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Abstract

Postoperative cognitive dysfunction (POCD) is a clinical phenomenon characterized by cognitive deficits in patients after
anesthesia and surgery, especially in geriatric surgical patients. Although it has been documented that isoflurane exposure
impaired cognitive function in several aged animal models, there are few clinical interventions and treatments available to
prevent this disorder. Minocycline has been well established to exert neuroprotective effects in various experimental animal
models and neurodegenerative diseases. Therefore, we hypothesized that pretreatment with minocycline attenuates
isoflurane-induced cognitive decline in aged rats. In the present study, twenty-month-old rats were administered
minocycline or an equal volume of saline by intraperitoneal injection 12 h before exposure to isoflurane. Then the rats were
exposed to 1.3% isoflurane for 4 h. Two weeks later, spatial learning and memory of the rats were examined using the
Morris Water Maze. We found that pretreatment with minocycline mitigated isoflurane-induced cognitive deficits and
suppressed the isoflurane-induced excessive release of IL-1b and caspase-3 in the hippocampal CA1 region at 4 h after
isoflurane exposure, as well as the number of TUNEL-positive nuclei. In addition, minocycline treatment also prevented the
changes of synaptic ultrastructure in the hippocampal CA1 region induced by isoflurane. In conclusion, pretreatment with
minocycline attenuated isoflurane-induced cognitive impairment in aged rats.
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Introduction

Postoperative cognitive dysfunction (POCD), a major clinical

issue, is described as cognitive deficits in memory and concentra-

tion after anesthesia and surgery, especially in geriatric surgical

patients. Studies have shown that about 25% of elderly (60 years

or older) patients exhibit POCD 1 week after non-cardiac surgery,

and about 10% of elderly patients exhibit POCD 3 months after

non-cardiac surgery [1,2]. POCD may be self-limiting in most

patients [3–5], but in some patients, it is long-term or even

permanent [6]. In addition to affecting patients’ prognosis and

quality of life, POCD has been shown to be associated with an

increased incidence of postoperative complications and mortality

[7,8].

With the acceleration of the aging population and the de-

velopment of medical technology, the opportunity of the elderly

for surgery has increased significantly in recent years. Most

patients have their surgery performed under general anesthesia

[9]. Inhalation anesthetics such as isoflurane have been widely

used in recent years in clinical and research practices. Although

the current clinical data does not provide a strong link between

anesthesia and cognitive impairment, a number of preclinical

studies demonstrate that exposure to volatile anesthetics causes

cognitive impairment for days or weeks in aged animals [10–14].

These observations raise concerns about the potentially deleterious

effects of general anesthesia in elderly patients.

The pathogenesis of volatile anesthetic-induced cognitive

impairment is not fully understood. During the past few years,

an increasing amount of evidence has supported the view that the

excessive release of proinflammatory cytokines, including tumor

necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6, is involved in

cognitive impairment after surgery and anesthesia [14–16]. A

recent study suggested that volatile anesthetic isoflurane increases

the levels of TNF-a, IL-6, and IL-1b in brain tissues and primary

neurons of mice [16]. The cytokines are released from several cell

types, and can be synthesized in the central nervous system by

microglia, astrocytes, and some populations of neurons. IL-1b
increases the expression of nearly all other cytokines such as TNF-

a, IL-6, and chemokines as well as adhesionmolecules. TNF-a and

IL-1b are bone arrow stimulants that increase the number of

myeloid progenitor cells and promote the release of neutrophils,

resulting in neutrophilia to the site of inflammation and enhanced

blood–brain barrier permeability [15]. In addition, hippocampal

neuronal apoptosis was postulated to be associated with the

cognitive dysfunction caused by isoflurane [14,17]. Our recent

study also demonstrated isoflurane exposure increased activated

caspase-3, a key enzyme involved in cell apoptosis in rat

hippocampus, as well as CHOP and caspase-12, key mediators

of endoplasmic reticulum stress-mediated cell death in the

hippocampus [18,19].

PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | e61385



POCD has drawn significant attention from the public and

scientific community, however, there are few clinical interventions

and treatments available to prevent this disorder. Minocycline,

a tetracycline derivative, has been reported to have neuroprotec-

tive effects [20,21]. The aims of this study were to detect whether

pretreatment with minocycline attenuates isoflurane-induced

cognitive decline in aged rats.

Materials and Methods

Animals
All of the animals were treated according to the guidelines of the

Guide for the Care and Use of Laboratory Animals (United States

National Institutes of Health). The Laboratory Animal Care

Committee of Zhejiang University approved all experimental

procedures and protocols. All efforts were made to minimize the

number of animals used and their suffering. The rats were housed

in polypropylene cages, and the room temperature was main-

tained at 22uC, with a 12-hour light–dark cycle. Twenty-month-

old male Sprague-Dawley rats, weighing 350–400 g, were used for

all experiments.

