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Abstract The cholinergic anti-inflammatory pathway con-
trols the inflammatory response and nonreflexive conscious-
ness through bidirectional communication between the brain
and immune system. Moreover, brain acetylcholinesterase ac-
tivity may have a role in regulating the vagus nerve in this
pathway. Thus, we analyzed the role of acetylcholine (ACh) in
the inflammatory response 15 days after induction of sepsis by
cecal ligation and puncture (CLP). Balb/c mice were
pretreated with or without donepezil (5 mg/kg/day, orally)
7 days before CLP, and mice homozygous for vesicular ACh
transporter (VAChT) knockdown (KD) were subjected to
CLP. All animals were sacrificed 15 days after CLP, and the
plasma, spleen, and hippocampus were collected. Characteri-
zation of splenic lymphocytes and cytokine levels in the plas-
ma, spleen, and hippocampus was determined. Our results
showed a splenomegaly in group CLP. The numbers of cyto-
toxic T cells, helper T cells, regulatory T cells, B cells, and
Th17 cells differed between mice subjected to CLP and to
sham operation in both untreated and donepezil-treated
groups. In VAChT-KD mice, CLP resulted in decreased cyto-
toxic and helper T cells and increased in Th17 cells compared
with the sham. Additionally, in VAChT-KDmice, the levels of
pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α,
were increased following CLP. Thus, we concluded that ACh
affected the inflammatory response at 15 days after CLP since
stimulation of cholinergic transmission increased the

proliferation of lymphocytes, including regulatory T cells, in
association with a lower inflammatory profile and VAChT-
KD decreased the number of lymphocytes and increased
inflammation.
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Introduction

Sepsis is a systemic inflammatory response to infection [1–4]
characterized by an imbalance between pro- and anti-
inflammatory responses to pathogens [5, 6]. Reciprocal inter-
actions between the immune system and central nervous sys-
tem (CNS) are one of the major components of the host re-
sponse in septic shock.

Tracey [7] proposed an important role of parasympathetic
cholinergic pathways in the bidirectional communication be-
tween the brain and immune system; this pathway is called the
cholinergic anti-inflammatory pathway and has been shown to
control the inflammatory response and nonreflexive con-
sciousness. Activation of this pathway, either by electrical
stimulation of the vagus nerve or through pharmacological
approaches, has shown to significantly ameliorate cytokine-
mediated disease models, including endotoxemia [8, 9] and
sepsis [10]. Moreover, this pathway is functionally hardwired
to the spleen via the common coeliac branch of the vagus
nerve, and the spleen is required for the anti-inflammatory
potential of the vagus nerve [11].

Previous studies have indicated that brain acetylcholines-
terase activity and muscarinic receptors, which regulate cho-
linergic network signaling, modulate vagus nerve outflow [12,
13]. Accordingly, brain acetylcholinesterase activitymay have
a role in regulating the vagus-nerve-based cholinergic anti-
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inflammatory pathway [14]. Thus, in this study, we analyzed
the role of acetylcholine (ACh) in the inflammatory response
in mice 15 days after induction of sepsis by cecal ligation and
puncture (CLP).

Methods

Mice

Adult male Balb/c and homozygous mutant vesicular ACh
transporter-knockdown (VAChT-KD) mice (8 weeks old,
weighing 20–25 g) were used for experiments. The animals
provided from the School Facility were specific pathogen-free
(SPF). Animals were maintained in a climate-controlled facil-
ity with an automatic light/dark cycle (http://www.biot.fm.
usp.br/), with food and water available ad libitum. All
procedures were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health. The study protocol was
approved by the Research Ethics Committee of the São
Paulo School of Medicine (#0417/13).

Mutant VAChT-KD used in these experiments was gener-
ated by intercrossed heterozygous mice. These mice showed a
reduction in approximately 65 % in VAChT levels in the ner-
vous system and also in other organs [15] which is correlated
to a reduction in ACh levels [16, 17].

