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Abstract
Post-operative cognitive dysfunction (POCD) is a clinical phenomenon that has drawn significant
attention from the public and scientific community. Age is a risk factor for POCD. However, the
contribution of general anesthesia/anesthetics to POCD and the underlying neuropathology are not
clear. Here, we showed that 18-month-old male Fisher 344 rats exposed to 1.2% isoflurane, a
general anesthetic, for 2 h had significant learning and memory impairments assessed at 2 to 4
weeks after isoflurane exposure. These isoflurane effects were attenuated by intravenous lidocaine
(1.5 mg/kg as a bolus and then 2 mg/kg/h during isoflurane exposure), a local anesthetic that has
neuroprotective effect. Exposure to isoflurane or isoflurane plus lidocaine did not change the
neuronal and synaptic density as well as the expression of NeuN (a neuronal protein), drebrin (a
dendritic spine protein), synaptophysin (a synaptic protein), activated caspase 3 and caspase-
activated DNase in the hippocampus at 29 days after isoflurane exposure when cognitive
impairment was present. Isoflurane and lidocaine did not affect the amount of β-amyloid peptide,
total tau and phospho-tau in the cerebral cortex as well as interleukin-1β and tumor necrosis
factor-α in the hippocampus at 29 days after isoflurane exposure. Thus, isoflurane induces learning
and memory impairment in old rats. Lidocaine attenuates these isoflurane effects. Isoflurane may
not cause long-lasting neuropathological changes.
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1. Introduction
Post-operative cognitive dysfunction (POCD) is a fairly well-documented clinical
phenomenon [1]. Studies have shown short-term and long-term POCD after cardiac and
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non-cardiac surgeries [2-4]. Advancing age has been consistently identified as a risk factor
for POCD [2,3]. About 10% of elderly (60 years or older) patients have POCD 3 months
after non-cardiac surgery [3]. In addition to affecting patients’ daily activities due to
cognitive impairment, POCD has been found to be associated with an increased mortality
[3,5].

It is estimated that more than 200 million people each year undergo surgery in the world.
Most patients have their surgeries under general anesthesia. Among them, ~80% patients
will receive volatile anesthetics as their primary anesthetics due to many features of volatile
anesthetics [6]. Although patients often regain consciousness quickly after general
anesthesia with volatile anesthetics, there is a growing concern of volatile anesthetic safety
in recent years. Cognitive impairment in rats can be detected at least 3 weeks after being
exposed to volatile anesthetics [7,8], although improvement of cognitive functions after
volatile anesthetic exposure in rodents also has been reported [7,9,10]. Volatile anesthetics
increase activated caspase 3 expression and β-amyloid peptide (Aβ) production in mouse
brains [11]. Those anesthetics at clinically relevant concentrations can induce Aβ
oligomerization in vitro [12]. Aβ overproduction, oligomerization and accumulation as well
as accumulation of hyperphosphorylated tau in the brain are considered as underlying
neuropathology for Alzheimer's disease (AD) [13], the most common form of dementia in
elderly patients. However, it is not known yet whether these neuropathological changes
contribute to the cognitive impairment after anesthetic exposure.

Very little is known about how to attenuate volatile anesthetic-induced cognitive
impairment. Neuroinflammation can impair cognitive functions [14]. We have shown that
isoflurane increases the expression of inducible nitric oxide synthase, a protein that
contributes to inflammatory response, in rat brains [15]. Isoflurane has been shown to
increase activated caspase 3 [11], a key enzyme to lead to cell apoptosis, in mouse brains.
Neuroinflammation, Aβ accumulation, neurodegeneration and hyperphosphorylated tau
accumulation are key pathological features of AD brains [13,16]. Lidocaine, a local
anesthetic, decreases required concentrations of general anesthetics to maintain anesthesia
[17] and has neuroprotective and anti-inflammatory effects when given systemically
[18-20]. Thus, we hypothesize that isoflurane induces cognitive impairment and AD-like
neuropathology and that lidocaine attenuates these changes in aged animals. To test our
hypothesis, we exposed 18-month old Fisher 344 rats to isoflurane in the presence or
absence of lidocaine. Cognitive functions, brain Aβ and phosphorylated tau levels,
neuroinflammation as reflected by the levels of the proinflammatory cytokines interleukin
1β (IL-1β) and tumor necrosis factor-α (TNF-α), and brain cell death were evaluated after
the exposure to anesthetics.

2. Materials and Methods
The animal protocol was approved by the institutional Animal Care and Use Committee of
the University of Virginia (Charlottesville, VA). All animal experiments were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publications number 80-23) revised in 1996.

