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Calcineurin/nuclear factor-kB signaling mediates
isoflurane-induced hippocampal neuroinflammation
and subsequent cognitive impairment in aged rats
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Abstract. It is known that inhaled anesthetics induce neuroin-
flammation and facilitate postoperative cognitive dysfunction
(POCD) in aged individuals; however, the mechanisms by
which they mediate these effects remain elusive. Inhalation
of the isoflurane anesthetic leads to opening of the mitochon-
drial permeability transition pore and loss of mitochondrial
membrane potential. Therefore, mitochondrial retrograde
signaling, which is an adaptive mechanism that facilitates the
transmission of signals from dysfunctional mitochondria to
the nucleus to activate target gene expression, may be activated
during isoflurane inhalation. Therefore, the present study was
designed to investigate the role of mitochondrial retrograde
signaling in isoflurane-induced hippocampal neuroinflam-
mation and cognitive impairment in aged rats. As calcineurin
(CaN) serves an important role in the initiation of mitochon-
drial retrograde signaling, and nuclear factor-xB (NF-kB) is
involved in CaN signaling, their effects on isoflurane-induced
hippocampal neuroinflammation and cognitive impairment
were investigated. Reactive oxygen species and mitochondrial
membrane potential fluorescence staining, western blotting,
colorimetric analysis, ELISA, immunofluorescence and the
Morris water maze test were used in the present study. The
results indicate that isoflurane induced hippocampal mito-
chondrial dysfunction and activated CaN, which subsequently
lead to the putative activation of NF-kB. These resulted in the
elevation of interleukin-1f (IL-1p) expression (a typical marker
of neuroinflammation), and was associated with cognitive
impairment in aged rats. In addition, CaN and NF-kB inhi-
bition attenuated isoflurane-induced neuroinflammation and
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subsequent cognitive impairment. In conclusion, the results
of the present study demonstrate the role of mitochondrial
retrograde signaling and associated protein factors in inhaled
anesthetic-induced neuroinflammation and cognitive impair-
ment. These protein factors may therefore present promising
therapeutic targets for the prevention of POCD.

Introduction

Postoperative cognitive dysfunction (POCD) is one of the most
common postoperative complications in elderly patients (1).
A previous study demonstrated that, in patients >60 years
of age that had undergone major non-cardiac surgery, 25.8%
developed cognitive dysfunction after 1 week and 9.9% devel-
oped cognitive dysfunction after 3 months (2). In addition, a
significant association between early and late-onset POCD
and advancing age was observed. POCD is associated with
impairment of daily functional activities, an increased risk of
dismissal from employment, as well as increased expenses,
and risk of morbidity and mortality (2). However, the etiology
and pathogenesis of POCD remain elusive.

Neuroinflammation, which involves the activation of
microglia, astrocytes and neurons (3), as well as an elevation
in the production of proinflammatory cytokines (4), has been
reported to serve a role in the pathogenesis of neurodegen-
erative diseases. Although neuroinflammation is known to
be involved in the pathogenesis of POCD (5), multiple peri-
operative factors, including surgical trauma (6) and inhaled
anesthetics (7), may facilitate this process. Nuclear factor-kB
(NF-xB) is activated as a result of canonical and non-canon-
ical signaling pathways, and has been reported to mediate
neuroinflammation in multiple pathological processes, such
as Alzheimer's disease (AD) (8) and cerebral ischemia reper-
fusion injury (9). In a previous study, the canonical NF-kB
pathway was observed to be involved in isoflurane-induced
neuroinflammation (5); however, the upstream regulatory
factors involved in this signaling pathway remain elusive and
impede further studies.

Deficiencies in mitochondrial respiratory chain compo-
nents, the generation of reactive oxygen species (ROS)
and mitochondrial DNA mutations result in mitochondrial
membrane potential (A®Wm) loss, and may induce mitochondrial
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retrograde signaling (10). This signaling pathway is an adaptive
mechanism that transmits signals from dysfunctional mito-
chondria to activate nuclear gene expression. Zhang et al (11)
reported that inhaled anesthetics induce ROS generation and
mitochondrial permeability transition pore (mPTP) opening,
and reduce AWm and ATP production in cells in vitro.
Therefore, inhaled anesthetics may initiate mitochondrial
retrograde signaling. A¥m initiates mitochondrial Ca**
uptake (12), and its loss leads to cytosolic Ca** elevation and
the activation of calcineurin (CaN). Ca**/CaN signaling serves
an important role in mitochondrial retrograde signaling (13),
and NF-«B is also involved in the process (14). Therefore,
inhaled anesthetics may activate CaN signaling, which may
subsequently facilitate multiple pathological processes, such
as neuroinflammation.

