.1007/s12640-009-9116-z

17. Fujita Y, Morinobu S, Takei S, Fuchikami M, Matsumoto T, Yamamoto S, et al. SAHA, a histone deace-
tylase inhibitor, facilitates fear extinction and enhances expression of the hippocampal NR2B-contain-
ing NMDA receptor gene. J Psychiatr Res. 2012; 46(5):635–43. PMID: 22364833 doi: 10.1016/j.
jpsychires.2012.01.026

Maternal Exposure to Isoflurane Impairs Memory in Offspring by HDAC2

PLOSONE | DOI:10.1371/journal.pone.0160826 August 18, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/17959201
http://www.ncbi.nlm.nih.gov/pubmed/20016413
http://dx.doi.org/10.1203/PDR.0b013e3181b3381b
http://www.ncbi.nlm.nih.gov/pubmed/8211581
http://www.ncbi.nlm.nih.gov/pubmed/2589435
http://www.ncbi.nlm.nih.gov/pubmed/7446625
http://www.ncbi.nlm.nih.gov/pubmed/25218955
http://www.ncbi.nlm.nih.gov/pubmed/17473818
http://dx.doi.org/10.3760/cma.j.issn.0254-1416.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21307768
http://dx.doi.org/10.1097/ALN.0b013e318209aa71
http://www.ncbi.nlm.nih.gov/pubmed/ 12437922
http://www.ncbi.nlm.nih.gov/pubmed/15207240
http://www.ncbi.nlm.nih.gov/pubmed/15273246
http://www.ncbi.nlm.nih.gov/pubmed/17553985
http://www.ncbi.nlm.nih.gov/pubmed/17468743
http://www.ncbi.nlm.nih.gov/pubmed/19424149
http://dx.doi.org/10.1038/nature07925
http://www.ncbi.nlm.nih.gov/pubmed/19779956
http://dx.doi.org/10.1007/s12640-009-9116-z
http://www.ncbi.nlm.nih.gov/pubmed/22364833
http://dx.doi.org/10.1016/j.jpsychires.2012.01.026
http://dx.doi.org/10.1016/j.jpsychires.2012.01.026


18. Zhong T, Qing QJ, Yang Y, ZouWY, Ye Z, Yan JQ, et al. Repression of contexual fear memory induced
by isoflurane is accompanied by reduction in histone acetylation and rescued by sodium butyrate. Br J
Anaesth. 2014; 113(4):634–43. PMID: 24838805 doi: 10.1093/bja/aeu184

19. Zhong T, Guo Q, ZouW, Zhu X, Song Z, Sun B, et al. Neonatal isoflurane exposure induces neurocog-
nitive impairment and abnormal hippocampal histone acetylation in mice. PLoS One. 2015; 10(4):
e0125815. PMID: 25928815 doi: 10.1371/journal.pone.0125815

20. Barraco RD, Chiu WC, Clancy TV, Como JJ, Ebert JB, Hess LW, et al. EAST Practice Management
GuidelinesWork Group.Practice management guidelines for the diagnosis and management of injury
in the pregnant patient: the EAST Practice Management Guidelines Work Group. J Trauma. 2010; 69
(1):211–4. PMID: 20622592 doi: 10.1097/TA.0b013e3181dbe1ea

21. Machado NO, Machado LS. Laparoscopic cholecystectomy in the third trimester of pregnancy: report
of 3 cases. Surg Laparosc Endosc Percutan Tech. 2009; 19(6):439–41. PMID: 20027085 doi: 10.
1097/SLE.0b013e3181c30fed

22. Upadhyay A, Stanten S, Kazantsev G, Horoupian R, Stanten A. Laparoscopic management of a nonob-
stetric emergency in the third trimester of pregnancy. Surg Endosc. 2007; 21(8):1344–8. PMID:
17285387

23. Buser KB. Laparoscopic surgery in the pregnant patient:results and recommendations. JSLS. 2009;
13(1):32–5. PMID: 19366538

24. Qaiser R, Black P. Neurosurgery in pregnancy. Semin Neurol. 2007; 27(5):476–81. PMID: 17940927

25. Holthausen UH, Mettler L, Troidl H. Pregnancy: A contraindication?World J Surg.1999; 23(8):856–62.
PMID: 10415212

26. Affleck DG, Handrahan DL, Egger MJ, Price RR. The laparoscopic management of appendicitis and
cholelithiasis during pregnancy. Am J Surg.1999; 178(6):523–9. PMID: 10670865

27. Meshikhes AN. Successful laparoscopic cholecystectomy in the third trimester of pregnancy. Saudi
Med J. 2008; 29(2):291–2. PMID: 18246244