Balb/c mice were pretreated with or without donepezil
(5 mg/kg/day, orally) 7 days before CLP (n=10 mice per
group). Alternatively, mice homozygous for VAChT-KDwere
subjected to CLP. Sham operations were performed as a con-
trol. All animals were sacrificed 15 days after CLP.

CLP

Mice were anesthetized with a mixture of ketamine
(80 mg/kg) and xylazine (10 mg/kg), given intraperitoneally
(ip). CLP was induced as previously described [18]. Under
aseptic conditions, a 2-cm midline laparotomy was per-
formed to allow exposure of the cecum with the adjoining
intestine. Subsequently, 50 % of the cecum was ligated and
then perforated by a single puncture with a 21-gauge needle
at the least vascularized area. The cecum was then gently
squeezed to extrude a small amount of feces from the per-
foration site. The cecum was returned to the peritoneal cav-
ity, and the laparotomy was closed with 4.0 silk sutures.
Sham-operated mice were subjected to all surgical proce-
dures, but the cecum was neither ligated nor perforated.
The animals were returned to their cages with free access
to food and water. Animals were monitored thereafter, and
survival rates were determined.

Tissue Isolation

After 15 days, the animals were sacrificed, and blood was col-
lected by cardiac puncture and transferred to EDTA-coated
tubes. The blood was centrifuged for 15 min at 3200×g, and
plasma samples were collected. The spleens and brains were
harvested under aseptic conditions. Spleens were weighed and
kept on ice. Spleens were then divided into two parts; one was
used for isolation of splenocytes, and the other was used for
measurement of cytokines. The brain was removed, and the
hippocampus was isolated for measurement of cytokines.

Lymphocyte Isolation

Spleens were placed between two frosted autoclaved slides that
were gently pressed together in opposing directions to dissoci-
ate the tissue. As the tissue began to dissociate, the slides were
dipped into 8 mL phosphate-buffered saline (PBS) in a Petri
dish until only the connective tissue remained. The cell suspen-
sion was aseptically transferred into a sterile 15-mL centrifuge
tube. Spleen cell suspensions were centrifuged at 400×g for
10 min and then resuspended in PBS. Erythrocytes were re-
moved from splenic cell suspensions by a brief (5–10 min)
exposure to 1mL of Tris-buffered NH4Cl on ice, and cells were
then centrifuged at 400×g for 10 min and resuspended in PBS.

Characterization of Lymphocytes by Flow Cytometry

Using flow cytometry, we characterized five types of lympho-
cytes: cytotoxic T lymphocytes (CD3+, CD4−, CD8+), helper
T lymphocytes (CD3+, CD4+, CD8−), B lymphocytes (CD3+,
CD19+), regulatory T cells (CD3+, CD4+, CD25+), and T
helper 17 (Th17) cells (CD3+, interleukin (IL)-17+). Lympho-
cytes were incubated for 30 min at 4 °C with the proper anti-
body set diluted in PBS containing 2 % inactivated fetal bo-
vine serum or permeabilization buffer. All antibodies were
supplied by BioLegend (anti-CD3-FITC, anti-CD4-PE, anti-
CD8-PE/Cy5, anti-CD19-PE/Cy7, anti-CD25-APC/Cy7, and
anti-IL-17A-APC). All analyses were carried out on an
EasyCyte 8HT flow cytometer (Guava, Hayward, CA, USA)
for a minimum of 5000 events. The analyses were performed
using Guava Express Pro software.

Cytokines

For determination of cytokines levels, frozen tissues (100mg),
including the spleen and hippocampus, were pulverized in
liquid nitrogen. Samples were homogenized in Triton-X100,
150 mM NaCl, 10 mM Tris HCl (pH 7.5), 1 % NP40, 1 %
sodium oxybate, 0.1 % SDS, and proteolytic enzyme inhibi-
tors (40 μg/mL phenylmethylsulfonyl fluoride [1 mM]; Sig-
ma, St, Louis, MO, USA). After debris separation through
centrifugation for 40min at 10,000 rpm, the supernatants were
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collected, and protein concentrations were determined by the
Bradford method (Bio-Rad, Hercules, CA, USA). Samples
were kept at −80 °C until assayed.

