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INTRODUCTION
Acute illness and hospitalization is

often accompanied by learning and
memory impairments, especially among
elderly patients, a steadily growing por-
tion of the surgical and intensive care
unit (ICU) populations (1). Postoperative
cognitive dysfunction (POCD) associates

with higher morbidity and mortality
(even when propensity matched for co-
morbidities), including increase in func-
tional disability and rates of admission to
long-term care institutions; the presence
of postoperative cognitive decline signifi-
cantly increases the costs to healthcare
(2). Although the mechanisms underly-

ing changes in acute mental function re-
main unclear, multiple risk factors, in
particular age, surgical procedures (in-
cluding cardiac and orthopedic in partic-
ular) and infections, have been linked to
the development of POCD (3,4). Neu-
roinflammation initiated by extra-central
nervous system (CNS) surgical trauma,
has been advanced as a key component
in the pathogenesis of surgery-induced
cognitive dysfunction; however, the
mechanisms whereby neuroinflamma-
tion impairs behavior in the periopera-
tive period remain unclear (5).

There is increasing evidence that the
CNS can regulate immune and inflam-
matory processes (6). Soluble mediators
from the periphery can exert multiple ef-
fects on the brain, contributing to “sick-
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ness behavior” and memory impair-
ments (7). Preclinical models suggest a
key role for the innate immune response,
including release of systemic cytokines
such as tumor necrosis factor α (TNF-α),
interleukin (IL)-1β and high mobility
group box 1 (HMGB-1) in contributing to
neuroinflammation and cognitive decline
(8–10). Direct neural pathways including
cholinergic signaling via the vagus nerve
and the α7 nicotinic acetylcholine recep-
tor (α7 nAChR) regulate the acute and
chronic inflammatory response (11). In
surgery-induced inflammation, we re-
ported that α7 nAChR signaling attenu-
ates postoperative cognitive decline by
modulating endothelia function at the
blood-brain barrier (BBB) and preventing
macrophage infiltration into the CNS
(12).

In the present study, we sought to ex-
plore the effect of lipopolysaccharide
(LPS), a surrogate for postoperative in-
fection, on surgery-induced neuroinflam-
mation and cognitive decline. Since post-
operative complications, in particular
infective and respiratory complications,
have been significantly associated with
prolonged postoperative cognitive de-
cline (3), we combined our surgical
model with endotoxemia to test the ef-
fects of a selective α7 nAChR agonist on
cognitive function and neuroinflamma-
tion in this two-hit model. Herein, we
demonstrate that postoperative LPS ex-
posure prolongs the inflammatory re-
sponse induced by the surgical proce-
dure and that activation of endogenous
inflammatory-resolving mechanisms 
via stimulation of the α7 nAChR signal-
ing pathway attenuates the cognitive
dysfunction.

MATERIALS AND METHODS

Animals and Surgery
Wild-type male C57BL/6J mice (12

wks old) were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA). All
animals were fed standard rodent chow
and water ad libitum, and housed (< five
mice/cage) in sawdust-lined cages in an
air-conditioned environment with 12 h

light–dark cycles. Seven days of acclima-
tization were allowed before starting any
experiment. All animals were monitored
on a daily basis for general body condi-
tions. Experiments were conducted
under the UK Home Office and IACUC,
University of California (San Francisco,
CA, USA) approved licenses.

Animals were anaesthetized with iso -
flurane at a minimum alveolar concen-
tration (MAC) of 1.5 ± 0.2 (correspond-
ing to an end-tidal concentration of 
2.1% isoflurane) at 30% FiO2 and com-
bined with buprenorphine (Buprenex, 
0.1 mg/kg subcutaneously [s.c.]). An
open tibial fracture was performed under
aseptic conditions as described previ-
ously (13). A middle incision was per-
formed on the left hind paw and a
0.38-mm pin was inserted into the in-
tramedullary canal, the periosteum
stripped and osteotomy performed.
Drugs were diluted in 0.9% saline prior
to use and injected as indicated. Mice
were then allowed to recover from sur-
gery and anesthesia and were subjected
to an intraperitoneal (IP) injection of ei-
ther vehicle (S-group) or LPS (S+LPS-
group) derived from Escherichia coli en-
dotoxin (0111:B4, 1 mg/kg) (InvivoGen,
San Diego, CA, USA) at 24 h postopera-
tively. The α7 nAChR agonist PHA 568487
(0.4 mg/kg) (12) (Tocris Bioscience, El-
lisville, MO, USA) (S+LPS+PHA-group)
was administered IP 2 h following LPS
administration when sickness became
noticeable in behavior.