In the present study, an anesthesia model in aged rats
was established using the inhaled anesthetic, isoflurane. This
study aimed to elucidate the role of mitochondrial retrograde
signaling in isoflurane-induced hippocampal neuroinflam-
mation and cognitive impairment in aged rats, and to explore
the effects of CaN and NF-«B on neuroinflammation and
cognitive impairment, in order to provide potential therapeutic
targets for the prevention and treatment of POCD.

Materials and methods

Animals. A total of 102 male Sprague-Dawley rats (age,
18 months; weight, 550-600 g; obtained from Dongchuang
Laboratory Animal Center, Changsha, China) were used in
the present study. Rats were maintained on a standard pellet
food and water ad libitum, a with a 12:12 h light-dark cycle,
and a temperature of 24+2°C for 2 weeks prior to isoflurane
exposure.

Study protocol. The study protocol was approved by the Peking
University Biomedical Ethics Committee, Experimental
Animal Ethics Branch (approval no. LA201412). Rats were
randomly divided into isoflurane (n=12) or control groups
(n=6), and received isoflurane (Baxter International, Inc.,
Deerfield, IL, USA) or vehicle gas (50% O, and 50% air),
respectively. CaN and interleukin-1f (IL-1p) expression levels,
and NF-«kB activation, including inhibitor of NF-kB (IxBa)
phosphorylation and NF-kB RelA (also known as p65) nuclear
translocation in the hippocampus were assessed at 6 or 12 h
after isoflurane exposure.

Rats were treated with the CaN inhibitor cyclosporin A
(CsA) (15) and the NF-kB inhibitor pyrrolidine dithiocarbamate
(PDTC) (16) to investigate the role and interaction of CaN and
NF-«B in isoflurane-induced neuroinflammation. To achieve
this, rats were randomly divided into control, CsA, PDTC,
isoflurane, isoflurane + CsA or isoflurane + PDTC groups
(n=6 for each group). Rats in CsA and isoflurane + CsA groups
received intraperitoneal CsA (7 mg/kg; Abcam, Cambridge,
UK), and rats in the PDTC and isoflurane + PDTC groups
received 100 mg/kg intraperitoneal PDTC (Sigma-Aldrich,
St. Louis, MO) in 0.9% saline (total volume 0.5 ml) at
30 min prior to isoflurane exposure. Rats in the control and
isoflurane groups received an identical volume of 0.9% saline
delivered by intraperitoneal injection. Hippocampal CaN and
IL-1p expression levels, and IxBa phosphorylation were then
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assessed, and the spatial learning and memory function of the
rats were evaluated.

Isoflurane exposure. Isoflurane exposure was performed
according to the methods described previously (17). Briefly,
rats received 2% isoflurane for 4 h in an anesthetic chamber.
During this time, the arterial oxygen saturation, heart rate,
blood pressure and rectal temperature were monitored to
ensure that they were maintained within the physiological
range. The rats then received 100% oxygen until they regained
consciousness. Isoflurane was well tolerated, with all moni-
tored variables remaining within the physiological range. Rats
in the control, CsA and PDTC groups only received vehicle gas.

ROS assay. An ROS assay kit (Cell Biolabs, Inc., San Diego,
CA, USA) was used to determine ROS levels in the rat hippo-
campus. Briefly, rats were sacrificed by decapitation at the end
of the experiments. The brain tissues were removed rapidly, and
hippocampus was dissected out on ice for subsequent experi-
ments. Subsequently, the hippocampus was homogenized and
centrifuged at 7,155 x g for 5 min at 4°C, and the total protein
concentration of the supernatant was determined using a
bicinchoninic acid assay (Applygen Technologies Inc., Beijing,
China). Protein samples were subsequently incubated with
catalyst and dichlorodihydrofluorescein solutions included in
the ROS assay kit. The fluorescence was read at 480/530 nm
using a microplate reader (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