28. Choi JJ, Mustafa R, Lynn ET, Divino CM. Appendectomy during pregnancy: follow-up of progeny. J Am
Coll Surg. 2011; 213(5):627–32. PMID: 21856183 doi: 10.1016/j.jamcollsurg.2011.07.016

29. Rohan D, Buggy DJ, Crowley S, Ling FK, Gallagher H, Regan C, et al. Increased incidence of postoper-
ative cognitive dysfunction 24 hr after minor surgery in the elderly. Can J Anaesth. 2005; 52(2):137–42.
PMID: 15684252

30. Wang C, Anastasio N, Popov V, Leday A, Johnson KM. Blockade of N-methyl-D-aspartate receptors by
phencyclidine causes the loss of corticostriatal neurons. Neuroscience. 2004; 125(2):473–83. PMID:
15062989

31. Rodier PM. Chronology of neuron development: animal studies and their clinical implications. Dev Med
Child Neurol. 1980; 22(4): 525–45. PMID: 7409345

32. Bing-da LI,Fuo—quan LUO,Wei—lu ZHAO,Yang TANG,Qin ZHANG,Yan HU.Effect of ketamine anes-
thesia in early pregnancy on expression of hippyragranin mRNA in hippocampus in offsprings of rats.
Chin J Anesthesiol, 2012, 32(11): 1334–1336. doi: 10.3760/cma.j.issn.0254-1416.2012.11.013

33. Mazze RI, Fujinaga M, Rice SA, Harris SB, Baden JM. Reproductive and teratogenic effects of nitrous
oxide, halothane, isoflurane and enflurane in Sprague-Dawley rats. Anesthesiology. 1986; 64(3):339–
44. PMID: 3954129

34. Mazze RI, Rice SA, Baden JM. Halothane, isoflurane and enflurane MAC in pregnant and nonpregnant
female and male mice and rats. Anesthesiology. 1985; 62(3):339–41. PMID: 3977116

35. Wei H, Kang B, Wei W, Liang G, Meng QC, Li Y, et al. Isoflurane and sevoflurane affect cell survival
and BCL-2/BAX ratio differently. Brain Res. 2005; 1037(1–2):139–47. PMID: 15777762

36. Zhao X, Yang Z, Liang G, Wu Z, Peng Y, Joseph DJ, et al. Dual effects of isoflurane on proliferation, dif-
ferentiation, and survival in human neuroprogenitor cells. Anesthesiology. 2013; 118(3):537–49.
PMID: 23314167 doi: 10.1097/ALN.0b013e3182833fae

37. Hofacer RD, Deng M, Ward CG, Joseph B, Hughes EA, Jiang C, et al. Cell age-specific vulnerability of
neurons to anesthetic toxicity. Ann Neurol. 2013; 73(6):695–704. PMID: 23526697 doi: 10.1002/ana.
23892

38. Kong F, Xu L, He D, Zhang X, Lu H. Effects of gestational isoflurane exposure on postnatal memory
and learning in rats. Eur J Pharmacol. 2011; 670(1):168–74. PMID: 21930122 doi: 10.1016/j.ejphar.
2011.08.050

39. Morris MJ, Mahgoub M, Na ES, Pranav H, Monteggia LM. Loss of histone deacetylase 2 improves
working memory and accelerates extinction learning. J Neurosci. 2013; 33(15):6401–11. PMID:
23575838 doi: 10.1523/JNEUROSCI.1001-12.2013

Maternal Exposure to Isoflurane Impairs Memory in Offspring by HDAC2

PLOSONE | DOI:10.1371/journal.pone.0160826 August 18, 2016 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/24838805
http://dx.doi.org/10.1093/bja/aeu184
http://www.ncbi.nlm.nih.gov/pubmed/25928815
http://dx.doi.org/10.1371/journal.pone.0125815
http://www.ncbi.nlm.nih.gov/pubmed/20622592
http://dx.doi.org/10.1097/TA.0b013e3181dbe1ea
http://www.ncbi.nlm.nih.gov/pubmed/20027085
http://dx.doi.org/10.1097/SLE.0b013e3181c30fed
http://dx.doi.org/10.1097/SLE.0b013e3181c30fed
http://www.ncbi.nlm.nih.gov/pubmed/17285387
http://www.ncbi.nlm.nih.gov/pubmed/19366538
http://www.ncbi.nlm.nih.gov/pubmed/17940927
http://www.ncbi.nlm.nih.gov/pubmed/10415212
http://www.ncbi.nlm.nih.gov/pubmed/10670865
http://www.ncbi.nlm.nih.gov/pubmed/18246244
http://www.ncbi.nlm.nih.gov/pubmed/21856183
http://dx.doi.org/10.1016/j.jamcollsurg.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/15684252
http://www.ncbi.nlm.nih.gov/pubmed/15062989
http://www.ncbi.nlm.nih.gov/pubmed/7409345
http://dx.doi.org/10.3760/cma.j.issn.0254-1416.2012.11.013
http://www.ncbi.nlm.nih.gov/pubmed/3954129
http://www.ncbi.nlm.nih.gov/pubmed/3977116
http://www.ncbi.nlm.nih.gov/pubmed/15777762
http://www.ncbi.nlm.nih.gov/pubmed/23314167
http://dx.doi.org/10.1097/ALN.0b013e3182833fae
http://www.ncbi.nlm.nih.gov/pubmed/23526697
http://dx.doi.org/10.1002/ana.23892
http://dx.doi.org/10.1002/ana.23892
http://www.ncbi.nlm.nih.gov/pubmed/21930122
http://dx.doi.org/10.1016/j.ejphar.2011.08.050
http://dx.doi.org/10.1016/j.ejphar.2011.08.050
http://www.ncbi.nlm.nih.gov/pubmed/23575838
http://dx.doi.org/10.1523/JNEUROSCI.1001-12.2013