Cytokine Measurement
Blood was sampled transcardially after

thoracotomy under terminal anesthesia
3 and 7 d in separate cohorts and cen-
trifuged at 2,000g for 7 min at 4°C. Blood
samples taken from animals without any
interventions served as controls. Plasma
samples were stored at –20°C for further
analysis. Plasma cytokines were mea-
sured by enzyme-linked immunosorbent
assay (ELISA) according to the manufac-
turer’s instruction (Biosource, Camarillo,
CA, USA). The sensitivities of the assays
were <7 pg/mL for IL-1β, and <3 pg/mL
for IL-6.

Immunohistochemistry (IHC)
Mice were deeply anesthetized with

isoflurane and perfused transcardially
with ice-cold heparinized 0.1mol/L phos-
phate buffer solution (PBS) followed by
4% paraformaldehyde (PFA) in 0.1 mol/L
PBS at pH 7.4 (VWR International, East
Grinstead, UK). The brains were har-
vested and postfixed in 4% PFA at 4°C
overnight and cryoprotected in 15% su-
crose for 24 h (VWR International) and
then 30% sucrose for a further 48 h. Brain
tissue was then embedded in OCT (VWR
International), coronal sections were cut
at 25 μm and mounted on Superfrost plus
slides (Menzel-Glaser, Braunschweig,
Germany). The sections were quenched
for 30 min with 0.3% hydrogen peroxide
in 70% methanol and blocked in 3% nor-
mal goat serum for 1 h, then incubated in
rat anti-CD11b (1:200, low endotoxin,
clone M1/70.15, Serotec, Oxford, UK)
overnight at 4°C. A goat anti-rat second-
ary antibody (1:200, Chemicon Interna-
tional, CA, USA) was applied for 1 h, the
staining was revealed by the ABC reagent
(standard Vectastain ABC Elite Kit, Vector
Labs, Cambridge, UK) and 3,3′-
 diaminobenzidine (DAB) (Vector Labs).
To label monocytes/macrophages, sec-
tions were incubated in a rabbit anti-
CD68 (1:250, Abcam, Cambridge, UK) for
24 h at 4°C followed by a goat anti-rabbit
Cy3 conjugated secondary antibody
(1:500, Chemicon International, Temecula,
CA, USA) for 1 h at room temperature in
dark. A negative control omitting the pri-
mary antibody was performed in all ex-
periments. Photomicrographs were ac-
quired with a digital microscope
(Axiocam, Carl Zeiss, Thornwood, NY,
USA) and immunoreactivity was calcu-
lated using a 0.4 mm2 frame in three
coronal hippocampal regions. Image
quantification was analyzed with ImageJ
software (NIH, Bethesda, MD, USA;
http://imagej.nih.gov/ij/) as described
previously (12).

Bone Marrow–Derived Macrophages
(BMDMs)