A¥m assay. A tetramethylrhodamine ethyl ester perchlorate
(TMRE) assay (Sigma-Aldrich, EMD Millipore, Billerica,
MA, USA) was used to determine AWm levels in the rat
hippocampus. Briefly, the hippocampus was homogenized and
centrifuged at 7,155 x g for 5 min at 4°C, and the total protein
concentration of the sample supernatant was determined using
a bicinchoninic acid assay. The samples were subsequently
incubated with 50 nM TMRE solutions for 15 min at room
temperature, and the fluorescence was read at 549/574 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).

Western blot analysis. Western blot analysis was performed
to determine the protein expression levels of CaN and IkBa
in the rat hippocampus. Briefly, the hippocampus was homog-
enized and centrifuged at 7,155 x g for 5 min at 4°C, and the
total protein concentration of the supernatant was determined
using a bicinchoninic acid assay. Proteins were separated
by 10% SDS-PAGE, prior to transfer to the polyvinylidene
fluoride membranes. Membranes were then incubated with
the anti-CaN (dilution, 1:1,000; cat. no. ab3673; Abcam),
anti-IkBa and anti-phosphorylated (p)-IkBa (dilution, 1:1,000;
cat. nos. 4812 and 9246; Cell Signaling Technology, Inc.,
Danvers, MA, USA) and anti-f3-actin (dilution, 1:10,000; cat.
no. 4970; Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
primary antibodies overnight at 4°C, followed by incuba-
tion with the IRDye® 800CW-conjugated goat anti-rabbit
secondary antibody (dilution, 1:10,000; cat. no. 926-32211;
LI-COR Biosciences, Inc., Lincoln, NE, USA) for 2 h at room
temperature. Immunoreactivity was visualized by scanning
membranes with an Odyssey 9120 infrared imaging system
(LI-COR Biosciences, Inc.). The densitometric analysis was
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conducted using B-actin as a control for loading differences,
the protein levels in the experimental groups were calculated
as percentages of the control group.

CaN activity. A colorimetric assay was performed using a
CaN activity kit (cat. no. ab139461; Abcam) to determine CaN
activity in the rat hippocampus. Briefly, the hippocampus was
homogenized and centrifuged at 7,155 x g for 5 min at 4°C,
and the total protein concentration of the supernatant was
determined using a bicinchoninic acid assay. Protein lysates
and calcineurin assay buffer were mixed, calcineurin substrate
was added and reaction proceeded for 10 min. Green assay
reagent was added and optical density (OD)4,,, Was read on
a microplate reader (Thermo Fisher Scientific, Inc.). ODg,q,m
data were converted into released phosphate amount, and
calcineurin activity was calculated as a ratio of phosphate
amount/reaction time.

Enzyme-linked immunosorbent assay (ELISA). ELISA was
performed using an sandwich ELISA kit (cat. no. abl00768;
Abcam) to determine the IL-1f protein expression level in the
rat hippocampus. Briefly, the hippocampus was homogenized
and centrifuged at 7,155 x g for 5 min at 4°C, and the total
protein concentration of the supernatant was determined
using a bicinchoninic acid assay. Protein lysates, biotinylated
IL-1p antibody, horseradish peroxidase-streptavidin and TMB
One-Step Substrate reagent were incubated in turn in 96-well
plates for 2.5, 1 h, 45 min and 30 min at room temperature.
Stop solution was then added and OD,s,,, was read on a
microplate reader (Thermo Fisher Scientific, Inc.).

Immunofluorescence. Immunofluorescence was performed in
order to determine the nuclear translocation of RelA. Briefly,
the rat hippocampus was fixed with 4% paraformaldehyde
for 24 h, cryoprotected with 30% sucrose for 48 h, and
sectioned using a cryostat (Leica Microsystems, Inc., Buffalo
Grove, IL, USA). Coronal sections (of 10-um thickness) were
incubated with a RelA primary antibody (dilution, 1:50; cat.
no. 8242; Cell Signaling Technology, Inc.) overnight at 4°C,
followed by incubation with a goat anti-rabbit IgG-fluorescein
isothiocyanate-conjugated secondary antibody (dilution,
1:200; cat. no. sc-2012; Santa Cruz Biotechnology, Inc.) for 1 h
at room temperature. Nuclei were subsequently counterstained
with DAPI (1:5,000; Roche Diagnostics GmbH, Mannheim,
Germany). Images were captured using a confocal fluores-
cence microscope (Zeiss GmbH, Jena, Germany). Due to the
results of a previous study demonstrating that the CA1 region
of hippocampus serves an important role in memory forma-
tion (18), this region was analyzed for RelA expression.