The concentrations of IL-1α, IL-1β, IL-4, IL-6, IL-10, IL-
12p40, IL-12p70, macrophage inflammatory protein (MIP)-
1α (MIP-1α), MIP-1β, and tumor necrosis factor α (TNF-α)
in the spleen, hippocampus, and plasma were determined by
MilliPlex technology, (# MCYTOMAG-70K, Merck KGaA,
Darmstadt, Germany). The assays were performed according
to the manufacturer’s instructions. The samples were analyzed
on a MagPix system, and the data were collected by Luminex
xPONENT software.

Statistical Analysis

All values were expressed as means±standard errors of the
mean (SEMs). Analyses were performed using InStat Statisti-
cal Software (GraphPad, La Jolla, CA, USA). Comparisons
between experimental groups were performed using ANOVA
and Bonferroni’s post-test. Log-rank tests were used to ana-
lyze survival. Differences with p values of less than 0.05 were
considered significant.

Results

Survival Rates

The results of the survival experiments are shown in
Fig. 1. The survival rate was 100 % in all sham groups.
In normal mice subjected to CLP, the survival rate was
90 % at 15 days after CLP. In contrast, that after
donepezil treatment was 70 %, and a further reduction
to 60 % survival was observed in VAChT-KD mice
subjected to CLP; this latter reduction was statistically
significant compared with the sham group.

Spleen Weights

Spleens were weighed after mice were sacrificed at 15 days
after CLP. Significant increases in spleen weights and the
spleen weight to body weight ratio were observed in all mice
subjected to CLP as compared with all sham-operated mice
(Fig. 2a, b). Representative images of spleens are shown in
Fig. 2c.

Lymphocytes

The numbers of different lymphocyte subtypes are presented
in Fig. 3. For untreated normal mice, increases in cytotoxic T
cells, helper T cells, regulatory T cells, B cells, and Th17 cells
were observed following CLP as compared with those in the
sham group. We also observed a significant increase in this
group (CLP untreated) compared with groups sham and CLP
VAChT-KD of cytotoxic T cells and helper T cells and a sig-
nificant decrease compared to the CLP donepezil group in
regulatory T cells, B cells, and Th17 cells.

Similarly, in mice treated with donepezil, increases in cy-
totoxic T cells, regulatory T cells, B cells, and Th17 cells were
observed in the CLP group compared with all sham groups
(untreated, donepezil, and VAChT-KD) and CLP VAChT-KD
groups.

In the sham VAChT-KD group, the cytotoxic T cells are
less than the sham donepezil group. However, CLP VAChT-
KD mice caused decreases in cytotoxic and helper T cells
compared to all other groups and an increase in Th17 cells
as compared with those in the sham group.

Cytokines

The results of cytokine expression analysis in spleens, hippo-
campus tissues, and plasma samples are shown in Tables 1, 2,
and 3, respectively. In spleen tissues, CLP induced significant
upregulation of IL-6 and IL-12p40 content as compared to all
sham groups and CLP donepezil group. An increase was also
observed in IL-12p70 compared to all sham groups, in MIP-
1α and TNF compared to all other groups and MIP-1β com-
pared to sham and CLP VAChT-KD groups.

In mice treated with donepezil, CLP caused increases in IL-
4 in the spleen as compared to groups CLP untreated, sham
donepezil, and sham VAChT-KD. Finally, in VAChT-KD
mice, IL-6, IL-10, and IL-12p40 levels were increased in the
spleen following CLP compared to all sham groups and CLP
donepezil group.

In the hippocampus, the CLP VAChT-KD group caused a
significant increase in IL-6 content compared with the sham
untreated group and increased in IL-10 content compared with
the sham and CLP untreated groups and CLP donepezil group.

