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Critical role of inflammatory cytokines in
impairing biochemical processes for learning and
memory after surgery in rats
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Abstract

Background: Patients with postoperative cognitive dysfunction have poor outcomes. Neuroinflammation may be
the underlying pathophysiology for this dysfunction. We determined whether proinflammatory cytokines affect the
trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors to the plasma membrane, a
fundamental biochemical process for learning and memory.

Methods: Four-month-old male Fischer 344 rats were subjected to right carotid exposure under isoflurane
anesthesia. Some rats received intravenous lidocaine infusion during anesthesia. Rats were tested two weeks later
by Barnes maze. The hippocampus was harvested six hours after the surgery for western blotting of interleukin
(IL)-1β or IL-6. Hippocampal slices were prepared from control rats or rats subjected to surgery two weeks
previously. They were incubated with tetraethylammonium, an agent that can induce long term potentiation, for
determining the trafficking of GluR1, an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunit.

Results: Surgery or anesthesia increased the time to identify the target box during the Barnes maze test training
sessions and one day after the training sessions. Surgery also prolonged the time to identify the target box eight
days after the training sessions. Surgery increased IL-1β and IL-6 in the hippocampus. The tetraethylammonium–
induced GluR1 phosphorylation and trafficking were abolished in the hippocampal slices of rats after surgery. These
surgical effects were partly inhibited by lidocaine. The incubation of control hippocampal slices with IL-1β and IL-6
abolished tetraethylammonium–induced GluR1 trafficking and phosphorylation. Lidocaine minimally affected the
effects of IL-1β on GluR1 trafficking.

Conclusions: Our results suggest that surgery increases proinflammatory cytokines that then inhibit GluR1
trafficking, leading to learning and memory impairment.
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Introduction
Millions of Americans receive surgery each year. Postop-
erative cognitive dysfunction (POCD) has now been rec-
ognized to be a significant clinical syndrome because it
not only affects the ability of independent living for pa-
tients but also increases their morbidity, mortality, and
cost of care [1,2]. Thus POCD has a significant impact
on patients, their families, and society. Also, POCD can
affect patients after cardiac and non-cardiac surgeries,
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including minor surgeries [2-4]. Advanced age is a sig-
nificant risk factor for POCD and about 40% or 12% eld-
erly patients (>60 years old) are affected by POCD at
hospital discharge or three months post-surgery respect-
ively, after non-cardiac surgeries [2-4]. Thus, it is urgently
needed to identify the mechanisms and interventions for
preventing or reducing the occurrence of POCD.
It has been shown that neuroinflammation may be the

underlying pathophysiology for cognitive dysfunction
after general anesthesia or surgery in rodents [5-8]. The
role of interleukin (IL)-1β (a proinflammatory cytokine)
in this dysfunction has been implicated [5-8]. It has been
shown that proinflammatory cytokines can inhibit long
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term potentiation (an electrophysiological form of learning
and memory) and the expression of brain-derived neuro-
trophic factor (a growth factor contributing to the regula-
tion of learning and memory) in the hippocampus [9-11].
A basic biochemical process for learning and memory

is the trafficking of α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptors (AMPARs) to the plasma
membrane in the neurons. This trafficking increases syn-
aptic strength [12-15]. A major mechanism to facilitate
this trafficking is via phosphorylation [13,14,16]. For
example, phosphorylation of serine 845 in GluR1, an
AMPAR subunit, by protein kinase A (PKA), is a well-
recognized mechanism for facilitating GluR1 trafficking
to the plasma membrane [13].
Based on the above information, we hypothesize that

surgery induces proinflammatory cytokine production,
which then affects AMPAR trafficking to lead to impair-
ment of learning and memory. To test this hypothesis,
we subjected rats to carotid artery exposure, a necessary
procedure for carotid endarterectomy in human. We
used tetraethylammonium (TEA), which can induce long
term potentiation [17,18], to cause GluR1 trafficking in
the hippocampal slices. In addition, we tested the effects
of lidocaine, a local anesthetic with anti-inflammatory
properties [19], on the cognition and cytokine produc-
tion after the surgery because lidocaine is effective in
attenuating the cognitive dysfunction and cytokine pro-
duction after isoflurane anesthesia [6,19].