Exposure to Anesthetic
The rats were randomly divided into for groups: control,

minocycline, isoflurane and minocycline-isoflurane (n= 20 in each

group). Rats in the minocycline and minocycline-isoflurane groups

received minocycline (45 mg/kg) by intraperitoneal injection 12 h

before exposure to isoflurane. Rats in the other two groups were

intraperitoneally injected with an equal volume of saline. The

minocycline dose used in our study (45 mg/kg, i.p.) was chosen

based on the studies by others [20,22]. All the rats were placed in

plastic containers resting in water baths with a constant temper-

ature of 38uC. In these boxes, rats in the isoflurane and

minocycline-isoflurane groups were exposed to 1.3% isoflurane

(Lot 826005U, Abbott Laboratories Limited, USA) in a humidified

30% oxygen carrier gas for 4 h; the control and minocycline

groups were exposed to simply humidified 30% oxygen without

any inhalational anesthetic for 4 h. The 1.3% concentration was

chosen because it represents one minimum alveolar concentration

(MAC, the concentration at which 50% of animals do not have

a motor response to painful stimuli) of isoflurane in rats. General

anesthesia maintained with anesthetics including volatile anes-

thetics at 0.5,1.3 MAC for 2 h or longer is commonly performed

in clinical practice. The determination of anesthetic duration was

based on our preliminary study, which indicated that physiological

states of the rats remained stable throughout a 4-hour isoflurane

exposure. The isoflurane concentration, oxygen and carbon

dioxide levels in the box were monitored with an agent gas

monitor (Vamos, Drager Medical AG & Co. KgaA, Germany).

Otherwise, animals in all groups were under the same treatment

and environment. The rectal temperature was maintained at 37 6

0.5uC. Mean blood pressure (MAP) and heart rate were measured

before and during anesthesia with a noninvasive blood pressure

meter (Kent Scientific Corp., Torrington, CT, USA). Arterial

blood gases (ABG) and blood glucose were measured at the end of

the 4-hour anesthetic exposure.

At 4 h after exposure, five rats in each group were sacrificed,

and the hippocampi were dissected for detecting the levels of IL-

1b, TNF-a and IL-6 by ELISA and neuronal apoptosis.

Two weeks after anesthesia exposure, the animals were

subjected to a Morris Water Maze test to determine their cognitive

function. Following the Morris Water Maze test, the rats were

sacrificed, and the hippocampi were removed for evaluation of IL-

1b, TNF-a and IL-6 by ELISA, caspase-3 by Western blot,

TUNEL staining and the ultrastructure changes of synapses by

transmission electron microscopy (TEM).

Figure 1. Isoflurane anesthesia had no significant effects on
MAP (A) and heart rate (B). Solid circle= control group; solid
square= isoflurane treated groups included isoflurane and minocycline-
isoflurane groups. Data represent mean 6 S.E.M. n = 40 for each time
point.
doi:10.1371/journal.pone.0061385.g001

Table 1. Physiological parameters during isoflurane
exposure.

Con Mino Iso Mino-Iso

pH 7.36 6 0.047.39 6 0.05 7.37 6 0.04 7.41 6 0.06

PaCO2 (mmHg) 35.4 6 3.2 36.8 6 2.6 38.7 6 3.6 37.6 6 2.3

PaO2 (mmHg) 168 6 14.6 159 6 12.5 160 6 16.8 164 6 15.5

SaO2 (%) 98.7 6 1.2 97.3 6 1.3 98.1 6 1.8 97.4 6 1.6

Glucose (mg/dl) 116 6 14 117 6 16 115 6 17 118 6 21

Isoflurane exposure did not affect arterial blood gas values and blood glucose
levels significantly. Values are mean 6 S.E.M. n = 5 for each group.
Con= control; Mino =minocycline; Iso = isoflurane; PaCO2= arterial carbon
dioxide tension; PaO2 = arterial oxygen tension; SaO2 = arterial oxygen
saturation.
doi:10.1371/journal.pone.0061385.t001

Treatment of Isoflurane-Induced Cognitive Decline
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Memory and Learning Studies
The Morris Water Maze test was performed as previously

described [23]. A round pool (diameter, 150 cm; depth, 50 cm)

was filled with warm (24uC) opaque water to a height of 1.5 cm

above the top of the movable clear 15-cm-diameter platform in the

third quadrant. A video tracking system recorded the swimming

motions of animals, and the data were analyzed using motion-

detection software for the Morris Water Maze (Actimetrics

Software, Evanston, IL, USA). After every trial, each rat was

wiped dry and kept warm before returning to its regular cage,

where it had free access to food.

The place trials were performed on the 15th day after isoflurane

exposure for four days to determine the rats’ ability to obtain

spatial information. A dark black curtain surrounded the pool to

prevent confounding visual cues. All rats received 4 trials per day

in each of the four quadrants of the swimming pool. On each trial,

rats were placed in a fixed position into the swimming pool facing

the wall. They were allotted 120 sec to find the platform in the

third quadrant upon which they sat for 20 sec before being

removed from the pool. If a rat did not find the platform within

120 sec, the rat was gently guided to the platform and allowed to

remain there for 20 sec. For all training trials, swim speed and the

time to reach the platform (escape latency) were recorded. The less

time it took a rat to reach the platform, the better the learning

ability. We took the average of four trials as the escape latency

each day.

Probe trials were conducted immediately after the four-day

period to evaluate memory retention capabilities. The probe trials

involved removing the submerged platform in the third quadrant

from the pool and allowing the rats to swim for 120 sec in any of

the four quadrants of the swimming pool. The number of original

platform crossings and time spent in the third quadrant were

recorded.