Briefly, bone marrow (BM) was iso-
lated from the tibia and femur of 10-wk-
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old mice. BM cells were cultured in
RPMI 1640 (Invitrogen [Thermo Fisher
Scientific Inc., Waltham, MA, USA]) sup-
plemented with 10% (vol/vol) heat-inac-
tivated fetal bovine serum (Invitrogen
[Thermo Fisher Scientific]), 1%
 penicillin-streptomycin (Invitrogen
[Thermo Fisher Scientific]), and
10 ng/mL murine M-CSF (eBioscience,
San Diego, CA, USA). On d 6, adherent
BMDMs were harvested from plates by
the addition of PBS containing
5 mmol/L ethylenediaminetetracetic
acid for experiments. BMDMs were
plated and cultured with 1% fetal bovine
serum in RPMI 1640 overnight in Nunc
plates. Cells were preincubated with
PHA 568487 (10 μg/mL) for 30 min fol-
lowed by mouse LPS (100 ng/mL) stim-
ulation for 2 h. The cells were then fixed
with 4% paraformaldehyde for 15 min at
room temperature, rinsed in PBS and in-
cubated with blocking buffer (PBS con-
taining 5% normal goat serum and 0.3%
Triton X-100) for 60 min. Cells were
stained with anti–phospho-NF-κB p65
(1:200) (Cell Signaling Technology, Dan-
vers, MA, USA) for 24 h at 4°C. Cells
were washed in PBS and incubated with
anti-rabbit Cy3-conjugated secondary
antibody (1:200) (Jackson ImmunoRe-
search, West Grove, PA, USA) for 1.5 h
at room temperature in the dark. After
washing with PBS, coverslips were
mounted using ProLong Gold antifade
reagent (Invitrogen [Thermo Fisher Sci-
entific]). Five representative images per
well were taken using an Axioplan II
epifluorescence microscope (Carl Zeiss)
with a dry Plan-Neofluar 40 0.75 NA ob-
jective and an AxiocamHRc CCD cam-
era. Images were acquired and analyzed
with AxioVision image analysis soft-
ware. Quantification was determined as
the proportion of total cells exhibiting
nuclear phospho-NF-κB p65. All experi-
ments were repeated three times.

Another batch of BMDMs were stimu-
lated with LPS for 24 h. Cells were then
incubated in DPBS for 10 min at 37°C
and pipetted gently multiple times to
obtain the cell suspension. Nicotinamide
adenine dinucleotide phosphate-

 mediated (NADPH-mediated) superoxide
generation was detected by  AutoLumat
LB953 Multi-Tube Luminometer (Berthold
Technologies, Bad Wildbad, Germany)
as described previously (14). NADPH
(100 μmol/L, Sigma-Aldrich) and luci-
genin (5 μmol/L, Sigma-Aldrich) were
added to the cell suspension, superoxide
level was determined by measuring 
lucigenin chemiluminescence every 3 s
for 3 min.

In Vitro Chondrogenic Differentiation
Model

The nontransformed mesenchymal rat
chondrogenic cell-line RCJ3.1C5.18

(C5.18) was obtained from Anna Spagnoli
(15). C5.18 cells were maintained in mini-
mal essential medium containing 15% FBS
with 10–7 mol/L dexamethasone (16). Cells
were seeded in maintenance medium,
and, once confluent, subsequently supple-
mented with 50 μg/mL ascorbic acid
(Sigma-Aldrich, St. Louis, MO, USA;
A5960) and 1 mmol/L β-glycerophosphate
(BGP) (Sigma-Aldrich, G9422) to stimu-
late chondrogenic differentiation, in the
presence of 10 μg/mL PHA 568487 or
PBS vehicle. Alcian blue staining and
quantification was performed as de-
scribed previously (17). Quantification of
colonies was performed using ImageJ
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Figure 1. Cholinergic stimulation improves cognitive outcome after surgery and LPS ad-
ministration. (A) Mice were operated on within 30 min after training. At 24 h the S+LPS-
group received 1 mg/kg LPS and a bolus injection of PHA 568487 or saline after 2 h. (B)
Contextual fear response, as measured by freezing behavior, is impaired in animals receiv-
ing surgery followed by LPS exposure as compared with naïve (saline injected) or surgery
groups. Administration of a selective α7 nAChR agonist (PHA) significantly improved the
cognitive abnormality. (C) Open field was performed after TFC to measure general loco-
motor activity for a duration of 5 min; no differences in general activity were observed
among groups. Data are expressed as mean ± SEM, n = 10. (*P < 0.05 versus C; **P < 0.01
versus C; #P < 0.05 versus S; &P < 0.05 versus LPS; ^^P < 0.01 versus S+LPS). C,control; S, sur-
gery; PHA, PHA 568487; TFC, trace fear conditioning; OF, open field.



software (NIH) by setting color and size
thresholds. For all treatment groups, n =
6 wells.