Methods and materials
The animal protocol was approved by the institutional
Animal Care and Use Committee of the University of
Virginia (Charlottesville, Virginia, United States; Proto-
col number 3114). 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 2011.

Animal groups
Four-month-old male Fischer 344 rats weighing between
290 and 330 g and obtained from the National Institutes
of Health (Bethesda, Maryland, United States) were di-
vided into four groups: control, isoflurane anesthesia,
surgery, and surgery plus lidocaine. Rats in the isoflur-
ane anesthesia group was anesthetized by 2% isoflurane
for two hours. Rats in the surgery group received right
common carotid artery exposure under isoflurane
anesthesia (2% isoflurane for two hours). Rats in the sur-
gery plus lidocaine group received the surgery and intra-
venous lidocaine (1.5 mg/kg as a bolus and then 2 mg/
kg/h during the two-hour isoflurane 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 two hours.
Surgical procedure and isoflurane anesthesia
As we described previously [20,21], anesthesia was in-
duced by placing rats in a chamber gassed with 3%
isoflurane in oxygen. They then were intubated with a
14-gauge catheter and mechanically ventilated with iso-
flurane carried by 100% O2 to maintain end-tidal isoflur-
ane concentration at 2.0%. The inhaled and exhaled gas
concentrations were monitored continuously with a
Datex™ infrared analyzer (Capnomac, Helsinki, Finland).
The usual ventilator settings were as follows: 2 ml as the
tidal volume and respiratory rate at 60 breaths/minute.
The settings were adjusted to maintain the end-tidal
CO2 at approximately 32 mm Hg. Rectal temperature
was maintained at 37°C ± 0.5°C. Heart rate and SpO2

were measured continuously during anesthesia with a
MouseOx™ Pulse Oximeter (Harvard Apparatus, Holliston,
Massachusetts, United States). At 30 minutes after the on-
set of isoflurane anesthesia, a 2-cm middle incision was
made in the anterior neck after skin preparation and
sterilization and subcutaneous tissue infiltration with
0.2 ml of 0.25% bupivacaine. The subcutaneous tissues
were dissected bluntly to expose the right common ca-
rotid artery. About 1-cm of carotid artery was carefully
dissected free from the surrounding tissues. Particular at-
tention was taken to avoid damage to the vagus nerve.
The wound was closed with surgical sutures. The whole
procedure was performed under aseptic surgical condi-
tions and lasted for 15 minutes. The animals were kept
under isoflurane anesthesia for a total two-hour anesthesia.
Isoflurane application was then stopped. Rats were extu-
bated and recovered for 20 minutes in a chamber gassed
with 100% O2 and at 37°C, and were then placed back into
their home cage. We anesthetized the rats for 30 minutes
before the surgery was started because this length of delay
is commonly seen clinically. In addition, surgery and/or
anesthesia often lasts two hours or longer in patients.
Our previous studies on anesthetic effects on learning
and memory involved anesthetizing rats for two hours
[19,20], thus we chose anesthesia for two hours for easy
comparison.

Lidocaine application
Lidocaine was infused via a tail vein. As we had done
previously [19], lidocaine was dissolved in normal saline
to form a solution of 1 mg/ml and given intravenously
at 1.5 mg/kg as a bolus and then 2 mg/kg/h during the
two-hour isoflurane exposure. The rats in the surgery
group received the same volume of saline.

