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Abstract

Isoflurane-induced cognitive impairments are well documented in animal models; yet, the
molecular mechanisms remain largely to be determined. In the present study, 22-month-old male
Sprague-Dawley rats received 2 h of 1.5 % isoflurane or 100 % oxygen daily for 3 consecutive
days. For the intervention study, the rats were intraperitoneally injected with 1.2 g/kg sodium
butyrate 2 h before isoflurane exposure. Our data showed that repeated isoflurane exposure
significantly decreased the freezing time to context and the freezing time to tone in the fear
conditioning test, which was associated with upregulated histone deacetylase 2, reduced histone
acetylation, and increased inflammation and apoptosis in the hippocampus, and impairments of
brain-derived neurotrophic factor (BDNF)-tyrosine kinase receptor B (TrkB) and the downstream
signaling pathway phospho-calmodulin-dependent protein kinase and phospho-cAMP response
element-binding protein. These results suggest that isoflurane-induced cognitive impairments are
associated with the declines in chromatin histone acetylation and the resulting downregulation of
BDNF-TrkB signaling pathway. Moreover, the cognitive impairments and the signaling deficits
can be rescued by histone deacetylase inhibitor sodium butyrate. Therefore, epigenetic
enhancement of BDNF-TrkB signaling may be a promising strategy for reversing isoflurane-
induced cognitive impairments.
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Introduction

Postoperative cognitive dysfunction (POCD) is a clinical phenomenon characterized by
cognitive decline in patients after surgery and anesthesia, especially in elderly patients [1-
3]. An international multicenter trial has reported that POCD occurs in 25.8%o0f patients 1
week and in 9.9%o0f patients 3 months after noncardiac surgery in patients with the age of
more than 60 years old [4], which is associated with impaired daily functioning and
increased morbidity and mortality [1-4]. Despite no difference was reported regarding the
incidence of POCD in patients receiving general anesthesia or regional anesthesia in recent
studies [5, 6], exposure to general anesthesia is still considered to be a remarkable
contributor to POCD [7]. Consistently, isoflurane exposure has been reported to induce
neurotoxicity associated with learning/memory impairments in neonatal [8], young [9], adult
[10], and aged [11] rodents. However, the precise molecular mechanisms responsible for
isoflurane-induced cognitive impairments still remain elusive.

Epigenetic mechanisms are increasingly being recognized for their importance in regulating
gene transcription required for long-term memory processes [12]. One common form of
epigenetic modification is histone acetylation, which is controlled by the balance between
histone acetyltransferases and histone deacetylases (HDACS) [12]. Specifically, HDAC?2 has
been shown to negatively regulate memory formation and is likely the most relevant isoform
responsible for HDAC inhibitor-induced memory enhancement [13, 14]. Accumulating
evidence has suggested that dysregulation of hippocampal histone acetylation such as H3H9
and H4K12 contributes to memory decline by suppressing key learning and memory genes
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including brain-derived neurotrophic factor (BDNF), calmodulin-dependent protein kinase
(CaMKII), and cAMP response element-binding protein (CREB) [13-15], whereas targeting
histone acetylation using HDAC inhibitors leads to neuroprotective effects [16]. Our
previous study has demonstrated that chronic treatment with HDAC inhibitor valproic acid
can reverse the cognitive deficits by restoring hippocampal histone acetylation levels and
enhancement of BDNF-tyrosine kinase receptor B (TrkB) signaling in a mouse model of
sepsis-associated encephalopathy [17]. However, the role of HDAC2 and histone acetylation
in isoflurane-induced cognitive impairments remains unclear.

Therefore, the present study aimed to test the hypothesis that the dysregulation of histone
acetylation and BDNF-TrkB signaling might be a plausible molecular mechanism
responsible for isoflurane-induced cognitive impairments.

Materials and Methods

Animals

Forty-two 22-month-old male Sprague-Dawley male rats were purchased from the Animal
Center of Jinling Hospital, Nanjing, China. The animal care and experiment were performed
in accordance with the Declaration of the National Institutes of Health Guide for Care and
Use of Laboratory Animals, USA. The animals were housed under a 12-h light/dark cycle in
a temperature-controlled room of 22—-24 °C with free access to food and water.