Contextual Fear Conditioning
Behavior was performed in a dedicated

fear-conditioning chamber (Med Associ-
ates Inc., St Albans, VT, USA). Mice are
trained to associate an environment (con-
text) with a conditional stimulus (tone)
and an unconditional stimulus (foot
shock). Training paradigm was per-

formed as described previously (8): tone
duration 20 s, level 75 dB; shock duration
2 s, and intensity 0.75 mAmp. Mice were
trained before surgery and all mice re-
ceived the same handling regardless of
the final group allocation. During train-
ing, an initial exploratory phase (100 s)
was followed by two trials separated by a
100-s intertrial interval. Trials consisted of
a 20 s auditory cue (75–80 dB, 5k Hz, con-
ditional stimulus) followed by a 2-s foot
shock (0.75 mAmp, unconditional stimu-

lus). Contextual assessment was per-
formed 72 h after surgery in the same
chamber but with no cues (tone or
shock). Freezing behavior, excluding
breathing and movement of vibrissae,
was automatically scored for 270 s by the
video tracking software. Freezing scores
for each subject were expressed as a per-
centage for each portion of the test. Mem-
ory for the context (contextual memory)
for each subject was obtained by subtract-
ing the percent freezing in the novel envi-
ronment from that in the context.

General locomotion activity was mea-
sured after contextual assessment using
an automated photobeam activity system
(Aditech, Fjärås, Sweden) with a 5 min
exploration period. All assessments were
performed in a blinded fashion.

Data Analysis
Statistical analyses were performed

using GraphPad Prism version 5.0d
(GraphPad Software, San Diego, CA,
USA). The results are expressed as 
mean ± SEM. Data were analyzed with
analysis of variance followed by New-
man-Keuls post hoc test wherever appro-
priate. A P < 0.05 was considered to be a
statistical significance.

RESULTS

Cholinergic Agonist Improves LPS-
Exacerbated Cognitive Decline

To understand the contribution of sur-
gical trauma and infection on memory
function, we administered LPS systemi-
cally 24 h after orthopedic surgery to
recreate a clinical scenario of postopera-
tive wound infection (Figure 1A). To as-
sess hippocampal-dependent memory
function, we trained mice 30 min before
surgery using trace fear conditioning and
performed contextual assessment on
postoperative d 3 (8,9). Mice exposed to
surgery and postoperative LPS exhibited
a significant reduction in cognitive func-
tion (freezing S+LPS-group 22.86 ± 2.9
versus C-group 66.88 ± 2.5, P < 0.01)
when compared with either surgical or
LPS-exposed animals only (freezing
S-group 38.25 ± 4.9 versus LPS-group
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Figure 2. PHA 568487 effects on CD11b activation following surgery and LPS. Hippocampi
were harvested at 3 and 7 d after surgery/LPS administration and stained with anti-CD11b.
Photomicrographs show CA1 of control animals (C), surgery (S), lipopolysaccharide (LPS), sur-
gery with postoperative LPS (S+LPS) and in combination with a bolus dose of a selective 
α7 nAChR agonist (S+LPS+PHA) at 3 d. Higher CD11b immunoreactivity was observed after
surgery and LPS exposure at both 3 and 7 d (P < 0.01, P < 0.05 respectively). Significant hy-
pertrophy of the cell bodies and loss of pseudopodia occurred in LPS-treated mice after or-
thopedic surgery; this was attenuated by administration of PHA 568487 2 h after LPS onset
(P < 0.01 versus S+LPS). Reactive microglia/monocytes were present up to d 7 in the S+LPS
group and returned to baseline in the other treatment groups. Data are expressed as mean ±
SEM and compared by one-way ANOVA and Student-Newman-Keuls method, n = 4 (**P <
0.01 versus C; #P < 0.05 versus S; ##P < 0.01 versus S; &&P < 0.05 versus LPS; ^P < 0.05 versus S+LPS;
^^P > 0.01 versus S+LPS). Scale bar, 50 μm. C, control; S, surgery; PHA, PHA 568487.