Barnes maze
Two weeks after surgery, the rats were subjected to a
Barnes maze in the same method as we had done previ-
ously [19], in order to test their spatial learning and
memory. A Barnes maze is a circular platform that has
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20 equally spaced holes (SD Instruments, San Diego,
California, United States). One hole is connected to a
dark chamber that was named the target box. Animals
were placed in the middle of the platform each time and
were encouraged to quickly find the target box by aver-
sive noise (85 dB) and bright light (200 W) shed on the
platform. They first were subjected to a spatial acquisi-
tion phase that included training sessions on four days
with two trials per day, lasting three minutes per trial
and with fifteen minutes between each trial. The spatial
reference memory of the rats was tested on days 5 and
12. They were subjected to one trial on each of these
two days. The rats were not tested from day 5 to 12.
The latency to find the target box during each trial
was recorded with the assistance of ANY-Maze video
tracking system (SD Instruments, San Diego, California,
United States).

Brain tissue harvest
At six hours after surgery, rats were deeply anesthetized
with isoflurane and perfused transcardially with saline.
The hippocampi were dissected out immediately for the
western blotting of IL-1β and IL-6.

Western blotting
Brain tissues were homogenized in radioimmunoprecipi-
tation assay buffer (catalogue number: 89900; Thermo
Scientific, Worcester, Massachusetts, United States) con-
taining 25 mM Tris–HCl (pH 7.6), 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, and 0.1% sodium dode-
cyl sulfate as well as protease inhibitor cocktail (cata-
logue number: P2714; Sigma, St Louis, Missouri, United
States) and protease inhibitor mixture (catalogue num-
ber: 1697498; Roche Applied Science, Indianapolis,
Indiana, United States). Homogenates were centrifuged
at 13,000 g at 4°C for 20 minutes. The supernatant was
saved and its protein concentration was determined
using the Bradford assay.
Proteins were separated on a polyacrylamide gel and

then blotted onto a polyvinylidene difluoride membrane.
The membranes were blocked with Protein-Free T20
Blocking Buffer (catalogue number: 37573; Thermo
Scientific, Waltham, Massachusetts, United States) and
incubated for 16 hours at 4°C with the following primary
antibodies: rabbit polyclonal anti-IL-6 antibody (1:500; cata-
logue number: ab6672; Abcam, Cambridge, Massachusetts,
United States), rabbit polyclonal anti-IL-1β antibody
(1:1000; catalogue number: ab15077; Abcam, Cambridge,
Massachusetts, United States), rabbit polyclonal anti-
glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
antibody (1:5000; catalogue number: A2228; Sigma, St
Louis, Missouri, United States), goat polyclonal anti-
GluR1 antibody (1:1000; catalogue number: sc-7609;
Santa Cruz, Santa Cruz, California, United States), goat
polyclonal anti-phospho-GluR1- (ser845) antibody (1:500;
catalogue number: sc-16314; Santa Cruz, Santa Cruz,
California, United States), and rabbit monoclonal anti-
phospho-PKA C- (thr197) antibody (1:1000; catalogue
number: 5661; Cell Signaling, Danvers, Massachusetts,
United States). Appropriate secondary antibodies (1:5000)
were used. Protein bands were visualized using a Genomic
and Proteomic Gel Documentation (Gel Doc) Systems
from Syngene (Frederick, Maryland, United States). The
target protein band intensities were normalized by the
corresponding band intensities of GAPDH from the same
samples to reduce loading errors. The results from ani-
mals under various experimental conditions then were
normalized by the values of the corresponding control an-
imals on the same blot.

Preparation of hippocampal slices
Two weeks after surgery, rats were anesthetized with
isoflurane and then decapitated. Similar to our reported
method [22], brains were removed rapidly and placed in
ice-cold artificial cerebrospinal fluid (aCSF) bubbled
with 5% CO2 and 95% O2. The aCSF (pH 7.4) contained
116 mM NaCl, 26.2 mM NaHCO3, 5.4 mM KCl,
1.8 mM CaCl2, 0.9 mM MgCl2, 0.9 mM NaH2PO4, and
5.6 mM glucose. Hippocampal slices at 300 μm thick-
ness were prepared using a vibrating tissue slicer in an
ice-cold cutting solution (pH 7.4) containing 260 mM
sucrose, 26.2 mM NaHCO3, 3 mM KCl, 1.2 mM
NaH2PO4, 5 mM MgCl2, and 9 mM glucose, and bub-
bled with 5% CO2 and 95% O2. These slices were main-
tained in aCSF at 4°C for 0.5 hours and then transferred
to oxygenated aCSF at 37°C for experiments.
In another experiment, hippocampal slices were pre-

pared from naive four-month old male Fischer 344 rats
without surgery or anesthesia. These slices were incu-
bated with IL-1β or IL-6 before TEA stimulation.