2.1. Animal Groups
Eighteen-month-old male Fisher 344 rats weighing 470 – 550 g from the National Institutes
of Health, Bethesda, MD, were divided into three groups: control, isoflurane, and isoflurane
plus lidocaine. Animals in the isoflurane and isoflurane plus lidocaine groups were exposed
to 1.2% isoflurane for 2 h. Animals in the isoflurane plus lidocaine group received
intravenous lidocaine (1.5 mg/kg as a bolus and then 2 mg/kg/h during the 2-h isoflurane
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exposure). Since isoflurane was carried by 100% O2, rats in the control group were kept in a
chamber that was gassed with 100% O2 for 2 h.

2.2. Isoflurane exposure
As we described before [21], anesthesia was induced by placing rats in a chamber gassed
with 3% isoflurane in oxygen. Rats were intubated with a 14-gauge catheter. They were
mechanically ventilated with isoflurane carried by 100% O2 to maintain end tidal isoflurane
concentration at 1.2%. The inhaled and exhaled gas concentrations were monitored
continuously with a DatexTM infrared analyzer (Capnomac, Helsinki, Finland). The
ventilator settings usually were 2 ml as the tidal volume at a rate of 60 breaths/min and were
adjusted to maintain the end tidal CO2 at ~32 mm Hg. Rectal temperature was maintained at
37°C ± 0.5°C. Heart rate and pulse oximeter oxygen saturation (SpO2) were measured
continuously during anesthesia with a MouseOx™ Pulse Oximeter (Harvard Apparatus,
Holliston, MA). Non-invasive blood pressure was measured by using a CODA Monitor
(Kent Scientific Corp., Torrington, CT). The isoflurane exposure was for 2 h. Rats were
extubated when they were responsive. Animals in the isoflurane plus lidocaine group
received lidocaine via a tail vein. Lidocaine was dissolved in normal saline at 8 mg/ml. The
rats in the isoflurane only group were given the same volume of saline. All animals were
recovered for 20 min in a chamber gassed with 100% O2 and at 37°C. They then were
placed in their home cages.

2.3. Barnes maze
Two weeks after isoflurane exposure, animals were subjected to Barnes maze. Barnes maze
is designed to test spatial learning and memory. Animals were placed in the middle of a
circular platform with 20 equally spaced holes (SD Instruments, San Diego, CA). One of the
holes was connected to a dark chamber that was called target box. Animals were encouraged
to find this box by aversive noise (85 dB) and bright light (200 W) shed on the platform.
Animals went through a spatial acquisition phase that took 4 days with 3 min per trial, 2
trials per day and 15 min between each trial. Animals then went through the reference
memory phase to test the short-term retention on day 5 and long-term retention on day 12.
One trial on each of these two days was performed. No test was performed during the period
from day 5 to day 12. The latency and number of errors to find the target box during each
trial were recorded with the assistance of ANY-Maze video tracking system (SD
Instruments). The numbers of pokes in each hole during the reference memory phase also
were recorded.

2.4. Fear conditioning
One day after Barnes maze test, rats were subjected to fear conditioning test. Fear
conditioning is a very sensitive and non-effort-dependent test of learning and memory [22].
Each animal was placed in a test chamber wiped with 70% alcohol and subjected to 3 tone-
foot shock pairings (tone: 2000 Hz, 85 db, 30 s; foot shock: 1 mA, 2 s) with an intertrial
interval 1 min in a relatively dark room. Animal was removed from this test chamber 30 s
after the conditioning training. The animal was placed back to the chamber 24 h later for 8
min in the absence of tone and shock. The amount of time with freezing behavior was
recorded in an 8 s interval. The animal was placed 2 h later in a test chamber that had
different context and smell from the first test chamber (this second chamber was wiped with
1% acetic acid) in a relatively light room. Freezing was recorded for 3 min without the
auditory conditioning stimulus. The auditory stimulus then was turned on for 3 cycles, each
cycle for 30 s followed by 1-min inter-cycle interval (4.5 min in total). The freezing
behavior in the 4.5 min was recorded. The order of the context and tone fear conditioning
tests was arranged in a way so that half of the animals in each group were tested first by
contextual test and the other half by tone test. Freezing behavior recorded in the video was
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scored by an observer who was blind to group assignment. These tests test hippocampus-
dependent (context-related) and hippocampus-independent (tone-related) learning and
memory functions [22].