Transmission Electron Microscopy
The animals were anesthetized with a lethal dose of Nembutal.

The thoracic cavities were opened and perfused intracardially with

100 mL of normal saline. Then the hippocampus, including CA1

area, of each rat was taken out immediately. Immersion fixation

was completed on tissues about 1 mm3 from the hippocampus.

Samples were rinsed in cold phosphate-buffered saline (PBS) and

placed in 2.5% glutaraldehyde at 4uC for 4 h. The tissue was

rinsed in buffer and post-fixed with 1% osmium tetroxide for 1 h.

Then, the tissue was rinsed with distilled water before undergoing

a graded ethanol dehydration series and was infiltrated using

a mixture of half propylene oxide and half resin overnight.

Twenty-four hours later, the tissue was embedded in resin.

120 nm sections were cut and stained with 4% uranyl acetate for

20 min and 0.5% lead citrate for 5 min. Ultrastructural changes of

synapses in the hippocampi were observed under a transmission

electron microscope (Philips Tecnai 10, Holland). Electron

microscope photographs were analyzed using Image-Pro Plus

Figure 2. Minocycline pretreatment attenuated isoflurane-induced cognitive impairment in the Morris Water Maze test. (A, B) Place
trial demonstrating the latency for the rats to reach platform (A) and the swimming speed (B) measuring spatial information acquisition. (C, D) Probe
trial demonstrating the number of original platform crossings (C) and the time spent in the third quadrant (D) measuring memory retention
capabilities. Data represent mean 6 S.E.M. n = 15 in each group. #P,0.05 isoflurane group compared with control group; *P,0.05 minocycline-
isoflurane group compared with isoflurane group.
doi:10.1371/journal.pone.0061385.g002

Treatment of Isoflurane-Induced Cognitive Decline
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6.0 software (Media Cybernetics, Silver Spring, MD, USA). The

area of the postsynaptic density (PSD) and the synaptic cleft were

calculated as described previously [24].

Western Blot Analysis
The rats were anesthetized with a lethal dose of Nembutal.

Their thoracic cavities were opened and perfused intracardially

with 100 mL of normal saline. The hippocampus, including CA1

and dentate gyrus field, of each rat was taken out immediately to

obtain fresh tissue specimens. Hippocampal tissues were homog-

enized on ice with 2 mM phenylmethanesulfonyl fluoride in 1 mL

ice-cold RIPA buffer added protease inhibitor cocktail EDTA-free.

Homogenates were centrifuged at 13,0006g at 4uC for 30 min.

The supernatant was saved and its protein concentration was

determined by the BCA method using bovine serum albumin as

the standard. Protein samples (50 mg) were separated by 12%

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred to a nitrocellulose membrane (Wuhan

Boster Biological Technology., Ltd, China). The membranes were

blocked by nonfat dry milk buffer for 2 hours and then incubated

overnight at 4uC with primary antibody against caspase-3 (1:1000,

Santa Cruz Biotechnology, USA). The membranes were sub-

sequently incubated with HRP-conjugated secondary antibodies

and detected with enhanced chemiluminescence (ECL) detection

reagent (Amersham Biosciences, Piscataway, NJ). The optical

densities of bands were quantitatively analyzed using Bio-Rad

Quantity One 4.6.2 (Bio-Rad Laboratories, USA). The results

were expressed as a relative density. Equal protein loading in each

lane was confirmed by hybridization with a 1:2000 dilution of b-
actin antibody (Santa Cruz Biotechnology, USA).

TUNEL Staining
The rats were anesthetized with a lethal dose of Nembutal. The

aorta was cannulated and the animal was firstly perfused with

200 mL of normal saline, then with 250 mL of 4% formaldehyde

(freshly made from paraformaldehyde) for 20–30 min. The fixed

brain was then removed from the cranial cavity and post-fixed

overnight in the same fixative at 4uC. The tissues were embedded

in paraffin, and transverse paraffin sections containing the

hippocampi were mounted on silanecoated slides. Sections were

deparaffinaged and rehydrated. Then the sections were treated for

antigen retrieval with 10.2 mmol/L sodium citrate buffer, pH 6.1,

for 20 min at 95uC for TUNEL staining. The brain tissue sections

were stained using an in situ cell death detection kit (POD; Roche

Diagnostics Corp., Indianapolis, IN, USA), following the manu-

facturer’s protocol. Ten microscopic fields (400 6) from each

section were assayed by counting brown nuclei. The percentage of

TUNEL-positive nuclei (brown nuclei) in the hippocampal CA1

region was calculated.

Enzyme-Linked ImmunoSorbent Assay (ELISA)
The rats were anesthetized with a lethal dose of Nembutal.