Anesthesia and Drug Intervention

Anesthesia was induced by placing the rats in a chamber with 1.8 % isoflurane carried by
100 % oxygen for 10 min and then changed to 1.5 % isoflurane for the maintenance of
anesthesia continuously for 2 h for 3 consecutive days. The inhaled and exhaled gas
concentrations were monitored continuously by a Datex™ infrared analyzer (Capnomac,
Helsinki, Finland). Rats in the sham group were not anesthetized but were given 100%0, of
1.5 L/min for 2 h for 3 consecutive days in the identical chamber. All animals were
recovered for 20 min in a chamber gassed with 100%0, and at 37 °C. After recovery, the
rats were returned to their home cages. Rectal temperature was measured and maintained at
a physiological temperature of 37+10.5 °C in all groups. Sodium butyrate (NaB, 1.2 g/kg;
Sigma, St. Louis, MO, USA) or phosphate-buffered saline (PBS) was intraperitoneally
administered to the rats with a volume of 1 mL/kg 2 h before each of the 3-day isoflurane
exposure or 100 % O, inhalation. NaB is a potent HDAC inhibitor that affects neuronal
histone acetylation when administered via intraperitoneal injection [18]. Immediately after
the end of the 3-day isoflurane exposure, four animals per group were used to collect blood
from the left heart for blood gas analysis. Blood pH, arterial oxygen tension (PaO,), and
arterial carbon dioxide tension (PaCO>) were analyzed by using a GEM Premier 3000
(Instrumentation Laboratory, Lexington, MA, USA).

Open-Field Tests

On the fourth day, the rats were placed in the center of the white plastic chambers (100x
100%40 cm) and left to explore it for 5 min, while exploratory behavior was automatically
recorded by a video-tracking system (XR-XZ301, Shanghai Softmaze Information
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Technology Co. Ltd., Shanghai, China). At the end of testing, the arena was cleaned with 75
% alcohol to avoid the presence of olfactory cues.

Fear Conditioning Tests

To measure associative memory, we employed the fear conditioning paradigm (30-cm
longx26-cm widex22-cm high, XR-XC404, Shanghai Softmaze Information Technology
Co. Ltd., Shanghai, China). Briefly, the training consisted of a single exposure to a novel
context for 3 min, followed by a tone for 30 s (30 s, 65 dB, 3 kHz), and a single electric foot
shock (3 s, 0.75 mA). Contextual fear conditioning test was performed successively 24 h
later by placing the rats back to the same test chamber for 5 min without any stimulation.
Two hours after the contextual fear conditioning test, the rats were placed to a novel
chamber changed in the shape, color, and smell, and the training tone was delivered for 3
min to evaluate tone fear conditioning. Freezing was defined as the total absence of body or
head movement except for that associated with breathing. Freezing behavior was
automatically recorded by a video-tracking system.

Western Blotting

The hippocampus was harvested 2 h after the behavioral analysis for the determination of
HDAC2 (1:500; Abcam, UK), acetyl-H3K?9 (1:2,000; Millipore, USA), acetyl-H4K12
(1:2,000;Millipore, USA), BDNF (1:500; Abcam, UK), TrkB (1:500; Abcam, UK), p-TrkB
(1:1,000; Abcam, UK), p-CaMKII (1:500; Abcam, UK), p-CREB (1:200; Abcam, UK),
caspase-3 (1:100; Abcam, UK), and anti-B-actin (1:1,000, Santa Cruz, USA) as previously
described [19]. Bands were visualized by enhanced chemiluminescence and quantitated with
the Image Quant Software (Syngene, Cambridge, UK).

Enzyme-Linked Immunosorbent Assay

We detected the hippocampal levels of tumor necrosis factor (TNF)-a, interleukin (1L)-1,
and IL-6 by enzyme-linked immunosorbent assay kits following the protocols provided by
the manufacturer (Jiancheng Biological Technology Co. Ltd., Nanjing, China). All samples
were assayed in duplicate. The readings were normalized to the amount of standard protein.