Morris water maze. The spatial learning ability and memory of
rats was evaluated using a Morris water maze test as described
previously (5). The place navigation test was performed 24 h
following isoflurane exposure, at which point rats received
four training trials daily for 5 days. In each trial, rats were
randomly placed in water at one of four equally spaced starting
positions. The time to locate a submerged platform (the escape
latency, defined by a cut-off time of 120 sec) and the swim
speed were recorded. A probe trial (duration, 120 sec) was
performed 24 h after the last trial, during which time the
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platform was removed and the target quadrant dwell time was
recorded.

Statistical analysis. Statistical analyses were performed
using GraphPad Prism software (version 5.0; GraphPad
Software, Inc., La Jolla, CA, USA). Data are expressed as
the mean + standard deviation or the mean + standard error.
One-way or two-way analysis of variance (ANOVA) was used
to compare ROS, MMP, CaN, IkBa, p-IkBa, IL-13, and probe
test results between groups. Two-way repeated-measures
ANOVA followed by a post-hoc Bonferroni test was used to
compare place navigation test results. P<0.05 was considered
to indicate a statistically significant difference.

Results

Isoflurane induces mitochondrial dysfunction in the
hippocampus of aged rats and is associated with increased
CaN activity. Zhang et al (11) demonstrated that isoflurane
induced mitochondrial dysfunction in neuroglioma/neurons.
As shown in Fig 1A, hippocampal ROS and AWm levels
increased significantly at 6 h following isoflurane exposure
compared with untreated controls (P<0.05), but returned
to baseline levels at 12 h post-isoflurane exposure (P>0.05).
In addition, AWm levels decreased significantly at 6 h
(P<0.05), and returned to baseline levels at 12 h following
isoflurane exposure (P>0.05; n=6; Fig. 1B). Consistent with
Zhang et al (11), the results of the present study indicate that
isoflurane induces mitochondrial dysfunction in the hippo-
campus of aged rats. Hypoxia, genetic or pharmacological
intervention-induced mitochondrial dysfunction may acti-
vate mitochondrial retrograde signaling, and CaN serves an
important role in the initiation of mitochondrial retrograde
signaling (10). As shown in Fig. 1C and D, the expression of
cleaved CaN in the rat hippocampus increased significantly
at 6 h (P<0.001) following isoflurane exposure, and was
maintained at a relatively high level at 12 h after exposure
when compared with untreated controls (P<0.05; n=6;). In
addition, CaN activity was observed to increase significantly
at 6 h (P<0.001) following isoflurane exposure, but returned to
baseline levels following 12 h (P>0.05; n=6; Fig. 1E). These
results indicate that isoflurane induces mitochondrial dysfunc-
tion and subsequent CaN activation in the hippocampus.

Isoflurane exposure leads to increased IkBa phosphorylation
and RelA nuclear translocation in the rat hippocampus. NF-«xB
has been demonstrated to be involved in CaN signaling (19),
and consists of RelA, RelB, c-Rel, p50 and p52 protein dimers.
RelA/p50 is the most abundant NF-kB heterodimer, and its
nuclear translocation and transcriptional activity is inhibited
by IkBa (20). Thus, hippocampal IkBa and p-IkBa protein
expression following isoflurane exposure was determined.
As shown in Fig. 2A-C, the protein expression levels of
p-IkBa increased significantly, whereas IkBa expression
decreased significantly at 6 h (P<0.01 and P<0.001, respec-
tively) post-isoflurane exposure. IkBa expression returned to
baseline levels (P>0.05) at 12 h following isoflurane exposure,
whereas p-IkBa expression was maintained at a significantly
higher level (P<0.05) compared with untreated controls (n=6;
Fig. 2A-C). With IxBa phosphorylation and subsequent
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Figure 1. Isoflurane exposure induced mitochondrial dysfunction and CaN activation in the hippocampus of aged rats. (A) The ROS level increased signifi-
cantly at 6 h after exposure. (B) The AWm level decreased significantly at 6 h after exposure. (C) Western blot analysis and (D) quantification of full-length
and cleaved CaN protein expression levels, indicating that the expression levels of cleaved CaN increased significantly at 6 h following isoflurane exposure.