Their thoracic cavities were opened and perfused intracardially

with 100 mL of normal saline. The hippocampus, including CA1

field, of each rat was taken out immediately. Hippocampal tissues

Figure 3. Effects of minocycline pretreatment on the levels of IL-1b, TNF-a, IL-6 and caspase-3 in the hippocampus. (A) Minocycline
application decreased the level of IL-1b at 4 h after isoflurane exposure, but not at 19 d after isoflurane exposure. (B) No differences were observed in
TNF-a level among the four groups at 4 h or 19 d after isoflurane exposure. (C) No differences were observed in IL-6 level among the four groups at
4 h or 19 d after isoflurane exposure. (D) Minocycline application decreased the protein level of caspase-3 at 4 h after isoflurane exposure, but not at
19 d after isoflurane exposure. A representative Western blot is shown and the quantified caspase-3 bands were normalized to the loading control b-
actin. 4 h = 4 h after isoflurane exposure; 19 d = 19 days after isoflurane exposure. Data represent mean 6 S.E.M. n = 5 in each group. #P,0.05
isoflurane group compared with control group; *P,0.05 minocycline-isoflurane group compared with isoflurane group.
doi:10.1371/journal.pone.0061385.g003

Treatment of Isoflurane-Induced Cognitive Decline
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were homogenized on ice in 20 mM Tris-HCl buffer (pH=7.3)

containing protease inhibitors (10 mg/ml aproteinin, 5 mg/ml

peptastin, 5 mg/ml leupeptin, and 1 Mm phenylmethanesulfonyl-

fluoride). Homogenates were centrifuged at 10,0006g for 10 min

at 4uC. The supernatant was then ultracentrifuged at 150,0006g

for 2 h. Bradford protein assay of the supernatant was performed

for each sample. The protein levels of IL-1b, TNF-a and IL-6 in

the hippocampal tissues were determined by commercially avail-

able ELISA kits (Santa Cruz Biotechnology, USA) following the

protocols provided by manufacturer. All samples were assayed in

duplicate. The readings were normalized to the amount of

standard protein.

Statistical Analysis
All data were presented as mean 6 S.E.M. Results of values of

MAP, heart rate, ABG and place trials of aged rats were analyzed

using 2-way ANOVA for repeated measurements. Other data

were analyzed using one-way ANOVA, followed by Tukey post

hoc multiple comparison tests. A P value of ,0.05 was considered

statistically significant. All statistical tests and graphs were

performed or generated, using GraphPad Prism Version 4.0

(GraphPad Prism Software, Inc. CA, USA).

Results

Physiologic Parameters
As shown in Fig. 1, MAP (Fig. 1 A) and heart rate (Fig. 1 B)

decreased after isoflurane exposure, but the difference was not

statistically significant. As shown in Table 1, ABG values and

blood glucose levels were within the normal physiologic range.

There were no significant differences among the four groups on

any measured variables for ABG values and blood glucose levels.

This data rules out the possibility that isoflurane-induced

neurodegeneration in the brains was caused by physiologic side

effects (e.g. hypotension, hypoglycemia, hypoxia and hypercapnia).

Minocycline Attenuated Isoflurane-induced Cognitive
Impairment
As shown in Fig. 2 A, rats in all groups showed a rapid decrease

in latency. In the place trial, the rats in the minocycline-isoflurane

group spent less time to find the platform than those in the

isoflurane group (P,0.05). There was no significant difference in

the latency between the minocycline-isoflurane and control

groups. Swimming speeds were also analyzed during place trials,

and no differences were observed among the four groups (Fig. 2 B,

P.0.05).

Figure 4. Effects of minocycline pretreatment on neuronal apoptosis in the hippocampal CA1 region. (A, C) TUNEL staining at 4 h (A)
and 19 d (C) after isoflurane exposure. (A a, C a) Control group (A b, C b) Minocycline group (A c, C c) Isoflurane group (A d, C d) Minocycline-
Isoflurane group. Quantitation of the data is represented by the graph in panel B and D. Data represent mean 6 S.E.M. n = 5 in each group. #P,0.05
isoflurane group compared with control group; *P,0.05 minocycline-isoflurane group compared with isoflurane group.
doi:10.1371/journal.pone.0061385.g004

Treatment of Isoflurane-Induced Cognitive Decline
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In the probe test, the rats in the minocycline-isoflurane group

spent more time in the third quadrant where the platform was

located compared with those in the isoflurane group (Fig. 2 C,

P,0.05). There was an increase in the number of crossings over

the former platform location (Fig. 2 D, P,0.05). There was no

significant difference between the minocycline-isoflurane and

control groups.

Minocycline Decreased the Levels of IL-b and Caspase-3
in the Hippocampus after Isoflurane Anesthesia
Isoflurane exposure dramatically increased the levels of IL-1b

and caspase-3 in the hippocampal CA1 region at 4 h after

isoflurane exposure compared with the control. This increase was

attenuated by minocycline application (Fig. 3 A and Fig. 3 D,

P,0.05). There was no significant difference between the

minocycline-isoflurane and control groups. However, the levels

of TNF-a and IL-6 in the hippocampal CA1 region was not

different among the four groups at 4 h after isoflurane exposure

(Fig. 3 B and C).

In contrast to the findings during the acute phase following

isoflurane exposure, there were no differences among the four

groups with regard to the IL-b, TNF-a or IL-6 concentrations as

well as the caspase-3 expression in the hippocampal CA1 region at

19 d after isoflurane exposure (Fig. 3).