2.5. Brain tissue harvest
Thirty minutes after fear conditioning test, rats were deeply anesthetized with isoflurane and
perfused transcardially with saline. Brains were removed. The right hippocampi were
dissected out immediately for the Western blotting of various proteins and enzyme-linked
immunosorbent assay (ELISA) of IL-1β and TNF-α. The left cerebral hemisphere at Bregma
-2.5 to -3.5 and -3.5 to -4.5 was used for preparing sections for electronic microscopic
examination and Nissl staining, respectively. Cerebral cortex from Bregma -1 to -3 was
harvested for ELISA of Aβ and Western blotting of phospho-tau.

2.6. Nissl staining
The cerebral block containing hippocampus was fixed in 10% neutral buffered formalin
overnight and then paraffin embedded. Coronal 8 μm sections were prepared and subjected
to Nissl staining [15]. These sections were examined by an observer blinded to the group
assignment of the sections. The number of positive cells (neurons) in a high magnification
field (x 400, ~0.2 mm2) in the CA1 and CA3 regions was counted. Three determinations,
each on different locations in these two brain regions, were performed for each section.
Three sections were used for each rat. These 9 determinations were averaged to yield a
single number (density of the neurons) for each brain region of individual rat.

2.7. Western blotting
Hippocampal tissues were homogenated in RIPA buffer (catalogue number: 89900; Thermo
Scientific, Worcester, MA) containing protease inhibitor cocktail (catalogue number: P2714;
Sigma, St Louis, MO) and protease inhibitor mixture (catalogue number: 1697498; Roche
Applied Science, Indianapolis, IN). Homogenates were centrifuged at 13,000 g at 4°C for 30
min. The supernatant was saved and its protein concentration was determined by Bradford
assay. To detect phospho-tau, total protein lysates from cerebral cortex were prepared in a
lysis buffer (Cell Signaling Technology, Danvers, MA) containing protease inhibitors
(Protease Inhibitor Cocktail; Sigma Aldrich, St Louis, MO) and phosphatase inhibitors
(phosSTOP Phosphatase Inhibitor Cocktail Tablets; Roche, Nutley, NJ).

Fifty microgram proteins per lane were electrophoresed on a polyacrylamide gel and then
blotted onto a polyvinylidene difluoride membrane. After being blocked with Protein-Free
T20 Blocking Buffer (catalogue number: 37573; Thermo Scientific, Lot LB141635),
membranes were incubated with the following primary antibodies: mouse monoclonal anti-
synaptophysin antibody (1:15000; catalogue number: MAB329; Millipore Cor. Billerica,
MA), rabbit polyclonal anti-drebrin antibody (1:1000; catalogue number: D3816; Sigma),
mouse monoclonal anti-NeuN, clone A06 antibody (1:1000; catalogue number: MAB377;
Millipore Cor.), mouse monoclonal anti-caspase-activated DNase (CAD) antibody (1:1000;
catalogue number: sc-56035; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
monoclonal anti-cleaved caspase-3 antibody (1:1000; catalogue number: 9664; Cell
Signaling Technology, Inc., Danvers, MA), rabbit polyclonal anti-tau [pS199/202]
phosphospecific antibody (1:1000; catalogue number: 44768G; Invitrogen, Camarillo, CA);
rabbit polyclonal anti-tau [pS396] phosphospecific antibody (1:1000; catalogue number:
4137; Invitrogen); mouse monoclonal anti-tau (tau5) antibody (1:1000; catalogue number:
MA512805; Millipore Cor.); and mouse monoclonal anti-β-actin polyclonal antibody
(1:2000; catalogue number: A2228; Sigma). Appropriate secondary antibodies were used.
Proteins were visualized using a Genomic and Proteomic Gel Documentation (Gel Doc)
Systems from Syngene (Frederick, MD). The protein band intensities of NeuN, caspase 3,
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CAD, synaptophysin and drebrin were normalized by the corresponding band intensities of
β-actin from the same samples. The results from animals under various experimental
conditions were then normalized by those of the corresponding control animals.

2.8. Quantification of IL-1β, TNFα and Aβ
Brain tissues were homogenized on ice in 20 mM Tris–HCl buffer (pH = 7.3) containing
protease inhibitors (10 μg/ml aproteinin, 5 μg/ml peptastin, 5 μg/ml leupeptin, and 1 mM
phenylmethanesulfonylfluoride). Homogenates were centrifuged at 10,000 g for 10 min at
4°C. The supernatant was then ultracentrifuged at 150,000 g for 2 h 4°C. Bradford protein
assay of the supernatant was performed for each sample. ELISA kits for measuring rat IL-1β
and TNFα (catalogue number: DY501 and RTA00, respectively; R&D Systems,
Minneapolis, MN) were used to quantify the contents of these cytokines in the samples
according to the manufacturer’ instructions. The quantity of IL-1β and TNFα in each brain
sample was standardized to the protein contents.