40. Mahgoub M, Monteggia LM. A role for histone deacetylases in the cellular and behavioral mechanisms
underlying learning and memory. Learn Mem. 2014; 21(10):564–8. PMID: 25227251 doi: 10.1101/lm.
036012.114

41. Penney J, Tsai LH. Histone deacetylases in memory and cognition. Sci Signal. 2014; 7(355):re12.
PMID: 25492968 doi: 10.1126/scisignal.aaa0069

42. Fass DM, Reis SA, Ghosh B, Hennig KM, Joseph NF, ZhaoWN, et al. Crebinostat: a novel cognitive
enhancer that inhibits histone deacetylase activity and modulates chromatin-mediated neuroplasticity.
Neuropharmacology. 2013; 64:81–96. PMID: 22771460 doi: 10.1016/j.neuropharm.2012.06.043

43. Maddox SA, Schafe GE. Epigenetic alterations in the lateral amygdala are required for reconsolidation
of a Pavlovian fear memory. Learn Mem. 2011; 18(9):579–93. PMID: 21868438 doi: 10.1101/lm.
2243411

44. Bambah-Mukku D, Travaglia A, Chen DY, Pollonini G, Alberini CM. A positive autoregulatory BDNF
feedback loop via C/EBPβmediates hippocampal memory consolidation. J Neurosci. 2014; 34
(37):12547–59. PMID: 25209292 doi: 10.1523/JNEUROSCI.0324-14.2014

45. Haettig J, Stefanko DP, Multani ML, Figueroa DX, McQuown SC, Wood MA. HDAC inhibition modu-
lates hippocampus-dependent long-term memory for object location in a CBP-dependent manner.
Learn Mem. 2011; 18(2):71–9. PMID: 21224411 doi: 10.1101/lm.1986911

46. Bliss TV. Young receptors make smart mice. Nature. 1999; 401(6748):25–7. PMID: 10485698

47. Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, ZhuoM, et al. Genetic enhancement of learn-
ing and memory in mice. Nature. 1999; 401(6748):63–9. PMID: 10485705

48. Plattner F, Hernández A, Kistler TM, Pozo K, Zhong P, Yuen EY, et al. Memory enhancement by target-
ing Cdk5 regulation of NR2B. Neuron. 2014; 81(5):1070–83. PMID: 24607229 doi: 10.1016/j.neuron.
2014.01.022

49. Zhao T, Li Y, Wei W, Savage S, Zhou L, Ma D. Ketamine administered to pregnant rats in the second tri-
mester causes long-lasting behavioral disorders in offspring. Neurobiol Dis. 2014; 68:145–55. PMID:
24780497 doi: 10.1016/j.nbd.2014.02.009

50. Jevtovic-Todorovic V, Beals J, Benshoff N, Olney JW. Prolonged exposure to inhalational anesthetic
nitrous oxide kills neurons in adult rat brain. Neuroscience. 2003; 122(3):609–16. PMID: 14622904

51. Bowers ME, Xia B, Carreiro S, Ressler KJ. The Class I HDAC inhibitor RGFP963 enhances consolida-
tion of cued fear extinction. Learn Mem. 2015; 22(4):225–31. PMID: 25776040 doi: 10.1101/lm.
036699.114

52. Wagner FF, Zhang YL, Fass DM, Joseph N, Gale JP, Weïwer M, et al. Kinetically Selective Inhibitors of
Histone Deacetylase 2 (HDAC2) as Cognition Enhancers. Chem Sci. 2015; 6(1):804–15. PMID:
25642316