36.88 ± 4.2, Figure 1B, P < 0.05). To attempt
to ameliorate this cognitive impairment
caused by surgery and LPS, we injected
intraperitoneally a selective α7 nAChR
agonist (PHA 568487) 2 h following en-
dotoxemia and tested the contextual
memory on d 3. Treatment with PHA
568487 significantly improved the freez-
ing behavior attenuating the memory
dysfunction caused by the two-hit provo-
cation (freezing S+LPS+PHA-group
53.57 ± 5.5, P < 0.01). To exclude locomo-
tor impairments or general immobility
due to sickness behavior, mice were
tested in an open field and no significant
changes were observed between groups
(Figure 1C). Together, these results sug-
gest a use for cholinergic agonists in lim-
iting adverse cognitive outcome caused
by trauma and endotoxemia.

α7 nAChR Inhibits Hippocampal
CD11b/CD68 Activation

To understand how PHA 568487 pro-
tected from further memory decline, we
assessed neuroinflammation in the hip-
pocampus on postoperative d 3 and 7.
We used CD11b to visualize activated
microglia and recruited macrophages
(antigenically indistinguishable) and
CD68 to further highlight the process of
active phagocytosis in the hippocampus
(18). Densitometry of CD11b immunos-
taining revealed significantly higher im-
munoreactivity with hypertrophy of cell
bodies and clumping of the ramifica-
tions, characteristic of activation, follow-
ing the combination of surgery with LPS
as compared with surgery or LPS only
(P < 0.05, Figure 2). Both surgery and
LPS activated immunocompetent cells in
the CNS, including CD68+ cells, yet the
combination of these challenges signifi-
cantly enhanced stimulated microglia/
monocytes in the hippocampus after 3 d
and this persisted for up to postoperative
d 7 (P < 0.01, Figure 3).

Monocytes and microglia widely ex-
press α7 nAChR (19). Notably, treatment
with PHA 568487 significantly reduced
the activation of CD68+ and CD11b+ cells
in the hippocampus at d 3 (P < 0.01 re-
spectively) and prevented its upregula-

tion at d 7 (P < 0.01 and P < 0.05 respec-
tively) in surgical mice following LPS ad-
ministration, suggesting that α7 nAChR
negatively regulates neuroinflammation
and microglia/ macrophage activation
(Figures 2, 3).

Systemic Antiinflammatory Effects
after Postoperative LPS Administration

Prior work implicated a role for the
systemic inflammatory milieu in modu-
lating neuroinflammation and cognitive
function (20). Transient changes in proin-
flammatory cytokines are observed after
surgery and appear to contribute to the
pathogenesis of postoperative cognitive
decline. Systemic levels of IL-1β and IL-6
were increased significantly up to d 3
combining surgery and LPS exposure.
Compared to surgery or LPS alone, the
double hit (S+LPS) group had a signifi-
cant increase in both IL-1β (43.13 ± 
4.5 pg/mL, S+LPS versus S, P < 0.01,
Figure 4A) and IL-6 (283 ± 31.16pg/mL,

S+LPS versus S, P < 0.01, Figure 4B) 
after 3 d, with levels returning to base-
line by d 7.

Administration of PHA 568487 signifi-
cantly attenuated the proinflammatory
response reducing levels of both IL-1β
(7.6 ± 2.63pg/mL, S+LPS versus
S+LPS+PHA, P < 0.01, Figure 4A) and
IL-6 (109.1 ± 11.53pg/mL, S+LPS versus
S+LPS+PHA, P < 0.05, Figure 4B).