Immunohistochemistry Analysis

The brain tissues, fixed by immersion in 4 % paraformaldehyde, were embedded in paraffin
and cut using amicrotome to yield 5-um thick sections that were mounted on precoated glass
slides for all further steps. The sections were deparaffinized and hydrated by the following
incubation steps: 10 min in xylene two times, 10 min in 100 %, 10 min in 95 %, 10 min in
75 %, and 10 min in 50 % ethanol, and 5 min two times in ddH,O at room temperature.
Antigen retrieval was achieved by boiling the sections in 10 mM sodium citrate for 10 min
in a microwave oven. The sections were washed with tap water, and immunostaining was
performed by washing the sections two times in 0.01 M PBS followed by incubation in
blocking buffer (5 % goat serum+ 0.3 % TritonX-100 in 0.01 M PBS) for 90 min at room
temperature to block nonspecific sites and incubation in primary antibody (HDAC2, 1:500;
Abcam, Cambridge, UK) diluted in blocking buffer at 4 °C overnight on a shaker.
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Thereafter, the sections were washed three times in an antibody wash buffer (1 % goat
serum+0.2 % TritonX-100 in 0.01 M PBS) for 10 min at room temperature.

Statistical Analysis

Results

Data are presented as mean + SEM and analyzed by the Statistical Product for Social
Sciences (version 16.0, SPSS Inc., Chicago, IL, USA). Normal distribution of data was
analyzed using the Kolmogorov-Smirnov test. The difference between the groups was
determined by independent sample t test, and among the groups, the difference was
determined by one-way analysis of variance followed by the Bonferroni test. A p value<0.05
was regarded as statistical significance.

Isoflurane Exposure Did Not Affect Arterial Blood Gas

As shown in Table 1, there was no significant difference in the values of pH, PaO2, and
PaCO2 among the three groups at the end of the 3-day isoflurane exposure (pH F(; 6)=0.234,
p=0.723; Pa02 F(,9)=0.380, p=0.694; PaCO2 F 3 9)=0.159, p= 0.855).

Repeated Isoflurane Exposure Induced Cognitive Impairments in Aged Rats

In the open-field test, no difference was observed in the total ambulatory distance and the
time spent in the center of the arena among groups (F(2,27y=0.179, p=0.837; F(2,27)=0.065,
p=0.938; Fig. 1a, b), suggesting neither isoflurane exposure nor NaB had no significant
influence on the locomotor and exploratory activity. In the fear conditioning test, the
freezing time to context and the freezing time to tone were significantly lower in the
isoflurane group than those of the sham group (p=0.004 and p=0.032), which was reversed
by NaB pretreatment (p=0.031 and p=0.047) (Fig. 1c, d).

Repeated Isoflurane-Exposure-Induced Changes in HDAC2 and Histone Acetylation

Repeated isoflurane exposure upregulated hippocampal HDAC2 expression in aged rats
compared with the sham group (t=-6.945, df=6, p<0.001; Fig. 2). Consistent with the
Western blotting analysis data, immunohistochemistry suggested that hippocampal HDAC2
expression increased significantly in aged rats induced by repeated isoflurane exposure (t=
-3.384, df=6, p=0.015; Fig. 3). Although repeated isoflurane exposure did not alter total H3
and H4 levels, acetylation of histone H3 at lysine 9 (K9) and H4 at lysine 12 (K12)
decreased significantly in the hippocampus (acetyl-H3K9 F(; 6)=30.34, p<0.001; acetyl-
HA4K12 F(; 9=21.25, p<0.001). However, NaB pretreatment effectively restored acetyl-
H3K9 and acetyl-H4K12 levels in aged rats induced by repeated isoflurane exposure
(p<0.001 and p=0.015; Fig. 4).

Repeated Isoflurane Exposure Led to Reduced BDNF and p-TrkB Expression

There was no difference in TrkB among groups (F(2,9)=0.407, p=0.675), and we detected
that repeated isoflurane exposure reduced hippocampal BDNF and p-TrkB levels in aged
rats by using Western blotting analysis (p<0.001 and p<0.001), which was reversed by NaB
pretreatment (p=0.007 and p=0.002; Fig. 5).
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NaB Pretreatment Upregulated Proteins Related to Memory Consolidation

The levels of p-CaMKII and p-CREB were significantly reduced with repeated isoflurane
exposure and could be restored by NaB pretreatment (p=0.027 and p=0.039; Fig. 6).