(E) CaN activity increased significantly at 6 h after exposure. Data are expressed as the mean + standard deviation (n=6). "P<0.05 and ""P<0.001 vs. the control
group. CaN, calcineurin; NF-kB, nuclear factor-kB; ROS, reactive oxygen species; A¥m, mitochondrial membrane potential.
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Figure 2. (A) Western blot analysis and quantification of (B) p-IkBa and (C) IxkBa protein expression levels. IkBa levels were significantly decreased, and
p-IkBa levels were significantly increased, at 6 h following isoflurane exposure. (D) Immunofluorescence images showing RelA (FITC, green) and DAPI (blue)
counter-staining. In controls, RelA was primarily distributed in the cytosol of the pyramidal cell layer in the CA1 region. At 6 h following isoflurane exposure,
RelA was distributed in the nucleus and cytosol. The white arrows indicate the typical RelA distribution, which is shown in the high-magnification images
(magnification, x400; scale bar, 20 ym). Data are presented as the mean + standard deviation (n=6). "P<0.05, “P<0.01 and ““P<0.001 vs. the control group.
p-IkBa, phosphorylated inhibitor of kB; FITC, fluorescein isothiocyanate.
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Figure 3. CaN activation mediates isoflurane-induced NF-«kB activation in the hippocampus of aged rats. CsA (7 mg/kg) or PDTC (100 mg/kg) was adminis-
tered 30 min prior to isoflurane exposure through intraperitoneal injection. (A) Western blot analysis and quantification of (B) IkBa and (C) p-IkBa protein
expression levels relative to (3-actin. IkBa expression decreased and p-IkBo expression increased significantly at 6 h following isoflurane exposure. CsA
attenuated isoflurane-induced alterations in IkBa expression, and CsA treatment alone did not affect IkBa expression. (D) Immunofluorescence images,
demonstrating that the nuclear distribution of RelA increased following isoflurane exposure in the pyramidal cell layer of the CAl hippocampal region. CsA
attenuated isoflurane-induced Rel A nuclear translocation, whereas CsA treatment alone did not affect RelA distribution. The white arrows indicate the typical
RelA distribution, which are provided as high magnification images (magnification, x400; scale bar, 20 ym). (E) Western blot analysis and (F) quantification
of cleaved CaN expression. The expression of cleaved CaN increased significantly at 6 h following isoflurane exposure. PDTC did not affect the expression
of cleaved CaN in untreated controls or isoflurane treated rats. (G) CaN activity increased significantly at 6 h following isoflurane exposure, and PDTC did
not affect CaN activity after isoflurane exposure or in the control group. Data are expressed as mean =+ standard deviation (n=6). "P<0.05 and “P<0.01 vs. the
control group. CaN, calcineurin; NF-«xB, nuclear factor-kB; CsA, cyclosporin A; PDTA, pyrrolidine dithiocarbamate; p-IkBo., phosphorylated inhibitor of kB;

N.S., not significant.

degradation, NF-kB dimers may enter the nucleus to regulate
target gene expression. Therefore, the nuclear translocation of
RelA was investigated at 6 h following isoflurane exposure.
In untreated controls, RelA was primarily distributed in
the cytosol of the pyramidal cell layer in the CAl region of
hippocampus. However, following isoflurane exposure, Rel A
exhibited a nuclear distribution (Fig. 2D).