Aβ was extracted from brain tissues as described before [23]. Briefly, parietal cerebral
cortex was homogenized in 8 x volume of 70% glass distilled formic acid. The homogenates
were kept at 4°C for 15 min and then centrifuged at 100,000 g for 1 h. The formic acid
extract layer between a thin overlying lipid layer and a small pellet was removed and used
for Aβ1-42 quantification by a Aβ1-42 ELISA kit (catalog number KMB3441; Invitrogen,
Carlsbad, CA, USA). The level of the Aβ1-42 in each brain sample was standardized to the
brain tissue weight and expressed as picogram of Aβ1-42 per gram brain tissues.

2.9. Synaptic density quantification
Coronary brain slices were fixed in 0.1 M cacodylate buffer containing 4%
paraformaldehyde and 2.5% glutaraldehyde for at least 24 h. Vibratome sections of 400 μm
were obtained and re-fixed in the above fixative solution overnight. Hippocampus was
isolated and post-fixed with 1% OsO4 in 0.1 M cacodylate buffer for 1 h. Thick sections
were obtained and stained with toludine blue. Stratum radiatum was identified, embedded in
epoxy resin and used to prepare 85-nm ultra-thin sections. The sections were stained with
2% uranyl acetate and 0.25% lead citrate and observed under a JEOL 1230 transmission
electron microscope (Japan Electron Optics Limited, Tokyo, Japan). Synapses in 40
randomly selected fields (1752 μm2) per animal were counted by an investigator who is
blind to the group assignment of the animals [24]. This value then was used to calculate
synaptic density in mm2. Both CA1 and CA3 are involved in fear conditioning [25-27]. We
choose the stratum radiatum because it is in CA1 region and contains mossy fiber to CA3
and Shaeffer collaterals from CA3 to CA1.

2.10. Statistical analysis
Parametric results, such as physiological parameters and results from behavioral testing,
western blotting and ELISA, are presented as means ± S.D. (n ≥ 4) and were analyzed by
one way analysis of variance followed by the Tukey test after confirmation of normal
distribution of the data, by Kruskal-Wallis analysis of variance on ranks followed by the
Tukey or the Dunn's test when the data are not normally distributed, or by Student's t test as
appropriate. The data of training sessions of Barnes maze were analyzed by one way
repeated measures analysis of variance followed by the Tukey test. A P ≤ 0.05 was accepted
as significant. All statistical analyses were performed with the SigmaStat (Systat Software,
Inc., Point Richmond, CA, USA).
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3. Results
Animals in the isoflurane and isoflurane plus lidocaine groups did not have any episodes of
hypoxia (defined as SpO2 < 90%) during the exposure to isoflurane. The SpO2 was 98 ± 1%
and 97 ± 1%, respectively, for the isoflurane and isoflurane plus lidocaine groups (n = 6 for
each group, P = 0.142). The mean arterial blood pressures were 110 ± 6, 109 ± 20 and 114 ±
29 mmHg (n = 4 – 6, P = 0.912), respectively, for the control, isoflurane and isoflurane plus
lidocaine groups. The corresponding heart rates were 373 ± 43, 352 ± 46 and 388 ± 17 beats/
min (n = 4 – 6, P = 0.385). There was no difference in the mean arterial blood pressure and
heart rates among the different groups. These measurements were obtained by non-invasive
methods and performed when animals were awake (control group) or at ~1 h after the
initiation of the isoflurane exposure for the isoflurane alone and isoflurane plus lidocaine
groups.

All three groups of rats trended to take less time to find the target hole over the time during
training sessions. Statistical results for the training sessions were F(7, 5) = 5.576 and P <
0.001 for the control group, F(7, 5) = 3.679 and P = 0.004 for the isoflurane exposure group,
and F(7, 5) = 2.342 and P = 0.045 for the isoflurane plus lidocaine group. The latency to find
the target hole in the last training session on the fourth day was significantly shorter than
that in the first training session on the first day (Fig. 1), suggesting that animals in all three
groups developed spatial learning. However, animals exposed to isoflurane took much
longer to find the target hole and searched more non-target holes prior to identification of
the target hole than control rats during the reference memory tests occurred 1 day or 8 days
after the last training session. Animals in the isoflurane plus lidocaine group were not
significantly different from control rats in these tests (Fig. 2). Statistical results were H(2) =
12.063 and P = 0.002 for the time to identify the target hole at 1 day after the last training
session and F(2, 5) = 3.838 and P = 0.047 for the time to identify the target hole at 8 days
after the last training session. Similar to these results, rats in the isoflurane group had less
freezing behavior in the contextual fear conditioning test than control rats and this reduction
was abolished by the use of lidocaine during isoflurane exposure. Statistical results were
F(2, 5) = 20.175 and P < 0.001 for the comparisons. However, there was no difference in the
freezing behavior among the three groups of rats during the tone-related fear conditioning
test (Fig. 3). No animals from the three groups had a freezing event in the 3-min period prior
to the application of the auditory conditioning stimulus during the tone-related fear
conditioning test.