TEA stimulation
Hippocampal slices were incubated for 10 minutes with
or without 25 mM TEA at 37°C. This condition is
known to induce GluR1 trafficking [17,23].

IL-1β and IL-6 treatment
Rat recombinant IL-1β (catalogue number: 501-RL/CF)
and IL-6 (catalogue number: 506-RL/CF) were obtained
from R&D Systems, Minneapolis, Minnesota, United
States. Hippocampal slices from naive rats were incu-
bated for one hour with or without 3 ng/ml IL-1β, 3 ng/
ml IL-6, 10 μM (2.34 μg/ml) lidocaine, or 10 μM lido-
caine plus 3 ng/ml IL-1β in aCSF before TEA stimula-
tion. Those treatment concentrations of cytokines were
based on previous studies [24,25]. The lidocaine concen-
tration was chosen because this concentration provided
neuroprotection against oxygen-glucose deprivation in
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hippocampal slices and lipopolysaccharide-induced brain
cell injury [26,27].

Biotinylation of cell surface GluR1 and total cellular
protein preparation
Cell surface protein biotinylation was performed essen-
tially as we and others had previously [28-30]. Briefly,
hippocampal slices were incubated in aCSF containing
1 mg/ml sulfo-NHS-SS-biotin (sulfosuccinimidyl-2(bioti-
namido) ethyl-1,3-dithiopropionate; Thermo Scientific,
Rockford, Illinois, United States) with gentle shaking
during the exposure to TEA or incubation buffer. After
incubation, the unreacted reagent was removed by
quenching with ice-cold aCSF containing 100 mM gly-
cine twice, for 10 minutes each time. The slices were
sonicated and re-suspended in a phosphate buffered sa-
line containing 0.1% (wt/vol) sodium deoxycholate, 1%
(vol/vol) Triton X-100, protease inhibitors and phos-
phatase inhibitors (phosSTOP Phosphatase Inhibitor
Cocktail Tablets; Roche, Nutley, New Jersey, United
States). Total lysates were centrifuged at 13,000 g for 10
minutes at 4°C to remove nuclei and debris. An aliquot
of the lysate (100 μl) was kept aside for western blotting
of phospho-PKA, phospho-GluR1, and total GluR1. The
remaining sample was incubated overnight with immo-
bilized NeutrAvidin beads (Thermo Scientific, Rockford,
Illinois, United States) (300 μl of bead suspension to
150 μl of lysates) in a Pierce centrifuge column (catalog
number: 89868, Thermo Scientific, Rockford, Illinois,
United States) overnight at 4°C with rotation. The mix-
ture was centrifuged at 1000 g for 3 minutes at 4°C. The
beads were then washed three times in phosphate buff-
ered saline containing 1% (vol/vol; Sigma) NP40 and
centrifuged at 1000 g for 3 minutes. The bead pellet
containing the biotinylated proteins was re-suspended in
200 μl of 2 × Laemmli buffer containing 50 mM dithio-
threitol for 30 minutes at 4°C to elute the biotinylated
proteins. The biotinylated proteins then were collected
in the supernatant after a centrifugation of 1000 g for 5
minutes. The biotinylated proteins were then subjected
to western blotting.