Inhibition of CaN attenuates isoflurane-induced hippo-
campal IkBa phosphorylation and the nuclear translocation
of RelA, whereas NF-kB inhibition has no effect on CaN
activity. In order to investigate the effect of increased CaN
expression and activity on NF-«kB following isoflurane
exposure, untreated and isoflurane-treated rats were treated
with CsA. In isoflurane + CsA-treated rats at 6 h following
treatment, the protein expression levels of IkBa increased
significantly, whereas the expression levels of p-IkBa
decreased significantly when compared with rats treated
with isoflurane alone (P<0.01; Fig. 3A-C). CsA treatment
alone did not affect IkBa or p-IxkBa expression (P>0.05;
n=06; Fig. 3A-C). It is therefore possible that CsA attenuated

isoflurane-induced hippocampal NF-kB activation. As
shown in Fig. 3D, CsA attenuated isoflurane-induced RelA
nuclear translocation. However, CsA treatment alone did not
affect RelA distribution, which was primarily localized to
the cytosol of the pyramidal cell layer in the CA1 region
of hippocampus (Fig. 3D). Subsequently, rats were treated
with the NF-«xB inhibitor, PDTC, in order to investigate the
effect of NF-kB on CaN. As shown in Fig. 3E-G, PDTC did
not affect the expression level of cleaved CaN or its activity
following isoflurane exposure or in isoflurane-untreated
controls (P>0.05; n=6). The results suggest that CaN is an
upstream mediator of NF-kB activation in the hippocampus
following isoflurane exposure.

IL-1B is a downstream target of the CaN/NF-kB signaling
pathway in the hippocampus, and its expression is increased
in response to isoflurane exposure. NF-kB regulates the
expression of genes involved in inflammation and the innate
immune response (21). As shown in Fig. 4A, the expression
level of hippocampal inflammatory factor IL-1f increased
significantly at 6 h (P<0.001) compared with untreated controls,
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Figure 4. CsA and PDTC attenuates isoflurane exposure-induced hippocampal IL-1f elevation in aged rats. (A) IL-1p expression levels increased significantly
at 6 h following isoflurane exposure. (B) CsA and PDTC attenuated isoflurane-induced IL-1{ elevation to a similar level, whereas CsA or PDTC treatment
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alone did not affect IL-1p expression levels. Data are presented as the mean + standard deviation (n=6). “P<0.01 and *“P<0.001 vs. control group; “P<0.05 vs.
isoflurane-only treated grSoups. CsA, cyclosporin A; PDTC, pyrrolidine dithiocarbamate; IL-1f, interleukin 1.

and returned to baseline levels at 12 h after isoflurane exposure
(P>0.05; n=6). Treatment of isoflurane-exposed rats with CsA
and PDTC significantly attenuated isoflurane-induced IL-1
elevation (P<0.05) and no difference between isoflurane +
CsA and isoflurane + PDTC groups was observed (P>0.05,
Fig. 4B). CsA or PDTC treatment alone did not affect IL-1p
expression levels, when compared with untreated controls
(P>0.05, Fig. 4B). These results indicate that CaN/NF-xB
signaling may mediate neuroinflammation in the hippocampus
following isoflurane exposure.

Isoflurane exposure decreased the memory and spatial
learning abilities of rats. Neuroinflammation is involved
in AD, the stress response (22) and in hypoxic-ischemic
encephalopathy (23), and may lead to cognitive impairment.
Due to the observed increase in the expression of IL-1p
(a marker of neuroinflammation) in the hippocampus of aged
rats following isoflurane exposure, the cognitive function of
isoflurane-treated rats was further investigated. The results of
the Morris water maze's place navigation test demonstrated
that the group (isoflurane exposure, CsA and PDTC treat-
ment) and repeated (Morris water maze training time) factors
significantly affected escape latency (P=0.014 and P<0.001),
and no interaction was found (P>0.05). The Bonferroni test
demonstrated that exposure to isoflurane prolonged escape
latency on the 4th and 5th days following isoflurane exposure
(P<0.05 and P<0.001, respectively; Fig. 5A). Furthermore, CsA
and PDTC treatment attenuated isoflurane-induced escape
latency prolongation also on the 4th and 5th days (P<0.05 and
P<0.01, respectively), and no difference between isoflurane +
CsA and isoflurane + PDTC groups was observed (P>0.05;
Fig. 5A). CsA or PDTC treatment alone did not affect escape
latency (Fig. 5B). As shown in Fig. 5C and D, no significant
difference in swim speed was observed among all the groups
(P>0.05). In the probe test, isoflurane treatment significantly
decreased target quadrant dwell time compared with untreated
controls (P<0.01; Fig. SE). CsA or PDTC treatment attenuated
the isoflurane-induced decrease in target quadrant dwell time
(P<0.05), and no difference between isoflurane + CsA and
isoflurane + PDTC groups was observed (P>0.05, Fig. 5E).
However, treatment with CsA or PDTC alone did not affect
target quadrant dwell time (P>0.05, Fig. 5SE). The results
indicate that isoflurane induced hippocampal mitochondrial
dysfunction and activated the CaN/NF-«kB signaling pathway,

which led to neuroinflammation and subsequent cognitive
impairment in aged rats.