Effects of α7 nAChR Stimulation on
Bone Marrow–Derived Macrophages
and Chondrocytes In Vitro

Macrophage activity is required to me-
diate surgery-induced neuroinflamma-
tion (12,21) and bone marrow–derived
cells are integral to a functioning inflam-
matory reflex (22). To better understand
the antiinflammatory effects of choliner-
gic stimulation, we incubated bone
 marrow–derived macrophages (BMDMs)
with the selective α7 cholinergic receptor
agonist (PHA 568487, 10 μg/mL) and
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Figure 3. Cholinergic agonist reduces reactive macrophages/microglia in the hippocampus
after surgery and LPS. Hippocampi were harvested at 3 and 7 d after surgery/LPS administra-
tion and stained with anti-CD68. Epifluorescence shows enhanced immunoreactivity 3 d
after surgery (S) and lipopolysaccharide (LPS) exposure. Postoperative infection (S+LPS) fur-
ther increased the number of CD68+ cells, persisting up to d 7. Administration of a single
bolus dose of a selective α7 nAChR agonist (PHA 568487) significantly reduced levels of
CD68+ immunoreactivity, returning to baseline at 7 d. Nuclei are counterstained with DAPI.
Data are expressed as mean ± SEM and compared by one-way ANOVA and Student-New-
man-Keuls method, n = 4 (**P < 0.01 versus C; #P < 0.05 versus S; ##P < 0.01 versus S; &&P < 0.01
versus LPS; ^^P < 0.01 versus S+LPS). Scale bar, 30 μm. C, control, S, surgery; PHA, PHA 568487.



LPS (100 ng/mL) to measure phosphory-
lation and nuclear translocation of the
p65 subunit of NF-κB. Consistent with
previous studies, α7 nAChR signaling
prevented NF-κB activation in vitro (Fig-
ure 5A). Furthermore, cholinergic stimu-

lation also prevented LPS-induced nicoti-
namide adenine dinucleotide phosphate
(NADPH) oxidase production in vitro,
restoring superoxide levels to baseline
(P < 0.001, Figure 5B). This suggests that
α7 nAChR stimulation exerts antiinflam-

matory and antioxidative effects on
macrophages, thus preventing further
proinflammatory cytokines release.

We next assessed if PHA 568487 would
affect the rate of bone healing. Bone re-
pair occurs through a process resembling
endochondral bone formation, which be-
gins with a cartilaginous intermediate
(23). We differentiated a chondrogenic
cell line in the presence of PHA 568487 or
vehicle and found that PHA 568487 re-
duced the rate of deposition of cartilagi-
nous extracellular matrix (based on Al-
cian blue staining of glycosaminoglycans)
(Figure 6A). After 7 d in the presence of
PHA 568487 there was a reduction in the
number of Alcian blue–positive colonies
(62% of vehicle, p = 0.0119, n = 6 wells).
This was confirmed by assessing total
glycosaminoglycan labeling, which was
greatest after 12 d of differentiation when
it reached a 64% reduction versus the ve-
hicle (Figure 6B).

DISCUSSION
In this study we demonstrated that

postoperative complications such as in-
fection prolong the neuroinflammatory
response after surgical trauma and
worsen cognitive decline. Stimulation of
the cholinergic antiinflammatory path-
way reduces the innate immune re-
sponse offering a novel strategy to pre-
vent cognitive decline following
postoperative endotoxemia.

Nonresolving inflammation is recog-
nized as a major component of several
disease states (24). Aseptic injury acti-
vates the innate immune system by re-
leasing damage-associated molecular
patterns (DAMPs) and cytokines, which
interfere with the brain microenviron-
ment and may ultimately lead to cogni-
tive decline. In this study, we combined
the effects of aseptic injury with postop-
erative endotoxemia using LPS as a key
component of the gram-negative bacteria
outer membrane and a classic initiator of
the inflammatory cascade. Although LPS
does not faithfully reproduce the com-
plexity of in-hospital infections, espe-
cially due to the higher incidence of
polymicrobial and virulent strains of 
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Figure 5. LPS-induced NF-κB and NADPH activation in BMDMs is blocked by PHA 568487.
(A) Cultured BMDMs were stimulated with LPS (100 ng/mL) for 2 h and immunostained for
nuclear phosphorylated NF-κB subunit p65. Preincubation with PHA 568487 (10 μg/mL) for
30 min significantly reduced activation and nuclear translocation of p65 (LPS+PHA). NF-κB
activation was undetectable in unexposed cells (medium) or in cells exposed to PHA
568487 (PHA). (B) NADPH oxidase mediated superoxide generation from BMDMs was
measured by chemiluminescence method. LPS stimulation at 10 ng/mL for 24 h signifi-
cantly increased superoxide generation from BMDMs (***P < 0.001 versus C), which was
abolished by preincubation of PHA (&&&P < 0.001 versus LPS). PHA per se did not signifi-
cantly affect superoxide generation in nonstimulated BMDMs. Data are expressed as
mean ± SEM and compared by one-way ANOVA and Bonferroni post hoc, n = 6. C, con-
trol; PHA, PHA 568487