Statistical analysis
Results are presented as means ± SD (n ≥6). The data
from the training sessions of the Barnes maze test within
the same group were tested by one-way repeated mea-
sures analysis of variance followed by the Tukey test.
The data from the training sessions of the Barnes maze
test between groups were tested by two-way repeated
measures analysis of variance followed by the Tukey test.
All other data were analyzed by one-way analysis of vari-
ance followed by the Tukey test if the data were nor-
mally distributed, one-way analysis of variance on ranks
followed by the Tukey test if the data were not normally
distributed, paired Student’s t test, or Wilcoxon signed-
rank Sum test as appropriate. A P ≤0.05 was accepted as
significant. All statistical analyses were performed with
the SigmaStat (Systat Software, Inc., Point Richmond,
California, United States).

Results
No animal died during the surgery or the intended ob-
servation period following the surgery. Data for all ani-
mals were included for analysis and reported here.

Surgery impaired learning and memory as well as
increased proinflammatory cytokines in the hippocampus
The time to find the target box during the four-day
training sessions of the Barnes maze test in the control
rats decreased with the increase in the number of train-
ing sessions. Also, the rats that received surgery plus
lidocaine infusion needed a significantly shorter time on
day four than that on day one in order to identify the
target box. However, this decrease in time with increased
training was not apparent in rats after surgery only or
anesthesia only. Consistent with this finding, two-way
repeated measures analysis of variance showed that sur-
gery or anesthesia had a major effect on the time needed
to identify the target box (F (1.29) = 9.53, P = 0.004 for
surgery; F (1.28) = 11.054, P = 0.002 for anesthesia).
However, lidocaine was not a significant factor in de-
creasing the time needed to identify the target box for
rats after surgery (F (1.25) = 0.909, P = 0.349). When the
rats were tested one and eight days after the training
sessions, rats in the surgery group took a longer time
than control rats to identify the target box (F (3,53) =
5.760, P = 0.002 for the data at one day after the training
sessions; F (3,53) = 2.963, P = 0.040 for the data at eight
days after the training sessions). However, the time for rats
in the surgery plus lidocaine group was not significantly
different from the control rats or rats after surgery only
(Figure 1). Rats in the anesthesia only group took longer
than control rats to identify the target box at one day after
the training sessions. However, this prolongation for the
rats subjected to anesthesia only was not apparent at eight
days after the training sessions (Figure 1).
The IL-1β level in the hippocampus of rats after sur-

gery or surgery plus lidocaine was significantly higher
than that in the control rats (F (2.15) = 5.014, P = 0.022).
Similarly, surgery also increased the IL-6 level in the
hippocampus (F (2.15) = 3.800, P = 0.046). The IL-6 level
in the hippocampus of rats after surgery plus lidocaine
was not different from that of control rats and rats after
surgery only (Figure 2).

Surgery impaired GluR1 trafficking
TEA incubation significantly increased GluR1 trafficking
to the plasma membrane of the hippocampus from



Figure 1 Performance in the Barnes maze. Four-month-old Fischer
344 rats were subjected to right carotid artery exposure under isoflurane
anesthesia with or without intravenous lidocaine. A: Barnes maze
training sessions started two weeks after the surgery and lasted four
days. Results are means ± SD (n = 12-16). *P <0.05 compared with the
corresponding data on day one. B: reference memory tested at one day
after the training sessions. C: reference memory tested at eight days
after the training sessions. Results are mean ± SD (n = 12-16). *P <0.05
compared with the control group. s, seconds.

Figure 2 Surgery-induced IL-1β and IL-6 expression. Four-month-
old Fischer 344 rats were subjected to right carotid artery exposure
under isoflurane anesthesia with or without intravenous lidocaine.
Hippocampus was harvested at six hours after surgery. A: representative
western blot images, B: graphic presentation of IL-1β results, C: graphic
presentation IL-6 results. Values in the graphic presentations are
expressed as fold changes over the values of control rats and are
presented as means ± SD (n = 6). *P <0.05 compared with the control
group. GAPDH: glyceraldehydes 3-phosphate dehydrogenase.
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control rats (t (8) = -3.693, P = 0.006). Associated with
this increased trafficking was the increased phospho-
GluR1 at ser845 (t (7) = -10.435, P <0.001), a PKA phos-
phorylation site [13], but did not affect the total amount
of GluR1. Consistently, TEA also increased phosphory-
lated or activated PKA (t (7) = -4.196, P = 0.004). A simi-
lar pattern of changes occurred in the hippocampus