In plasma samples from untreated normal mice, CLP
caused a significant increase in IL-6 levels compared with

Fig. 1 Survival rates following CLP. The animals were observed for
15 days, and mortality was recorded every 8 h. Log-rank test,*p<0.05
compared with the sham group
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all sham groups and a decrease in MIP-1β levels after 15 days
compared with the sham untreated group. In mice sham
VAChT-KD, IL-4 levels were increased compared with CLP
untreated group, sham, and CLP donepezil groups.

Additionally, in VAChT-KD mice, CLP resulted in increased
levels of IL-6 compared with all sham groups and CLP
donepezil group, and IL-10 increased comparedwith the sham
donepezil group, and MIP-1α increased compared with sham

Fig. 2 Weights of spleens 15 days after induction of sepsis by CLP in
mice. a Spleen weight, b ratio of spleen weight to body weight, and c
representative image of spleens from sham and CLP groups. Data are
presented as the mean±SEM (n=10 mice per group). ANOVA and

Bonferroni’s post-test, ap<0.05 compared with the sham untreated
group; cp<0.05 compared with the sham donepezil group; ep<0.05
compared with the sham VAChT-KD group

Fig. 3 Characterization of
splenic lymphocytes 15 days after
induction of sepsis by CLP in
mice. Five types of lymphocytes
were characterized by flow
cytometry. Cytotoxic T cells (a),
helper T cells (b), B lymphocytes
(c), regulatory T cells (d), and T
helper 17 cells (e). Data are
presented as the mean±SEM (n=
10 mice per group). ANOVA and
Bonferroni’s post-test, ap<0.05
compared with the sham
untreated group; cp<0.05
compared with the sham
donepezil group; dp<0.05
compared with the CLP donepezil
group; ep<0.05 compared with
the sham VAChT-KD group;
fp<0.05 compared with the CLP
VAChT-KD group
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and CLP untreated groups, CLP donepezil group and sham
VAChT-KD group. However, CLP VAChT-KD group de-
creased in IL-12p40 compared with sham untreated and sham
donepezil groups.

Discussion

In the present study, we examined the role of ACh in the in-
flammatory response 15 days after induction of sepsis by CLP.
Our results showed that stimulation of cholinergic transmission

was elevated by ACh and that donepezil increased the prolif-
eration of lymphocytes and decreased pro-inflammatory cyto-
kine expression. However, knockdown of VAChT resulted in
decreased numbers of cytotoxic and helper T cells and in-
creased numbers of Th17 cells. Thus, these data provided im-
portant insights into the mechanisms through which ACh me-
diates the inflammatory response after induction of sepsis.

Parasympathetic cholinergic pathways are involved in bi-
directional communication between the brain and immune
system, providing both immunosensing and immunosuppres-
sive functions. The CNS controls the function of the

Table 1 Cytokine expression in the spleen 15 days after CLP

Untreated Donepezil VAChT-KD

Cytokines (pg/mg of protein) Sham CLP Sham CLP Sham CLP

IL-1α 3.27 (±1.44) 10.69 (±3.95) 0.62 (±0.45) 3.76 (±0.21) 4.98 (±1.34) 5.31 (±2.78)

IL-1β 0.85 (±0.18) 1.89 (±0.28) 1.02 (±0.18) 1.84 (±0.37) 1.43 (±0.20) 1.44 (±0.28)

IL-4 0.47 (±0.10) 0.52 (±0.03) 0.48 (±0.12) 1.12 (±0.18)b,c,e 0.59 (±0.05) 0.61 (±0.09)

IL-6 0.80 (±0.17) 5.93 (±0.88)a,c,d,e 1.02 (±0.32) 2.09 (±0.19) 1.61 (±0.33) 5.28 (±1.53)a,c,d,e

IL-10 0.61 (±0.04) 6.39 (±1.61) 0.84 (±0.23) 1.41 (±0.22) 1.62 (±0.26) 7.85 (±2.48)a,c,d,e

IL-12p40 0.48 (±0.13) 15.25 (±0.40)a,c,d,e 0.77 (±0.13) 3.03 (±0.44) 1.42 (±0.32) 14.40 (±3.60)a,c,d,e