Minocycline Inhibited Isoflurane-induced Apoptosis in
the Hippocampus
As shown in Fig. 4, the number of TUNEL-positive nuclei

expressed as a percentage of total nuclei was markedly increased in

the isoflurane group over the control group in the hippocampal

Figure 5. Minocycline alleviated impairment in the synaptic ultrastructure of the hippocampal CA1 region after isoflurane
anesthesia. (A) Ultrastructural changes of synapses in the hippocampal CA1 region under TEM. (A a) Control group (A b) Minocycline group (A c)
Isoflurane group (A d) Minocycline-Isoflurane group. Arrows= synaptic cleft; arrowheads = postsynaptic densities. Scale bar = 0.5 mm. Quantitation of
the data is represented by the graph in panel B (Width of synaptic cleft) and C (Area of PSD). Data represent mean 6 S.E.M. n = 5 in each group.
#P,0.05 isoflurane group compared with control group; *P,0.05 minocycline-isoflurane group compared with isoflurane group.
doi:10.1371/journal.pone.0061385.g005

Treatment of Isoflurane-Induced Cognitive Decline
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CA1 region at 4 h after isoflurane exposure. The increase was

inhibited by minocycline application (Fig. 4 A and Fig. 4 B,

P,0.05). There was no significant difference between the

minocycline-isoflurane and control groups.

However, the number of TUNEL-positive nuclei in the

hippocampal CA1 region was not different among the four groups

at 19 d after isoflurane exposure (Fig. 4 C and D).

Minocycline Mitigated Isoflurane-induced Impairment in
the Synaptic Ultrastructure of Hippocampus
To investigate the mechanism of cognitive impairment induced

by isoflurane anesthesia, the synaptic morphometry changes in the

hippocampal CA1 region were observed with TEM. Compared

with control group, the synaptic cleft widened and the area of

postsynaptic densities (PSD) remarkably decreased in isoflurane

group (Fig. 5 A c, Fig. 5 B and C, P,0.05). These impairments

were attenuated by minocycline application (Fig. 5). There was no

significant difference between the minocycline-isoflurane and

control groups.

Discussion

The major finding of the present study was that pretreatment

with minocycline attenuated cognitive decline induced by a clin-

ically relevant concentration of isoflurane in aged rats. In addition,

minocycline treatment also suppressed the excessive release of IL-

1b and neuronal apoptosis and prevented the impairment of

synaptic ultrastructure in the hippocampal CA1 region induced by

isoflurane.

Learning and memory are important aspects of cognitive

function. To determine the effect of minocycline on cognitive

function after isoflurane anesthesia, the Morris Water Maze was

used to assess learning and memory in aged rats. The Water Maze

protocol evaluates learning and memory that involves a sequence

of specific molecular processes in the CA1 area of the hippocam-

pus [25]. The place trials were performed to determine the rats’

ability to obtain spatial information and the probe trials were

conducted to evaluate memory retention capabilities. Twenty-

month-old rats were used for all experiments in this study, because

rats at this age may be considered as in their early elderly stage or

late phase of middle age. Cognitive function tests on the animals

were initiated at 2 weeks after isoflurane exposure, because most

patients have already been discharged from hospital by this time.

In the current study, our results showed that exposure of these rats

to 1.3% isoflurane for 4 h caused deficits in the spatial learning

and memory as manifested by the longer escape latency to reach

the platform, the fewer times of original platform crossing and the

less time spent in the target quadrant in the Morris Water Maze

test. The lack of differences in swimming speeds of all groups

excluded the possibility that sensorimotor disturbances in any of

the groups could have influenced the learning and memory

changes observed in our study. Since the Morris Water Maze test

is considered to be hippocampus-dependent [25], our results

suggest that isoflurane impaired hippocampus-dependent learning

and memory in rats. These results are consistent with our previous

studies [18,19] and other related reports [10–14]. However, the

effects of anesthesia on memory and learning are controversial,

with transient improvement [26], no effects [27] and permanent

impairment [10–14,18,19] all being reported. Differences in

methods of anesthetic exposure, animal species (rats vs. mice),

pharmacology (isoflurane vs. sevoflurane), anesthetic concentra-

tions (0.5,2 MAC), anesthetic durations (1–6 h), time of

isoflurane exposure, and time to perform the leaning and memory

tests may have contributed to these discrepancies.

Minocycline is a semi-synthetic second-generation tetracycline,

which is a highly lipophilic molecule that easily crosses the blood–

brain barrier (BBB) [28]. In addition to its own antimicrobial

activities, minocycline has been reported to exert neuroprotective

effects over various experimental models such as cerebral ischemia

[29], Spinal Cord Injury [22], Parkinson’s disease (PD) [30], HD

[21], and AD [20]. In the present study, we showed that

pretreatment with minocycline attenuated isoflurane-induced

learning and memory impairments. However, the efficacy of

minocycline varies from robust protection [20–22,29,30], to no

effect [31], to exacerbation of impairment [32]. This variability

may arise from different dosage regimens, animal models and

methodological differences. In animals, minocycline is lethal at

very high doses [33,34]. In humans, long-term treatment with

minocycline at doses of up to 200 mg/day is generally safe and

well tolerated as demonstrated by tolerability tests and clinical

trials in rheumatoid arthritis, acne vulgaris, and HD [33,35]. The

dose of minocycline used in the present study was chosen based on

the studies by others [20,22].