Tan et al. Journal of Neuroinflammation 2014, 11:93 Page 6 of 10
http://www.jneuroinflammation.com/content/11/1/93
harvested two weeks after the surgery from rats in the
surgery plus lidocaine group. However, TEA did not in-
duce GluR1 trafficking and phosphorylation as well as
PKA phosphorylation in the hippocampal slices har-
vested at two weeks after surgery from rats in the sur-
gery group (Figure 3).

Proinflammatory cytokines impaired GluR1 trafficking
Similar to the above findings, TEA significantly in-
creased GluR1 trafficking to the plasma membrane and
phospho-GluR1 but did not affect the total GluR1 in the
control hippocampal slices. Incubation of the hippocam-
pal slices with IL-1β or IL-6 abolished these TEA effects
Figure 3 Inhibition of TEA-induced GluR1 trafficking by surgery. Four-
exposure under isoflurane anesthesia with or without intravenous lidocaine
prepared 300 μm coronal hippocampal slices were incubated with 25 mM
reagent, for 10 minutes at 37°C. The homogenates of the hippocampal slic
and total GluR1 and the biotinylated fraction was used for western blotting
GluR1, and D: phospho-PKA. Representative western blot images are presen
is shown in the bottom of each panel. Results are means ± SD (n = 8-11). *P <
3-phosphate dehydrogenase; P-GluR1, phospho-GluR1, PKA, protein kinase A; P-
T-GluR1: total GluR1.
(Figure 4). TEA also increased GluR1 trafficking to the
plasma membrane (t (5) = −2.576, P = 0.050) and the
amount of phospho-GluR1 (t (5) = −3.525, P = 0.017),
but did not affect the total amount of GluR1 in the hip-
pocampal slices incubated with lidocaine. However, hip-
pocampal slices incubated with lidocaine plus IL-1β did
not respond to TEA with an increase in GluR1 traffick-
ing and phosphorylation (Figure 5).

Discussion
Our results clearly showed that surgery under isoflurane
anesthesia induced spatial learning and memory impair-
ment because rats after surgery took a longer time to
month-old Fischer 344 rats were subjected to right carotid artery
. Hippocampus was harvested two weeks after surgery. Freshly
TEA in the presence of 1 mg/ml sulfo-NHS-SS-biotin, a biotinylation
es were used for western blotting of phospho-GluR1, phospho-PKA,
of GluR1. A: biotinylated GluR1, B: phospho-GluR1 at ser845, C: total
ted on the top of each panel and a graphic presentation of the results
0.05 compared with the corresponding control. GAPDH, glyceraldehydes
PKA, phospho-PKA; S-GluR1, cell surface GluR1; TEA, tetraethylammonium;