53. Pan C, Xu Z, Dong Y, Zhang Y, Zhang J, McAuliffe S, et al. The potential dual effects of anesthetic iso-
flurane on hypoxia-induced caspase-3 activation and increases in β-site amyloid precursor protein-
cleaving enzyme levels. Anesth Analg. 2011; 113(1):145–52. PMID: 21519046 doi: 10.1213/ANE.
0b013e3182185fee

54. Sun Y, Zhang Y, Cheng B, Dong Y, Pan C, Li T, et al. Glucose may attenuate isoflurane-induced cas-
pase-3 activation in H4 human neuroglioma cells. Anesth Analg. 2014; 119(6):1373–80. PMID:
25068691 doi: 10.1213/ANE.0000000000000383

55. Wei H, Liang G, Yang H, Wang Q, Hawkins B, Madesh M, et al. The common inhalational anesthetic
isoflurane induces apoptosis via activation of inositol 1,4,5-trisphosphate receptors. Anesthesiology.
2008; 108(2):251–60. PMID: 18212570 doi: 10.1097/01.anes.0000299435.59242.0e

56. Wei H. The role of calcium dysregulation in anesthetic-mediated neurotoxicity. Anesth Analg. 2011;
113(5):972–4. PMID: 22021793 doi: 10.1213/ANE.0b013e3182323261

57. Sohal VS, Zhang F, Yizhar O, Deisseroth K. Parvalbumin neurons and gamma rhythms enhance corti-
cal circuit performance. Nature. 2009; 459(7247): 698–702. PMID: 19396159 doi: 10.1038/
nature07991

58. Gandal MJ, Sisti J, Klook K, Ortinski PI, Leitman V, Liang Y, Thieu T, Anderson R, Pierce RC, Jonak G,
Gur RE, Carlson G, Siegel SJ. GABAB-mediated rescue of altered excitatory-inhibitory balance,
gamma synchrony and behavioral deficits following constitutive NMDAR-hypofunction. Transl Psychia-
try. 2012; 2:e142. PMID: 22806213 doi: 10.1038/tp.2012.69

Maternal Exposure to Isoflurane Impairs Memory in Offspring by HDAC2

PLOSONE | DOI:10.1371/journal.pone.0160826 August 18, 2016 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/25227251
http://dx.doi.org/10.1101/lm.036012.114
http://dx.doi.org/10.1101/lm.036012.114
http://www.ncbi.nlm.nih.gov/pubmed/25492968
http://dx.doi.org/10.1126/scisignal.aaa0069
http://www.ncbi.nlm.nih.gov/pubmed/22771460
http://dx.doi.org/10.1016/j.neuropharm.2012.06.043
http://www.ncbi.nlm.nih.gov/pubmed/21868438
http://dx.doi.org/10.1101/lm.2243411
http://dx.doi.org/10.1101/lm.2243411
http://www.ncbi.nlm.nih.gov/pubmed/25209292
http://dx.doi.org/10.1523/JNEUROSCI.0324-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/21224411
http://dx.doi.org/10.1101/lm.1986911
http://www.ncbi.nlm.nih.gov/pubmed/10485698
http://www.ncbi.nlm.nih.gov/pubmed/10485705
http://www.ncbi.nlm.nih.gov/pubmed/24607229
http://dx.doi.org/10.1016/j.neuron.2014.01.022
http://dx.doi.org/10.1016/j.neuron.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24780497
http://dx.doi.org/10.1016/j.nbd.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/14622904
http://www.ncbi.nlm.nih.gov/pubmed/25776040
http://dx.doi.org/10.1101/lm.036699.114
http://dx.doi.org/10.1101/lm.036699.114
http://www.ncbi.nlm.nih.gov/pubmed/25642316
http://www.ncbi.nlm.nih.gov/pubmed/21519046
http://dx.doi.org/10.1213/ANE.0b013e3182185fee
http://dx.doi.org/10.1213/ANE.0b013e3182185fee
http://www.ncbi.nlm.nih.gov/pubmed/25068691
http://dx.doi.org/10.1213/ANE.0000000000000383
http://www.ncbi.nlm.nih.gov/pubmed/18212570
http://dx.doi.org/10.1097/01.anes.0000299435.59242.0e
http://www.ncbi.nlm.nih.gov/pubmed/22021793
http://dx.doi.org/10.1213/ANE.0b013e3182323261
http://www.ncbi.nlm.nih.gov/pubmed/19396159
http://dx.doi.org/10.1038/nature07991
http://dx.doi.org/10.1038/nature07991
http://www.ncbi.nlm.nih.gov/pubmed/22806213
http://dx.doi.org/10.1038/tp.2012.69