NaB Pretreatment Attenuated the Isoflurane-Induced Upregulation of Inflammation and
Apoptosis in the Hippocampus

The levels of IL-1p and IL-6 increased significantly in the aged rats after the repeated
isoflurane exposure when compared with those in the sham group (p=0.031 and p=0.049).
NaB pretreatment reversed the upregulation of IL-1p and IL-6 after the repeated isoflurane
exposure in the hippocampus (p=0.002 and p= 0.047; Fig. 7). Furthermore, NaB
pretreatment attenuated the isoflurane-induced upregulation of cleaved caspase-3 in the
hippocampus (p=0.037; Fig. 8).

Discussion

The major finding of the present study was that repeated isoflurane exposure induced
cognitive impairments accompanied by reduced histone acetylation levels in the
hippocampus, whereas pretreatment with NaB restored histone acetylation levels and
prevented the cognitive impairments. The mechanism of these protective effects may relate
to the BDNF-TrkB signaling and its downstream cascades in the hippocampus. To our
knowledge, the present study is the first demonstration that isoflurane exposure is
accompanied by significant reduction in epigenetic signaling, thus contributes to cognitive
impairments induced by repeated isoflurane exposure in aged rats. The underlying
mechanisms leading to POCD remain largely unknown but likely involve a combination of
patient, surgical, and anesthetic factors [1-3]. Isoflurane, a widely used inhalation
anesthetic, has been reported to impair the cognitive function in the rodent models and
humans [7-10]. Consistent with these studies, we demonstrated here that repeated isoflurane
exposure resulted in cognitive impairments in aged rats, supporting the role of volatile
anesthetics in the development of POCD. Although neuroinflammation, neuroapoptosis,
protein hyperphosphorylation, and mitochondria dysfunction in the brain have been
implicated [20-22], the pathogenesis of volatile anesthetic-induced cognitive impairments is
not fully understood.

Extensive research in the nervous system has supported a role for chromatin-mediated
epigenetic regulation as being crucial for behavior and memory formation [12]. One
common form of epigenetic modification is histone acetylation, which is dynamically
altered during memory formation [12-14]. In general, increased histone acetylation leads to
a more relaxed chromatin structure and promotes gene transcription required for long-term
memory processes, whereas histone deacetylation negatively regulates gene transcription
[12]. 1t has been suggested that epigenetic modifications within the brain are critical for
short- and long-term behavioral adaptation to a wide range of environmental stimuli [23].
Indeed, accumulating evidence indicates that during both early development and in adult
life, environmental signals may activate intracellular pathways that directly remodel the
“epigenome”, which then lead to changes in gene expression and neural function [24, 25].
Thus, isoflurane exposure is likely to alter gene expression related to cognition performance
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involving the dysregulation of epigenetic control. In the present study, repeated isoflurane
exposure induced HDAC2 upregulation, and histone acetylation deficits may represent a
compromised epigenetic environment, whereas NaB restored H3H9 and H4K12 acetylation
and ultimately resulted in improved cognitive dysfunction in aged rats. These results concur
with one recent study showing that NaB treatment is able to reinstate associative memory in
an Alzheimer’s disease mouse model when administered at an advanced stage of disease
progression [18].

To clarify how the altered histone acetylation leads to isoflurane-induced cognitive
impairments, we investigated the expression of proteins related to cognition performance.
Multiple studies have linked increased histone acetylation to hippocampal memory,
presumably reflecting the induction of chromatin modifications permissive for the
transcription of learning-related plasticity genes [12]. Much of the epigenetics literature has
focused on histone modifications across the BDNF gene; it has been proposed that
epigenetic regulation of the BDNF gene is a transcriptional mechanism occurring in the
adult brain that functions in learning and memory processes and dysregulation of BDNF has
been implicated in the pathogenesis of cognitive and mental disorders [26—28]. In support
with these previous findings, we demonstrated that repeated isoflurane exposure disrupted
BDNF pathway. To better understand how the reduced BDNF expression contributes to the
isoflurane-induced cognitive impairments, we examined the changes in two key components
of BDNF-regulated signaling cascades, CaMKIIl and CREB. Notably, our results confirmed
that disruption of the BDNF-TrkB pathway and its downstream signaling cascades
contributed to isoflurane-induced cognitive impairments in aged rats.