There was no difference in the Aβ1-42 levels in the parietal cerebral cortex among the three
groups of animals at 29 days after isoflurane exposure. There was also no difference in the
IL-1β and TNFα concentrations in the hippocampus among the animals (Fig. 4). Compared
with control, exposure to isoflurane or isoflurane plus lidocaine did not increase the
expression of CAD and activated caspase 3 in the hippocampus (Fig. 5). Two caspase 3
fragments at 20 KDa and 17 KDa were detected. These fragments are subunits of activated
caspase 3 [28]. CAD has a molecular weight ~40 KDa. Two prominent bands at ~39 and 41
KDa were detected by the monoclonal anti-CAD antibody and might represent different
post-translational modifications. The final results presented in the bar graphs of figure 5
were the sum of the two fragments of caspase 3 and two protein bands for CAD.

Tau is a family of closely related proteins at 55 – 62 KDa [29]. At least three protein bands
in this molecular weight range were detected with antibodies that were developed to
specifically bind to tau or phosphorylated tau (Fig. 6). The quantification results described in
this report were the sum of all tau protein bands. There was no significant difference in the
total tau and tau phosphorylated at S199/202 or S396 in the cerebral cortex of the three
groups of animals at 29 days after isoflurane exposure (Fig. 6).
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Isoflurane exposure significantly increased the activated caspase 3 expression (mostly the 20
KDa fragment) in the hippocampus at 6 h after the exposure. This increase was attenuated
by lidocaine application. Statistical results for these comparisons were F(2, 3) = 8.658 and P
= 0.008. However, the activated caspase 3 expression in the cerebral cortex was not different
among the three groups of animals at this time point (Fig. 7).

All three groups of rats had similar neuronal density in the CA1 and CA3 regions at 29 days
after isoflurane exposure (Fig. 8). Protein abundance of NeuN (a neuronal protein), drebrin
(a dendritic spine protein) and synaptophysin (a synaptic protein) in the hippocampus of all
three groups of rats were similar (Fig. 9). The synaptic density in the hippocampal stratum
radiatum was not different among the three groups of animals (Fig. 10).

4. Discussion
POCD can occur after cardiac and non-cardiac surgeries. Multiple studies have shown that
aging is a risk factor for POCD [2,3,30,31]. To make things worse, elderly patients also have
higher chances of having surgery than younger patients [32]. Since most patients have
surgeries under general anesthesia, general anesthetics have been suspected to contribute to
the development of POCD. Up till now, there is no clear clinical evidence for this suspicion
because patients under general anesthesia for surgery appear to have a similar rate of POCD
to patients under regional/neuraxial blockade [33,34]. However, patients under regional/
neuraxial anesthesia often receive sedatives during surgery, which may reduce the
differences between general anesthesia and regional/neuraxial anesthesia. In recent years,
there is an increasing concern that general anesthesia/anesthetics may contribute to POCD
because laboratory research has shown that animals exposed to general anesthetics develop
learning and memory impairments and neuropathology [7,11,35], although volatile
anesthetics also have been reported to improve cognitive functions of young adult rodents
[7,9,10].

We used 18-month old rats in this study. Rats at this age may be considered as in their early
elderly stage or late phase of middle age. Exposure of these rats to 1.2% isoflurane for 2 h
resulted in a poorer performance on spatial reference memory tasks in Barnes maze test.
Consistent with our results, previous studies have shown that exposure of rats to general
anesthetics impairs their spatial memory [7,8,35]. Our study also showed that animal
exposed to isoflurane had less freezing behavior in the contextual fear conditioning test.
Since contextual fear conditioning is considered to be hippocampus-dependent [22], our
results suggest that isoflurane impairs hippocampus-dependent learning and memory in rats.
Interestingly, intravenous lidocaine attenuated isoflurane-induced learning and memory
impairments. This attenuation was very significant in the contextual fear conditioning results
and when the reference memory was tested at 1 day after the training sessions in the Barnes
maze test. The attenuation did not reach statistical significance when reference memory was
tested at 8 days after the training sessions in the Barnes maze. Lidocaine is a commonly used
local anesthetic. Intravenous lidocaine infusion has been used in clinical practice for many
years to reduce the required concentrations of general anesthetics during surgery [17]. The
novel lidocaine effect identified in this study can be readily applied to clinical practice if this
effect is confirmed in humans.