Figure 4 Inhibition of TEA-induced GluR1 trafficking by IL-1β
and IL-6. The hippocampus was harvested from four-month-old
control Fischer 344 rats. Freshly prepared 300 μm coronal hippocampal
slices were incubated with or without 3 ng/ml IL-1β or IL-6 for one
hour at 37°C and then with 25 mM TEA in the presence of 1 mg/ml
sulfo-NHS-SS-biotin, a biotinylation reagent, for 10 minutes at 37°C. The
homogenates of the hippocampal slices were used for western
blotting of phospho-GluR1 and total GluR1 and the biotinylated
fraction was used for western blotting of GluR1. A: representative
western blot images, B: biotinylated GluR1, C: phospho-GluR1 at
ser845, and D: total GluR1. Results are means ± SD (n = 6). *P <0.05
compared with corresponding control. GAPDH, glyceraldehydes 3-
phosphate dehydrogenase; P-GluR1, phospho-GluR1; S-GluR1, cell
surface GluR1; TEA, tetraethylammonium; T-GluR1, total GluR1.
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identify the target box of the Barnes maze in the training
sessions and the following memory test sessions. We
previously showed that intravenous lidocaine infusion
significantly attenuated the learning and memory impair-
ment and IL-1β production in the hippocampus of rats
after isoflurane anesthesia only [6,19]. However, lido-
caine infusion only partly reduced the surgery-induced
learning and memory impairment as well as proinflam-
matory cytokine production in the hippocampus. These
findings suggest that the lidocaine regimen that is effect-
ive in inhibiting isoflurane effects fails to fully block
surgery-induced effects. Part of the reason for this
phenomenon may be that surgery under isoflurane
anesthesia is a stronger stimulus than isoflurane anes-
thesia in inducing cognitive impairment and cytokine
production. In supporting this possibility, rats after sur-
gery but not rats after anesthesia only took a longer time
than control rats to identify the target box at eight days
after the training sessions in the Barnes maze test. In
addition, the increase of IL-1β in the hippocampus of
rats was about 30% after isoflurane anesthesia alone [6]
and about 120% after surgery in this study.
Neuroinflammation has been proposed to be the

underlying pathophysiology for learning and memory
impairment after surgery or anesthesia [5-8]. A recent
study showed that enhancing the resolution of inflam-
mation attenuated surgery-induced impairment of learn-
ing, memory, and long term potentiation [31]. The role
of IL-1β and IL-6 in surgery-induced learning and mem-
ory impairment has been indicated [5,6,32]. We have
consistently showed that surgery increases IL-1β and IL-
6 levels in the hippocampus. Proinflammatory cytokines,
such as IL-1β, have been shown to attenuate long term
potentiation in the hippocampus [9,10]. It is now well-
documented that a fundamental biochemical process for
learning and memory is the trafficking of AMPAR to the
plasma membrane [12-15]. Thus, affecting AMPAR traf-
ficking may be a possible mechanism for the proinflam-
matory cytokines to impair learning and memory.
Consistent with this possibility, TEA-induced GluR1



Figure 5 No effects of lidocaine on IL-1β-induced inhibition of
TEA-activated GluR1 trafficking. The hippocampus was harvested
from four-month-old control Fischer 344 rats. Freshly prepared
300 μm coronal hippocampal slices were incubated with or without
10 μM lidocaine, or 10 μM lidocaine plus 3 ng/ml IL-1β for one hour
at 37°C and then with 25 mM TEA in the presence of 1 mg/ml sulfo-
NHS-SS-biotin, a biotinylation reagent, for 10 minutes at 37°C. The
homogenates of the hippocampal slices were used for western
blotting of phospho-GluR1 and total GluR1 and the biotinylated
fraction was used for western blotting of GluR1. A: representative
Western blot images, B: biotinylated GluR1, C: phospho-GluR1 at
ser845, and D: total GluR1. Results are means ± SD (n = 6). *P <0.05
compared with the corresponding control. GAPDH: glyceraldehydes
3-phosphate dehydrogenase, P-GluR1: phospho-GluR1, S-GluR1: cell
surface GluR1, TEA, tetraethylammonium; T-GluR1: total GluR1.
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trafficking was abolished in the hippocampal slices pre-
pared from rats two weeks after the surgery. In addition,
incubation of control hippocampal slices with IL-1β and
IL-6 attenuated TEA-induced GluR1 trafficking. This re-
duced GluR1 trafficking may be due to decreased GluR1
phosphorylation by PKA as surgery also inhibited TEA-
induced PKA phosphorylation or activation and GluR1
phosphorylation at ser845, a PKA phosphorylation site
[13]. Also, IL-1β and IL-6 inhibited TEA-induced GluR1
phosphorylation at ser845. Thus, our results provide ini-
tial evidence on impaired GluR1 trafficking as a mechan-
ism for neuroinflammation and/or proinflammatory
cytokines to affect learning and memory functions.
GluR trafficking is a dynamic process. The peak in-