The mechanisms of inhalation anesthetic-mediated neurode-

generation are still not clear. Minocycline has anti-inflammatory

properties that are completely separate and distinct from its

antimicrobial actions. Since minocycline attenuated isoflurane-

induced cognitive impairment, it is possible that isoflurane induces

neuroinflammation then leads to cognitive dysfunction. Consistent

with this idea, it has been shown that cognitive impairment is

associated with neuroinflammation in different brain regions,

including the hippocampus [36,37]. In addition, several studies

have found that volatile anesthetics might cause neuroinflamma-

tion [14,16]. A recent study showed that tibial surgery under

general anesthesia triggered an IL-1b-mediated inflammatory

process in the hippocampus that underlies memory impairment in

young adult mice [16]. In agreement, our study showed that

isoflurane exposure dramatically increased the level of IL-1b in the

hippocampal CA1 region at 4 h after isoflurane exposure and this

excessive release was reversed by minocycline pretreatment.

Moreover, we measured proinflammatory cytokines IL-1b, IL-6
and TNF-a concentration at a time when animals had significant

cognitive impairments. Our results showed that isoflurane induced

learning and memory impairment, however, did not increase the

level of IL-1b, IL-6 or TNF-a. Thus, our results did not indicate

a role of neuroinflammation in isoflurane-induced cognitive

dysfunction in the elderly rats.

It has been proposed that brain cell death after anesthetic

exposure may contribute to the brain functional changes

[18,19,38]. Isoflurane has been demonstrated to increase activated

caspase-3 in vivo and vitro models [19,20]. This activation may

result in cell apoptosis and brain structure changes [19]. In our

study, isoflurane exposure increased caspase-3 expression and the

number of TUNEL-positive nuclei in the hippocampal CA1

region at 4 h after the exposure and minocycline attenuated this

increase. In consideration of ultrastructural changes of synapses,

our results suggest that the possible cell injury after isoflurane

exposure may contribute to neurodegeneration and consequent

deficits in learning and memory.

Synaptic transmission is essential for nervous system function,

and its dysfunction is a known major contributing factor to

cognitive impairment [39–41]. The synaptic cleft is a region of

information transmission among neurons and plays an important

role in the dynamics of synaptic activity. The postsynaptic density

(PSD) is the material basis of synaptic efficacy. The area of PSD

and the ability of learning and memory training and memory

retention go hand in hand [40,42]. In the present study, we found

that the synaptic cleft was widened and the area of PSD was visibly
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reduced by isoflurane anesthesia, and these changes were

attenuated by minocycline. Consistent with our result, long-lasting

disturbances in the ultrastructural properties of developing

synapses caused by inhalational anesthetics have been demon-

strated in young rats [43]. In addition, inhalational anesthetics

have been shown to disrupt postsynaptic density 95, discs large,

and zonula occludens-1 domain-mediated protein–protein inter-

actions, which provide a framework for the assembly of multi-

protein signaling complexes at PSD [44,45]. Our recent studies

have found that learning and memory impairments were

accompanied by the changes of normal structure of synapses,

including a widened synaptic cleft and a decreased area of PSD

[18,19,46]. Taken with previous studies, our results suggest that

cell injury-mediated impairments in synaptic structure and

function may be responsible for cognitive deficits induced by

isoflurane in aged rats, and minocycline may prevent or reverse

these changes.

Previous studies show that hypotension, hypoglycemia, hypoxia,

hypercapnia and unstable body temperature during isoflurane

anesthesia may impair cognitive function [1,47]. To exclude these

side effects, mean blood pressure, heart rate and body temperature

were dynamically monitored during anesthetic exposure. ABG

analysis and blood glucose were measured at the end of isoflurane

exposure. No significant changes were found in any of these

parameters. In the present study, no animals died after 4 h of

isoflurane exposure, which indicated that even if some minimum

physiological changes occurred, they were of little clinical

relevance.

In conclusion, our study showed that exposure to a clinically

relevant concentration of isoflurane induced learning and memory

impairment in old rats. This detrimental effect was attenuated by

minocycline pretreatment before isoflurane exposure.

Acknowledgments

We thank Shu-Cai Ling, M.D., Ph.D. (Professor, Institute of Anatomy and

Cell Biology, School of Medicine, Zhejiang University, China) for technical

support and Shu Han, M.D., Ph.D. (Associate Professor, Institute of

Anatomy and Cell Biology, School of Medicine, Zhejiang University,

China) for his statistical assistance and thought-provoking discussions.

Author Contributions

Conceived and designed the experiments: LLM FJK. Performed the

experiments: FJK SPC YC HHZ. Analyzed the data: HSL WWH FJK.

Contributed reagents/materials/analysis tools: LLM. Wrote the paper:

LLM FJK.

References

1. Moller JT, Cluitmans P, Rasmussen LS, Houx P, Rasmussen H, et al. (1998)

Long-term postoperative cognitive dysfunction in the elderly ISPOCD1 study.

ISPOCD investigators. International Study of Post-Operative Cognitive

Dysfunction. Lancet 351: 857–861.

2. Newman MF, Kirchner JL, Phillips-Bute B, Gaver V, Grocott H, et al. (2001)

Longitudinal assessment of neurocognitive function after coronary-artery bypass

surgery. N Engl J Med 344: 395–402.