Given the findings that the enhanced inflammation in the brain plays a key role in the
pathophysiology of POCD [20, 21], our data confirmed that repeated isoflurane exposure
upregulated the proinflammatory cytokine expression. Because chromatin modification is a
key mechanism responsible for the regulation of gene transcription including various
inflammation-related genes [29], it is not surprising that HDAC inhibitor NaB exerts its anti-
inflammatory effects and hence improves isoflurane-induced cognitive impairments. It has
been suggested that neuroinflammation may disrupt BDNF expression, despite that it is not
clear how the exaggerated neuroinflammation impacts the levels of BDNF production [30].
Furthermore, accumulating evidence has suggested that isoflurane exposure can induce
neuroapoptosis in neonatal rodents [8, 22]. The study by Zhu et al. has suggested that
isoflurane exposure does not induce neuroapoptosis in rats older than 2 weeks of age [9]. In
addition, another study by Stratmann et al. has reported that 2 h of isoflurane exposure leads
to cell death but not neurocognitive dysfunction in postnatal day 7 rats [31]. The study
protocols of these studies are different from the design of the present study. For example, the
rats used are 22 months old, and the isoflurane used is 1.5 % for 2 h daily for 3 consecutive
days. These differences may explain the different findings of isoflurane’s effects on
neuronal apoptosis and neurocognitive outcome in the present study. Moreover, recent
studies by our own and others also suggest that isoflurane exposure can induce excessive
caspase-3 expression and consequent cognitive impairments in aged rodents [32, 33]. These
results suggest that inhibition of hippocampal neuroapoptosis may be another mechanism
involved in the neuroprotective properties of NaB against isoflurane exposure in aged rats.

Mol Neurobiol. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jietal

Page 8

HDAC:Ss are reported to interfere with acetylation of many nonhistone proteins in the nucleus
and cytoplasm [18]. Therefore, it cannot be excluded that modifications on proteins other
than histones could contribute to the observed effects. Furthermore, given the various
HDAC enzymes expressed in the brain, more studies are needed to address the role of other
individual HDAC:s in isoflurane-induced cognitive impairments. In addition, a previous
study suggested that HDAC inhibitor such as NaB can ameliorate aging-related memory
impairments [33]; it would therefore be more logical to add another group with 1009%0-,
plus NaB (100 % O, + NaB group) in the study design of the present study. However, our
preliminary studies suggested that 3-day NaB administration has no significant influence on
histone acetylation levels or behaviors in the 100 % O, + NaB group (n=3) when compared
with that in the sham group. In order to minimize the number of rats used, we included the
sham group as the negative control group, the isoflurane group as the positive control group,
and the isoflurane + NaB group as the interventional study group.

In summary, our data provide evidence that isoflurane-induced cognitive impairments are
associated with declines in chromatin histone acetylation and the resulting changes in BDNF
expression and its downstream signaling in the aged rats. Thus, enhancement of histone
acetylation by inhibiting HDACs with NaB may be a suitable therapeutic strategy for the
treatment of isoflurane-induced cognitive impairments.
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Fig. 1.

Effect of repeated 1SO exposure on the behavioral tests. The rats showed normal total
ambulatory distance (a) and time spent in the center (b) in the open-field test. The rats
showed lower percentage of freezing time to context (c) and percentage of freezing time to
tone (d) in the 1SO group than in the sham group, which was reversed by NaB pretreatment
in the 1ISO + NaB group. Data are presented as mean = SEM (n=10). *p< 0.05 versus the
sham group and the 1ISO + NaB group by using one-way analysis of variance followed by
the Bonferroni test. IO isoflurane, NaB sodium butyrate
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Fig. 2.