Figure 4. Infection prolongs systemic and neuroinflammatory response after surgery. Mice
were injected with LPS 24 h after orthopedic surgery. Plasma levels of IL-1β and IL-6 were
measured by ELISA in plasma and hippocampal tissue. (A) At 3 d following surgery, LPS
treated animals had a sustained elevation of IL-1β in plasma. (B) Similarly, systemic levels
of IL-6 were also upregulated at 3 d, returning to baseline by 7 d. Data are expressed as
mean ± SEM and compared by one-way ANOVA and Student-Newman-Keuls method,
n = 4 (**P < 0.01 versus C; #P < 0.05 versus S; ##P < 0.01 versus S; &&P < 0.01 versus LPS; ^^P <
0.01 versus S+LPS). C, control; S, surgery.



methicillin-resistant S. aureus (MRSA)
(25), gram-negative bacteria commonly
associate with orthopedic blast injuries
(26). There is also opportunity for LPS to
bind to orthopedic implants and bioma-
terials, potentially triggering a systemic
inflammatory reaction and prompting
joint revision surgery (27), thus these re-
sults may be applicable to different peri-
operative settings.

Augmented levels of systemic cy-
tokines can account for many of the
physiological and behavioral changes,
both in humans and animals, and are
dysregulated in multiple disease states.
The effects of additive systemic inflam-
matory insults in this mouse model are
evident, both in the neuroinflammatory

response and hippocampal-dependent
memory function assessed by contextual
fear conditioning. Systemic inflammation
and release of proinflammatory cy-
tokines including IL-1β and IL-6 after
surgery can prime the CNS, causing mi-
croglia to become more susceptible to the
second hit (28). Both microglia priming
and synaptic loss have been related to
acute memory dysfunction and neurode-
generative processes in the presence of a
deleterious systemic proinflammatory
milieu (29). Similar changes in CNS func-
tion, including synaptic plasticity and al-
tered neurogenesis, have been observed
during aging, with specific age-related
systemic chemokines contributing to the
overall processes of cognitive decline

(20). Even though cognitive impairments
are observed in patients at all ages, only
the elderly are at higher risk for POCD
(30) and the priming of the immune sys-
tem in the aged may be responsible for
this higher susceptibility and more se-
vere prognosis.

The mechanisms whereby cytokines
and other proinflammatory mediators
prime the CNS after surgery are not
fully understood. LPS does not cross the
BBB (31) but has the ability to disrupt
immune–endothelial interactions, thus
allowing proinflammatory immune cells
to enter the CNS (32). Recently, we re-
ported a key role for macrophage infil-
tration in the hippocampus after ortho-
pedic surgery through a disrupted BBB
(12,21), suggesting both cytokines and
LPS may access the brain directly follow-
ing the initial trauma. Remarkably, simi-
lar effects on cognitive decline were re-
ported using a subclinical dose of LPS
administered systemically before surgery,
demonstrating that the reversed combi-
nation of these two hits also impaired
hippocampal memory consolidation (33).