3. Abildstrom H, Rasmussen LS, Rentowl P, Hanning CD, Rasmussen H, et al.

(2000) Cognitive dysfunction 1–2 years after non-cardiac surgery in the elderly.

ISPOCD group. International Study of Post-Operative Cognitive Dysfunction.

Acta Anaesthesiologica Scand 44: 1246–1251.

4. Williams-Russo P, Sharrock NE, Mattis S, Szatrowski TP, Charlson ME (1995)

Cognitive effects after epidural vs general anesthesia in older adults. A

randomized trial. JAMA 274: 44–50.

5. Rasmussen LS, Johnson T, Kuipers HM, Kristensen D, Siersma VD, et al.

(2003) Does anaesthesia cause postoperative cognitive dysfunction? A rando-

mised study of regional versus general anaesthesia in 438 elderly patients. Acta

Anaesthesiol Scand 47: 260–266.

6. Bekker AY, Weeks EJ (2003) Cognitive function after anesthesia in the elderly.

Best Pract Res Clin Anaesthesiol 17: 259–272.

7. Monk TG, Weldon BC, Garvan CW, Dede DE, van der Aa MT, et al. (2008)

Predictors of cognitive dysfunction after major noncardiac surgery. Anesthesi-

ology 108: 18–30.

8. Steinmetz J, Christensen KB, Lund T, Lohse N, Rasmussen LS (2009) Long

term consequences of postoperative cognitive dysfunction. Anesthesiology 110:

548–555.

9. Clergue F, Auroy Y, Pequignot F, Jougla E, Lienhart A, et al. (1999) French

survey of anesthesia in 1996. Anesthesiology 91: 1509–1520.

10. Ramaiah R, Lam AM (2009) Postoperative cognitive dysfunction in the elderly.

Anesthesiol Clin 27: 485–496.

11. Culley DJ, Baxter MG, Yukhananov R, Crosby G (2004) Long-term impairment

of acquisition of a spatial memory task following isoflurane-nitrous oxide

anesthesia in rats. Anesthesiology 100: 309–314.

12. Culley DJ, Baxter M, Yukhananov R, Crosby G (2003) The memory effects of

general anesthesia persist for weeks in young and aged rats. Anesth Analg 96:

1004–1009.

13. Mawhinney LJ, de Rivero VJ, Alonso OF, Jimenez CA, Furones C, et al. (2012)

Isoflurane/nitrous oxide anesthesia induces increases in NMDA receptor

subunit NR2B protein expression in the aged rat brain. Brain Res 1431: 23–34.

14. Lin D, Zuo Z (2011) Isoflurane induces hippocampal cell injury and cognitive

impairments in adult rats. Neuropharmacology 61: 1354–1359.

15. Sanderson DJ, Cunningham C, Deacon RM, Bannerman DM, Perry VH, et al.

(2009) A double dissociation between the effects of sub-pyrogenic systemic

inflammation and hippocampal lesions on learning. Behav Brain Res 201: 103–

111.

16. Wu X, Lu Y, Dong Y, Zhang G, Zhang Y, et al. (2012) The inhalation

anesthetic isoflurane increases levels of proinflammatory TNF-alpha, IL-6, and

IL-1beta. Neurobiol Aging 33: 1364–1378.

17. Zhang Y, Xu Z, Wang H, Dong Y, Shi HN, et al. (2012) Anesthetics isoflurane

and desflurane differently affect mitochondrial function, learning and memory.

Ann Neurol 71: 687–698.

18. Kong FJ, Xu LH, He DQ, Zhang XM, Lu HS (2011) Effects of gestational

isoflurane exposure on postnatal memory and learning in rats. Eur J Pharmacol

670: 168–174.

19. Kong FJ, Ma LL, Hu WW, Wang WN, Lu HS, et al. (2012) Fetal exposure to

high isoflurane concentration induces postnatal memory and learning deficits in

rats. Biochem Pharmacol 84: 558–563.

20. Choi Y, Kim HS, Shin KY, Kim EM, Kim M, et al. (2007) Minocycline

attenuates neuronal cell death and improves cognitive impairment in

Alzheimer’s disease models. Neuropsychopharmacology 32: 2393–2404.

21. Palazuelos J, Aguado T, Pazos MR, Julien B, Carrasco C, et al. (2009) Microglial

CB2 cannabinoid receptors are neuroprotective in Huntington’s disease

excitotoxicity. Brain 132: 3152–3164.

22. Stirling DP, Khodarahmi K, Liu J, McPhail LT, McBride CB, et al. (2004)

Minocycline treatment reduces delayed oligodendrocyte death, attenuates

axonal dieback, and improves functional outcome after spinal cord injury.

J Neurosci 24: 2182–2190.

23. Jevtovic-Todorovic V, Hartman RE, Izumi Y, Benshoff ND, Dikranian K, et al.

(2003) Early exposure to common anesthetic agents causes widespread

neurodegeneration in the developing rat brain and persistent learning deficits.

J Neurosci 23: 876–882.

24. Grasshoff C, Drexler B, Antkowiak B (2007) Effects of cholinergic over-

stimulation on isoflurane potency and efficacy in cortical and spinal networks.