Ef?‘ect of repeated 1SO exposure on the hippocampal level of HDAC2 determined by
Western blotting. The rats showed higher hippocampal HDAC2 levels in the ISO group than
in the sham group. Data are presented as mean + SEM (n=4). *p<0.05 versus the sham
group by using independent sample t test. 1SO isoflurane, NaB sodium butyrate
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Fig. 3.

Ef?‘ect of repeated 1SO exposure on the hippocampal level of HDAC2 determined by
immunohistochemistry analysis. The rats showed higher hippocampal HDAC?2 levels in the
I1SO group than in the sham group. Data are presented as mean £ SEM (n=4). *p<0.05
versus the sham group by using independent samples t test. S0 isoflurane, NaB sodium
butyrate
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Fig. 4.
Effect of repeated 1SO exposure on the hippocampal level of histone acetylation. The rats

showed lower acetylation of histone H3 at lysine 9 (K9) and H4 at lysine 12 (K12) in the
I1SO group than in the sham group, which was restored by NaB pretreatment in the 1SO +
NaB group. Data are presented as mean = SEM (n=4). *p<0.05 versus the sham group and
the ISO + NaB group by using one-way analysis of variance followed by the Bonferroni test.
IO isoflurane, NaB sodium butyrate
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Fig. 5.
Effect of repeated 1SO exposure on the hippocampal levels of BDNF and TrkB. There was

no significant difference in the hippocampal levels of TrkB among groups. However, the
rats showed lower hippocampal levels of BDNF and p-TrkB in the ISO group than in the
sham group, which was restored by NaB pretreatment in the ISO + NaB group. Data are
presented as mean + SEM (n=4). *p<0.05 versus the sham group and the ISO + NaB group
by using one-way analysis of variance followed by the Bonferroni test. ISO isoflurane, NaB
sodium butyrate
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Fig. 6.
Effect of repeated ISO exposure on the hippocampal proteins related to memory. Repeated

isoflurane exposure downregulated p-CaMKII and p-CREB in the hippocampus, which was
restored by NaB pretreatment in the ISO + NaB group. Data are presented as mean + SEM
(n=4). *p<0.05 versus the sham group and the 1SO + NaB group by using one-way analysis
of variance followed by the Bonferroni test. |SO isoflurane, NaB sodium butyrate
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Effect of NaB pretreatment on hippocampal levels of proinflammatory cytokines after
repeated 1SO exposure. Repeated isoflurane exposure increased IL-1f and IL-6 levels in the
hippocampus, which was attenuated by NaB pretreatment in the 1ISO + NaB group. Data are
presented as mean + SEM (n=6). *p<0.05 versus the sham group and the 1SO + NaB group
by using one-way analysis of variance followed by the Bonferroni test. ISO isoflurane, NaB
sodium butyrate
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Fig. 8.
Effect of NaB pretreatment on hippocampal neuronal apoptosis after repeated 1SO exposure.

Repeated isoflurane exposure increased cleaved caspase-3 expression in the hippocampus,
which was attenuated by NaB pretreatment in the ISO + NaB group. Data are presented as
mean £ SEM (n=4). *p<0.05 versus the sham group and the 1ISO + NaB group by using one-
way analysis of variance followed by the Bonferroni test. 1SO isoflurane, NaB sodium
butyrate
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Table 1

Avrterial blood gas analysis of rats in the three groups

Sham group 1SOgroup SO + NaB group

pH 7.4240.05  7.40+0.06 7.39+0.05
Pa0, (mmHg) 1185476  116.5+9.8 109.3#5.7
PaCO, (mmHg) 325+3.9  33.0£33 30.5+2.5

Values are presented as mean + SEM. No significant difference in pH, PaO2, or PaCO2 was observed among the three groups (one-way ANOVA,
p>0.05)

10 isoflurane, NaB sodium butyrate, PaO2 arterial oxygen tension,PaCO? arterial carbon dioxide tension

Mol Neurobiol. Author manuscript; available in PMC 2015 March 01.