crease of GluR1 trafficking occurs in the hippocampus
at around 30 minutes after a fear conditioning stimulus
and this increase disappears at two hours after the stimu-
lus [14,33]. Consistent with this known phenomenon, the
baseline levels of GluR1 trafficking in the hippocampus
were similar among control rats and rats subjected to sur-
gery. TEA induced GluR1 trafficking in the control rat
hippocampus but not in the hippocampus of rats after
surgery.
Our study showed that lidocaine did not affect TEA-

induced GluR1 trafficking and phosphorylation and also
failed to attenuate IL-1β-induced inhibition of GluR1
trafficking and phosphorylation caused by TEA. These
results suggest that lidocaine does not affect inflamma-
tory cytokines-induced inhibition of GluR1 trafficking.
The effects of lidocaine on surgery-induced impairment
of GluR1 trafficking and phosphorylation may be due to
its influence in the upstream events, such as inhibition
of neuroinflammation. Consistent with this possibility,
surgery-induced IL-6 in the hippocampus was attenu-
ated by lidocaine. We have shown that lidocaine can
inhibit proinflammatory cytokine production from mi-
croglial cells stimulated by lipopolysaccharide [27]. Lido-
caine can down-regulate nuclear factor-κB signaling to
inhibit cytokine production [34]. Thus, the improvement
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of lidocaine on surgery-induced impairment of learning,
memory, and GluR1 trafficking may be due to its anti-
inflammatory effects.
Various other mechanisms may play a role in the pro-

inflammatory cytokine-induced impairment of learning
and memory. For example, incubation of rat hippocam-
pal neuronal cultures with IL-1β for 24 hours causes
synapse loss [24]. IL-1β can also attenuate stimulation-
induced brain derived neurotrophic factor production
[35]. These structural and biochemical changes may then
affect learning and memory functions.
Various surgical procedures have been used in the lit-

erature for studying POCD. They include tibial fracture
and fixation, hepatic resection and spleen resection
[5,36,37]. These procedures are invasive and provide
strong surgical stimulation. However, they may signifi-
cantly affect animals’ immunological functions (such as
spleen resection) or motor functions (such as tibial frac-
ture and fixation), which can then affect the evaluation
of the animals’ learning and memory assessed by para-
digms heavily relaying on motor functions (such as the
Morris water maze) during the acute phase after surgery.
We performed carotid artery exposure on rats. This pro-
cedure is a simple and relatively minor surgery. We per-
formed learning and memory tests two weeks after the
surgery to avoid any possible influence of surgical pain
on the tests of learning and memory. Our results showed
that this surgical stimulation induced learning and mem-
ory impairment, suggesting the suitability of this surgical
model for POCD research.
Consistent with our previous studies [19,20], isoflurane

anesthesia for two hours induced learning and memory
impairment. However, surgery may be a stronger stimu-
lus for this effect as rats subjected to surgery needed a
longer time than control rats to identify the target box
at eight days after the training sessions, while rats ex-
posed to isoflurane anesthesia only did not have this ef-
fect. In addition, rats anesthetized by propofol for two
hours did not show learning and memory impairment,
but rats subjected to carotid artery exposure under
propofol-based anesthesia had significant learning and
memory impairment in our recent study [38].
Our study has limitations. We focused on determining

the biochemical mechanisms for POCD. We used one
lidocaine regimen in this study. The failure of this regi-
men to fully block the surgical effects may be due to an
ineffective dosage or the duration of the intravenous
lidocaine. Higher lidocaine dosages or longer duration
(including during the postoperative period) of lidocaine
use may be tested in future studies to determine the use-
fulness of intravenous lidocaine in reducing POCD.
In summary, we have shown that right carotid artery

exposure under isoflurane anesthesia induced learning
and memory impairment in adult male rats. This
impairment may be due to proinflammatory cytokine-
induced interruption of GluR1 trafficking to the plasma
membrane, a fundamental biochemical process for learn-
ing and memory.
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