Toxicology 229: 206–213.

25. Izquierdo I, Medina JH, Vianna MR, Izquierdo LA, Barros DM (1999) Separate

mechanisms for short- and long-term memory. Behav Brain Res 103: 1–11.

26. Li Y, Liang G, Wang S, Meng Q, Wang Q, et al. (2007) Effects of fetal exposure

to isoflurane on postnatal memory and learning in rats. Neuropharmacology 53:

942–950.

27. Valentim AM, Di Giminiani P, Ribeiro PO, Rodrigues P, Olsson IA, et al.

(2010) Lower isoflurane concentration affects spatial learning and neurodegen-

eration in adult mice compared with higher concentrations. Anesthesiology 113:

1099–1108.

28. Aronson AL (1980) Pharmacotherapeutics of the newer tetracyclines. J Am Vet

Med Assoc 176: 1061–1068.

29. Yrjanheikki J, Tikka T, Keinanen R, Goldsteins G, Chan PH, et al. (1999)

Atetracycline derivative, minocycline, reduces inflammation and protects against

focal cerebral ischemia with a wide therapeutic window. Proc Natl Acad Sci

USA 96: 13496–13500.

30. Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, et al. (2002) Blockade

of microglial activation is neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine mouse model of Parkinson disease. J Neurosci 22: 1763–

1771.

31. Szymanska A, Biernaskie J, Laidley DM, Granter-Button S, Corbett D (2006)

Minocycline treatment and intracerebral hemorrhage: Influence of injury

severity and delay to treatment. Exp Neurol 197: 189–196.

Treatment of Isoflurane-Induced Cognitive Decline

PLOS ONE | www.plosone.org 8 April 2013 | Volume 8 | Issue 4 | e61385



32. Diguet E, Gross CE, Tison F, Bezard E (2004) Rise and fall of minocycline in

neuroprotection: need to promote publication of negative results. Exp Neurol
189: 1–4.

33. Blum D, Chtarto A, Tenenbaum L, Brotchi J, Levivier M (2004) Clinical

potential of minocycline for neurodegenerative disorders. Neurobiol Disease 17:
359–366.

34. Smith DL, Woodman B, Mahal A, Sathasivam K, Ghazi-Noori S, et al. (2003)
Minocycline and doxycycline are not beneficial in a model of Huntington’s

disease. Ann Neurol 54: 186–196.

35. Bonelli RM, Heuberger C, Reisecker F (2003) Minocycline for Huntington’s
disease: an open label study. Neurology 60: 883–884.

36. Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, et al. (2010) Tumor
necrosis factor-alpha triggers a cytokine cascade yielding postoperative cognitive

decline. Proc Natl Acad Sci U S A 107: 20518–20522.
37. Terrando N, Rei Fidalgo A, Vizcaychipi M, Cibelli M, Ma D, et al. (2010) The

impact of IL-1 modulation on the development of lipopolysaccharide-induced

cognitive dysfunction. Crit Care 14: R88.
38. Baranov D, Bickler PE, Crosby GJ, Culley DJ, Eckenhoff MF, et al. (2009)

Consensus statement: first international workshop on anesthetics and Alzhei-
mer’s disease. Anesth Analg 108: 1627–1630.

39. Sametsky EA, Disterhoft JF, Geinisman Y, Nicholson DA (2010) Synaptic

strength and postsynaptically silent synapses through advanced aging in rat
hippocampal CA1 pyramidal neurons. Neurobiol Aging 3: 813–825.

40. Thompson JV, Sullivan RM, Wilson DA (2008) Developmental emergence of

fear learning corresponds with changes in amygdale synaptic plasticity. Brain

Res 1200: 58–65.

41. Gruart A, Munoz MD, Delgado-Garcia JM (2006) Involvement of the CA3–

CA1 synapse in the acquisition of associative learning in behaving mice.

J Neurosci 26: 1077–1087.

42. Ziff EB (1997) Enlightening the postsynaptic density. Neuron 19: 1163–1174.

43. Lunardi N, Ori C, Erisir A, Jevtovic-Todorovic V (2010) General anesthesia

causes long-lasting disturbances in the ultrastructural properties of developing

synapses in young rats. Neurotox Res 17: 179–188.

44. Tao YX, Johns RA (2004) Neuronal PDZ domains: a promising new molecular

target for inhaled anesthetics? Mol Interv 4: 215–221.

45. Fang M, Tao YX, He F, Zhang M, Levine CF, et al. (2003) Synaptic PDZ

domain-mediated protein interactions are disrupted by inhalational anesthetics.

J Biol Chem 278: 36669–36675.

46. Nicholson DA, Yoshida R, Berry RW, Gallagher M, Geinisman Y (2004)

Reduction in size of perforated postsynaptic densities in hippocampal axospinous

synapses and agerelated spatial learning impairments. J Neurosci 24: 7648–

7653.

47. Planel E, Richter KE, Nolan CE, Finley JE, Liu L, et al. (2007) Anesthesia leads

to tau hyperphosphorylation through inhibition of phosphatase activity by

hypothermia. J Neurosci 27: 3090–3097.

Treatment of Isoflurane-Induced Cognitive Decline

PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e61385