Discussion

Ca" is involved in the regulation of multiple cellular func-
tions (24), and mitochondrial Ca*" uptake and release serve
fundamental roles in a number of physiological processes,
such as ATP generation and cellular metabolism (25). In addi-
tion, disruption of mitochondrial Ca** may induce apoptotic
processes through mPTP opening (26). The results of the
present study indicate that isoflurane impairs mitochondrial
function, and mitochondrial impairment may result in cytosolic
Ca?* elevation. Furthermore, isoflurane may induce overacti-
vation of inositol 1,4,5-trisphosphate or ryanodine receptors
located on the endoplasmic reticulum (ER) membrane (27),
leading to Ca** escaping from the ER. Based on the results
presented in the current study and a previous study (28), CaN,
a Ca®*-dependent serine/threonine protein kinase, is activated
following cytosolic Ca®* elevation, which may initiate mito-
chondrial retrograde signaling.

NF-kB signaling participates in mitochondrial biogenesis
and metabolism (29). In the central nervous system, NF-kB
functions as a pleiotropic regulator of target gene expression,
hippocampal neurogenesis (30) and neurodegeneration (31).
The results of the present study suggest that isoflurane acti-
vates NF-kB following mitochondrial dysfunction and CaN
activation, and CaN is an upstream regulator of NF-kB acti-
vation. A complex interaction between CaN and NF-«B has
been reported previously (32,33). CaN may dephosphorylate
Bcl-10, which leads to IKKf phosphorylation, IxBa degrada-
tion, RelA nuclear translocation and DNA binding in T helper
cells (19). These results are consistent with those of the current
study demonstrating that an increase in CaN expression and
activity in the hippocampus, is associated with a reduction
in IkBa expression. However, it has also been reported that
CaN inhibition may promote NF-xB activation in kidney
tubular cells (34). In addition, NF-kB has been reported to
activate regulator of calcineurin 1 gene expression (35), which
may subsequently interact with calcineurin A and activate
downstream signaling pathways thereby affecting central
nervous system development. In contrast, the results of the
present study indicate that NF-xB inhibition does not affect
CaN activity following isoflurane exposure.



MOLECULAR MEDICINE REPORTS 15: 201-209, 2017

207

A —e—Control
100 = —o—|soflurane 100 =
-®-|soflurane + CsA —e— Control
w 804 -m-|soflurane + PDTC - 80 —m- CsA
oy hdd =
o *
S 60~ g 60
E &8 E
2 404 L 404
@ 5]
3 @
oy
w204 w g
0 T T T T T 0 T T T T T
1 2 3 4 5 1 2 3 4 ]
Days Days
—e— Control
C 95 = —o— |soflurane D 25 - —e— Control
—®- |soflurane + CsA —B- CsA
@ ~®- |soflurane + PDTC @
5 20- § 20+
B 3
2 2
(7] w
E 154 E 154
& é
10 T . T T T 10 T T T T T
1 2 3 4 5 1 2 3 4 5
Days Days
E
80 1
5 £
Y # &
:‘? ; 40 dedke
e ®
@
23
g5 20-
&8
o
0 Ll Ll Ll Ll L] L]
Control  CsA  PDTC lIsoflurane lIsoflurane Isoflurane