We designed our study to be clinically relevant. 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 is ~1.5% [36]. Concentrations between 0.5 to 1.3 MACs are
commonly used in the clinical practice. We started to test cognitive functions of the animals
at 2 weeks after isoflurane exposure. Many patients may have been discharged home by this
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time. Normal cognitive functions are very important for the daily activity of patients at
home.

The mechanisms for volatile anesthetic-induced cognitive impairment are not known. One
school of thought is that this cognitive impairment may be due to Aβ accumulation in the
brain and its subsequent neurotoxicity because these mechanisms have been hypothesized
for the development of AD [13]. A few lines of evidence support this possibility. Volatile
anesthetics at clinically relevant concentrations can induce Aβ oligomerization in vitro [12].
Volatile anesthetics increase Aβ formation in cell cultures [37]. A recent study showed that
exposure of mice (the age of the mice was not specified in the paper) to 1.4% isoflurane for
2 h increased the expression of Aβ in their brains (cerebral cortex) assessed at 24 h after
isoflurane exposure [11]. However, previous studies have not provided evidence to support
the connection between Aβ accumulation and cognitive impairment because no study has
measured cognitive impairments and Aβ production and accumulation in the brains of the
same wild-type animals to determine the correlation between them after anesthetic exposure.
Our study showed that isoflurane impaired the learning and memory functions but did not
affect the Aβ concentrations in the cerebral cortex. We measured Aβ concentrations at a
time when animals had significant cognitive impairments. Thus, our results do not indicate a
role of Aβ production and accumulation in isoflurane-induced cognitive impairments in the
elderly rats. Consistent with this suggestion, our results showed that the Aβ1-42 is in
picomolar levels in the brains of the Fisher 344 rats, which is similar to those measured in
nontransgenic mouse brains [38,39] and is much lower than the concentrations used in the in
vitro studies showing Aβ cytotoxicity (often in micromolar levels) [12,40].

Associated with the Aβ theory, it has been proposed that brain cell death after anesthetic
exposure may contribute to the brain functional changes [1]. Isoflurane has been shown to
increase activation of caspase 3, a key enzyme to induce apoptosis, in both cultured cells and
mouse brains [11,37]. This increased activated caspase 3 may increase Aβ expression, which
then causes further activation of caspase 3 [37]. This vicious cycle may ultimately result in
brain cell death. In our study, isoflurane exposure increased activated caspase 3 expression
in the hippocampus at 6 h after the exposure and lidocaine attenuated this increase.
Interestingly, there was no difference in the activated caspase 3 expression in the cerebral
cortices of the three groups of rats. Similar to our situation, toxic effects of drugs
administrated systemically on specific brain regions and cell types have been reported
before [41]. Since the behavioral data of our study indicate that isoflurane impairs
hippocampus-dependent learning and memory and lidocaine attenuated this impairment, our
results suggest that the possible cell injury after isoflurane exposure may contribute to its
effects on learning and memory.

Accumulation of hyperphosphorylated tau that forms intracellular neurofibrillary tangles is a
pathological feature of AD brains [42]. A previous study showed that adult mice after
isoflurane anesthesia had increased phospho-tau in their brains. However, this increased
phospho-tau was found to be due to anesthesia-induced hypothermia, not due to direct
anesthetic effects [43]. Consistent with this finding, we showed here that the phospho-tau
was not increased after isoflurane or isoflurane plus lidocaine exposure.

Our current study showed that isoflurane did not change the neuronal density of CA1 and
CA3 regions and the expression of hippocampal NeuN, drebrin and synaptophysin assessed
at 29 days after isoflurane exposure. These negative results may not be due to the
insensitivity of these measurements because we have detected a significant reduction of
neuronal density in the hippocampi of young adult rats at 29 days after isoflurane exposure
[44]. NeuN is a protein specifically expressed in neurons. Drebrin is a dendritic spine
protein and synaptophysin is a synaptic protein. Consistent with these biochemical data,
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isoflurane exposure did not change the synaptic density in the hippocampus. These results
suggest that isoflurane does not cause a significant change in the hippocampal neuronal
structures. Our study also showed that isoflurane exposure did not increase cell injury at 29
days after isoflurane exposure because the expression of activated caspase 3 and CAD in
animals exposed to isoflurane was not different from that in control animals at this time
point. These results suggest that the possible acute cell injury detected at 6 h after isoflurane
exposure may not last for a long time and may not significantly change the hippocampal
neuronal structures.