Proinflammatory cytokines also can
stimulate afferent C-fibers to open the
blood-spinal cord barrier allowing
macrophages, T-cells and other soluble
factors to reach the brain via the spinal
cord (34,35). Interestingly, patients un-
dergoing total hip arthroplasty display
elevated proinflammatory cytokines in
the cerebrospinal fluid (CSF) in the post-
operative period and this could con-
tribute to worse cognitive outcome (36).
Biomarkers of acute neuroinflammation
and Alzheimer’s disease (AD) including
IL-6, TNF-α, S100β and tau are similarly
regulated in the CSF of otherwise
healthy patients following surgery under
general anesthesia (37). Serum levels of
IL-6 also have been correlated with the
diagnosis of periprosthetic infection after
arthroplasty (38). In our animal model,
the systemic levels of IL-6 also were sig-
nificantly elevated after surgery and LPS
challenge, indicating a possible role for
biomarkers in predicting poorer progno-
sis including adverse cognitive outcome.
Cholinergic stimulation limits systemic
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Figure 6. PHA 568487 impairs cartilage matrix formation. (A) C5.18 cells were differentiated in
the presence or absence of 10 μg/mL PHA, and fixed at two time points. (B) Alcian blue stain-
ing was performed on whole wells, which were leached and quantified. Data are expressed
as mean ± SEM and compared by t test, n = 6. C, control; PHA, PHA 568487.



proinflammatory cytokine release which
may stabilize endothelial function at the
BBB and thereby protect the brain from
prolonged neuroinflammation and cog-
nitive dysfunction (12,39).

Apart from the cellular and humoral
mediation in immune-to-brain signaling,
neural regulation of inflammatory
processes occurs in many disorders (40).
In this study, we tested the effects of a se-
lective α7 nAChR agonist on the nonre-
solving inflammation following surgery
and LPS. Systemic administration of PHA
568487 after LPS exposure reduced proin-
flammatory cytokines and neuroinflam-
mation, significantly attenuating
CD11b+/CD68+ cells in the hippocampus
and improving cognitive function. It is
possible that the antiinflammatory effects
of PHA 568487 are not limited to NF-κB
and oxidative stress signaling in bone
marrow–derived monocytes as we report
in this study (Figure 7). α7 nAChR signal-
ing was recently shown to modulate in-
flammasome activity, affecting the prote-
olytic maturation of key cytokines such as
IL-1β, IL-18 and HMGB-1 (41). Notably,
both IL-1β and HMGB-1 have been re-
lated to cognitive decline in models of
surgery (9,10,42), infection (43) and sepsis
(44), suggesting targeting these molecules
may protect against cognitive decline.

Cholinergic agonists, acting on both α7
and α4β2 subunits, can also alter synaptic
plasticity, enhancing neuronal transmis-
sion and improving cognitive function
(45). Notably, α7 nAChR also is function-
ally expressed on nonexcitable cells, in-
cluding the endothelium, keratinocytes
and chondrocytes (46). Using a chondro-
genic cell line model, we found PHA
568487 impaired cartilage matrix forma-
tion, which may indicate a disruption of
the bone healing process after an ortho-
pedic trauma. Prolonged nicotine expo-
sure was earlier shown to delay skeletal
growth through α7 nAChR-dependent
signaling (47). These findings warrant
further studies in vivo to ascertain the po-
tential benefits of cholinergic modulation
in the perioperative setting.

Recently, a role for the vagus nerve in
regulating proresolving mediators, such
as resolvin D1, has been proposed and
this provides a novel understanding for
the neuronal control of resolution (48).
Interestingly, administration of aspirin-
triggered resolvin D1 after surgery pro-
tected the brain from synaptic dysfunc-
tion and cognitive decline, suggesting
that stimulation of endogenous signaling
pathways may represent an effective way
to prevent and treat inflammatory condi-
tions by promoting resolution (14,49). Of

relevance to POCD, aberrant inflamma-
tion and impaired proresolving mediator
levels have been associated with the pro-
cess of physiological aging (50), and may
provide novel approaches to biomarkers
discovery in aging patients at risk for
cognitive decline.

CONCLUSION
In conclusion, this study provides

novel insights into the impact of aseptic
trauma and LPS on brain function.
Through stimulation of the cholinergic
antiinflammatory pathway, we may offer
a novel strategy to limit POCD and pre-
vent adverse neuroinflammatory compli-
cations. Excessive inflammation and ox-
idative stress represent novel targets for
resolving neuroinflammation in the peri-
operative period.
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