+

CsA

+

PDTC

Figure 5. CsA and PDTC attenuates isoflurane exposure-induced spatial memory impairment in aged rats. (A) Isoflurane exposure increased escape latency,
and CsA and PDTC attenuated isoflurane-induced increase in escape latency to a similar level. (B) CsA or PDTC treatment alone did not affect escape
latency. (C) Isoflurane, isoflurane + CsA or isoflurane + PDTC treatment did not affect swim speed. (D) CsA or PDTC treatment did not affect swim speed.
(E) Isoflurane exposure decreased target quadrant dwell time, and CsA and PDTC attenuated the isoflurane-induced decrease in target quadrant dwell time
to a similar level. CsA or PDTC treatment alone did not affect target quadrant dwell time. Data are presented as the mean + standard error (n=12). "'P<0.05,
“P<0.01 and ""P<0.001 isoflurane group vs. the control group; “P<0.05 and *P<0.01 isoflurane + CsA group vs. isoflurane group; “P<0.05 and ¥“P<0.01
isoflurane + PDTC group vs. isoflurane group. CsA, cyclosporin A; PDTC, pyrrolidine dithiocarbamate.

NF-kB is a nuclear transcription factor that regulates
the expression of genes that are critical for the regulation
of apoptosis, inflammation and the immune system. In the
nervous system, NF-kB was observed to inhibit neurite
growth through the phosphorylation of RelA on Ser-536 (36).
RelA-containing dimers induce proapoptotic gene expres-
sion in ischemic neurons, and its inhibition exerts protective
effects in neuronal cells (37). Alcohol induces IL-6, IL-1p
and tumor necrosis factor-a elevation in the mouse brain
through NF-kB signaling (38). In addition, NF-xB inhibition
reduces proinflammatory inducible nitric oxide synthase
and cytochrome c¢ oxidase subunit 2 expression levels, and
ameliorates inflammation and locomotor recovery during
spinal cord injury (39). The results of the present study
indicate that isoflurane elevates IL-1f expression (a typical
marker of neuroinflammation) in the hippocampus of aged
rats, and inhibition of CaN and NF-kB may attenuate this
process. This indicates that the CaN/NF-kB-mediated

mitochondrial retrograde signaling pathway may be involved
in the upstream mechanism for isoflurane-induced neuroin-
flammation in the hippocampus.

The results of the present study indicate that isoflurane
induces cognitive impairment in aged rats. The pathological
consequences of anesthetic-induced cognitive impairment
includes amyloid-p accumulation and tau phosphoryla-
tion (40). In addition, the immune system exacerbates POCD
pathology (7), and inflammatory cytokines and microglia
may be potential therapeutic targets. In the present study,
inhibition of CaN and NF-«xB attenuated hippocampal
neuroinflammation and cognitive dysfunction, which
confirms the role of neuroinflammation in inhaled anes-
thetic-induced cognitive impairment. This indicates that
the CaN/NF-kB signaling pathway may present a potential
therapeutic target for the treatment and/or prevention of
hippocampal neuroinflammation and memory impairment in
aged rats.
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CaN dephosphorylates the Ca®* sensor/translocation
domain of nuclear factor of activated T-cells (NFAT),
which leads to NFAT nuclear translocation and activation
of target gene expression (41). A previous study indicated
that consistent with intermediate to severe AD, the nuclear
translocation of NFATc4 in the hippocampus may also
involve in CaN-mediated memory impairment following
isoflurane exposure (28). Moreover, the cCAMP response
element-binding protein, CCAAT enhancer binding protein
9, and the heterogeneous ribonucleoprotein A2 are report-
edly involved in CaN-mediated mitochondrial retrograde
signaling and contribute to the regulation of downstream
target gene expression (42). Thus, the role of these factors
in isoflurane-induced memory impairment, and the mecha-
nisms underlying these processes, may require further
investigation.

In conclusion, the results of the present study indicate that
isoflurane induces hippocampal mitochondrial dysfunction
and CaN activation, and CaN functions as an upstream medi-
ator of NF-kB activation. In addition, the protein expression
levels of IL-1B were elevated following isoflurane exposure,
which is a classical marker of neuroinflammation, and may
result in cognitive impairment in aged rats. Furthermore, both
CaN and NF-kB inhibition attenuated isoflurane-induced
neuroinflammation and subsequent cognitive impairment.
Collectively, these results reveal the role of mitochondrial
retrograde signaling and the factors involved in inhaled anes-
thetic induced-neuroinflammation and cognitive impairment.
These factors may therefore present promising therapeutic
targets for the treatment and/or prevention of POCD.
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