In addition to being a local anesthetic, lidocaine has anti-inflammatory property [19]. Since
lidocaine attenuated isoflurane-induced cognitive impairment, it is possible that isoflurane
induces neuroinflammation that then leads to cognitive dysfunction. Consistent with this
idea, it is known that neuroinflammation can cause cognitive impairments [14]. A recent
study showed that tibial surgery under isoflurane anesthesia induced a rapid increase of
IL-1β in the brain and hippocampal inflammation within 3 days after the surgery in young
adult mice. These animals also had significant cognitive impairments assessed at 3 days
after the surgery and anesthesia [45]. However, isoflurane anesthesia alone did not increase
IL-1β level and cause inflammation in the hippocampus in the same study [45]. Our study
showed that isoflurane anesthesia did not change IL-1β and TNFα concentrations in the
hippocampus at a time point when animals had significant hippocampus-dependent learning
and memory impairments. Thus, neuroinflammation may not be a mechanism for isoflurane-
induced cognitive impairment detected in a delayed phase in our study.

Of note, significant cell death was not shown in the brains of 16-month old rats at 16 h after
isoflurane exposure [36,46]. Isoflurane did not affect the rats’ learning and memory
functions assessed at 4 months after the exposure in the same study. These findings seem to
be different from our results and findings of others [7,8,11,35]. The reasons for this
discrepancy are not known but may be due to the assessment of cell injury and cognitive
functions at different times.

Our study has limitations. First, since intravenous lidocaine reduces the required
concentrations of general anesthetics for maintaining anesthesia, animals in the isoflurane
group may have lighter general anesthesia than animals in the isoflurane plus lidocaine
group. This difference in the depth of general anesthesia may have contributed to the
different cognitive functions of these two groups of animals. However, evidence for the
influence of depth of general anesthesia in POCD is inconsistent. There is at least one study
showing that patients under lighter general anesthesia have somewhat worse cognitive
functions [47]. Opposite results are shown in another study [48]. There are more studies
showing that there is no clear relationship between the depths of general anesthesia and
POCD [49,50]. Since one of our goals for this study was to determine whether lidocaine
reduced isoflurane-induced cognitive impairment, the same concentration of isoflurane was
used for animals in the isoflurane or isoflurane plus lidocaine groups. Second, we did not
include a group of rats receiving lidocaine only. Intravenous infusion of lidocaine for 2 h in
animals will be difficult to perform unless the animals are anesthetized, physically restrained
or implanted with an infusion pump under anesthesia. This requirement will invalidate the
usefulness of this group of animals. The lack of lidocaine only group may affect the
interpretation of possible mechanisms for the observed lidocaine protection. However, there
is no evidence yet that lidocaine can improve cognitive functions of control animals in the
literature. Also, it is unlikely that attenuation of cell death or IL-1β and TNFα production
plays a role in the lidocaine-induced improvement of cognitive functions of 18-month old
rats after isoflurane anesthesia because there is no difference in the levels of IL-1β, TNFα
and cell death among the three groups of rats at a time when cognitive impairments are
present. These results also suggest that lidocaine does not affect the baseline level of
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cytokines and markers of cell injury, which indicates a non-critical need for having the
lidocaine alone group in our study. Also, identifying a method to reduce isoflurane-induced
cognitive impairment is one of the major goals for this study. Thus, we did not perform the
study on lidocaine alone group. Finally, we detected significant isoflurane-induced cognitive
impairment and lidocaine protection against this impairment. However, we did not found
any changes in the parameters measuring neuropathological or neurochemical status. There
were at least 4 animals per group in these studies. If there are three groups, each group has 4
animals and the difference in means among groups is 50% with an expected standard
deviation of 20%, the power to detect a significant difference (α level at 0.05) is 0.765.
Thus, one possible reason for no detectable changes in the neuropathological and
neurochemical parameters is that our study is underpowered because the effects size in these
parameters is smaller than 50%. However, our results on these parameters did not suggest a
trend for the changes that are consistent with the changes detected in the cognitive functions
among the three groups of rats. Nevertheless, our study may be underpowered to detect the
lidocaine protection in the long-term memory experiment of Barnes maze.

In conclusion, we have shown that isoflurane at a clinically-relevant concentration can
induce learning and memory impairment in old rats. This detrimental effect is attenuated by
lidocaine co-administrated during the isoflurane exposure. If these findings are confirmed in
humans, lidocaine could become a useful drug to reduce cognitive impairment in patients
after anesthesia and surgery.
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Research highlight

• The volatile anesthetic isoflurane impairs cognitive function of 18-month old
rats.

• Lidocaine, a local anesthetic, attenuates the above isoflurane effects

• Isoflurane may not cause significant long-term neuropathological changes
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Fig. 1. Performance on Barnes maze in the training sessions
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. They were subjected to Barnes maze training
sessions 2 weeks later. Results are mean ± S.D. (n = 6). * P < 0.05 compared with the
corresponding data in the first trial on day 1.
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Fig. 2. Performance on Barnes maze in the reference memory sessions
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. They were subjected to Barnes maze for testing
reference memory 19 days (short-term memory, panels A and B) and 26 days (long-term
memory, panels C and D) later. Results are mean ± S.D. (n = 6). * P < 0.05 compared with
the control group. ^ P < 0.05 compared with isoflurane alone group.
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Fig. 3. Performance on fear conditioning test
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. They were subjected to fear conditioning test
for measuring contextual (panel A) and tone-related (panel B) fear conditioning. Results are
mean ± S.D. (n = 5 - 6). * P < 0.05 compared with the control group. ^ P < 0.05 compared
with isoflurane alone group.
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Fig. 4. Expression of β amyloid peptide (Aβ), interleukin (IL) 1β and tumor necrosis factor
(TNF)-α in rat brains
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. Aβ in the parietal cerebral cortex (panel A) and
IL-1β (panel B) and TNFα (panel C) in the hippocampus were measured 29 days after the
isoflurane exposure. Results are mean ± S.D. (n = 4 - 5).

Lin et al. Page 18

Behav Brain Res. Author manuscript; available in PMC 2013 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Expression of caspase-activated DNase (CAD) and activated caspase 3 in rat brains
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. The hippocampus was harvested at 29 days
after the isoflurane exposure for Western analysis. A representative Western blot is shown in
panel A and the graphic presentation of the CAD and activated caspase 3 protein abundance
quantified by integrating the volume of autoradiograms from 4 to 5 animals is shown in
panel B. Values in graphs are expressed as fold changes over the mean values of control
animals and are presented as the means ± S.D.
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Fig. 6. Expression of phosphorylated tau and total tau in rat cerebral cortex
A representative Western blot is shown in panel A and the graphic presentation of protein
abundance quantified by integrating the volume of autoradiograms from 4 rats for each
experimental condition is shown in panel B. In panel B, the results of phosphorylated tau
and total tau were normalized by the corresponding actin data and then expressed as fold
change over the mean value of the control rats. Results are means ± S.D.
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Fig. 7. Effects of isoflurane on the expression of activated caspase 3 in rat brains
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. The hippocampus was harvested at 6 h after the
isoflurane exposure for Western analysis. A representative Western blot is shown in panel A
and the graphic presentation of the activated caspase 3 protein abundance quantified by
integrating the volume of autoradiograms from 4 animals is shown in panel B. Values in
graphs are expressed as fold changes over the mean values of control animals and are
presented as the means ± S.D. * P < 0.05 compared with the control group. ^ P < 0.05
compared with isoflurane alone group.
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Fig. 8. Neuronal density in the hippocampus
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. The hippocampus was harvested at 29 days
after the isoflurane exposure for Nissl staining to determine neuronal density in the CA1
(panel A) and CA3 (panel B) regions. Results are mean ± S.D. (n = 6).
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Fig. 9. Expression of NeuN, drebrin and synaptophysin in rat brains
Eighteen-month-old Fisher 344 rats were exposed to or not exposed to 1.2% isoflurane in
the presence or absence of lidocaine for 2 h. The hippocampus was harvested at 29 days
after the isoflurane exposure for Western analysis. A representative Western blot is shown in
panel A and the graphic presentation of the NeuN, drebrin and synaptophysin protein
abundance quantified by integrating the volume of autoradiograms from 4 to 5 animals is
shown in panel B. Values in graphs are expressed as fold changes over the mean values of
control animals and are presented as the means ± S.D.
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Fig. 10. Synaptic density in the hippocampus
Electron microscopic images of the stratum radiatum from 18-month-old Fisher 344 rats that
were control (A) and 29 days after isoflurane exposure (B) or isoflurane plus lidocaine
exposure (C). An arrow is placed in panel A to indicate a typical synapse. Other synapses
are not marked. Panel D is the quantitative results in means ± S.D. (n = 4 - 6).
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