IL-12p70 0.14 (±0.05) 3.27 (±1.37)a,c,e 0.14 (±0.05) 0.50 (±0.16) 0.14 (±0.01) 1.78 (±0.58)

MIP-1α 2.31 (±0.59) 15.06 (±4.17)a,c,d,e,f 1.74 (±0.92) 5.52 (±0.58) 1.77 (±0.71) 0.56 (±0.26)

MIP-1β 17.42 (±3.07) 25.01 (±7.25)e,f 9.33 (±2.93) 13.08 (±4.13) 6.84 (±1.82) 4.24 (±1.04)

TNF-α 0.35 (±0.07) 1.06 (±0.10)a,c,d,e,f 0.35 (±0.07) 0.54 (±0.08) 0.33 (±0.05) 0.55 (±0.11)

Data are presented as mean±SEM (n=5 mice per group)

IL interleukin, MIP macrophage inflammatory protein, TNF tumor necrosis factor

ANOVA and Bonferroni’s post-test, a p<0.05 compared with the sham untreated group; b p<0.05 compared with the CLP untreated
group; c p<0.05 compared with the sham donepezil group; d p<0.05 compared with the CLP donepezil group; e p<0.05 compared with
the sham VAChT-KD group; f p<0.05 compared with the CLP VAChT-KD group

Table 2 Cytokine expression in the hippocampus 15 days after CLP

Untreated Donepezil VAChT-KD

Cytokines (pg/mg of protein) Sham CLP Sham CLP Sham CLP

IL-1α 0.33 (±0.33) 0.22 (±0.14) 1.42 (±1.42) 10 (±10) 0.20 (±0.15) 0.003 (±0.003)

IL-1β 0.14 (±0.06) 0.14 (±0.07) 0.82 (±0.24) 0.41 (±0.18) 0.34 (±0.12) 0.33 (±0.16)

IL-4 0.11 (±0.01) 0.15 (±0.03) 0.13 (±0.01) 0.12 (±0.02) 0.17 (±0.01) 0.17 (±0.07)

IL-6 0.03 (±0.006) 0.07 (±0.006) 0.26 (±0.07) 0.38 (±0.12) 0.22 (±0.10) 1.02 (±0.51)a

IL-10 1.22 (±1.02) 0.18 (±0.06) 14.25 (±4.70) 0.63 (±0.18) 5.23 (±3.57) 20.84 (±7.05)a,b,d

IL-12p40 0.07 (±0.03) 0.04 (±0.02) 0.27 (±0.13) 0.81 (±0.30) 0.31 (±0.08) 0.46 (±0.24)

IL-12p70 0.01 (±0.003) 0.01 (±0.007) 0.19 (±0.07) 0.17 (±0.04) 0.14 (±0.05) 0.26 (±0.10)

MIP-1α 0.93 (±0.35) 2.63 (±1.45) 4.20 (±4.15) 81.41 (±50.64) 12.42 (±4.46) 26.02 (±14.86)

MIP-1β 0.48 (±0.22) 0.19 (±0.19) 0.10 (±0.10) 0.24 (±0.04) 0.07 (±0.07) 1.27 (±0.86)

TNF-α 0.08 (±0.01) 0.07 (±0.01) 0.11 (±0.02) 0.13 (±0.03) 0.08 (±0.01) 0.11 (±0.01)

Data are presented as mean±SEM (n=5 mice per group)

IL interleukin, MIP macrophage inflammatory protein, TNF tumor necrosis factor

ANOVA and Bonferroni’s post-test, a p<0.05 compared with the sham untreated group; b p<0.05 compared with the CLP untreated group; d p<0.05
compared with the CLP donepezil group
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peripheral vagus nerve through the efferent arm (cholinergic
anti-inflammatory pathway), and the primary released neuro-
transmitter ACh regulates cytokine production specifically via
α7nAChR-dependent signaling [8, 19, 20]. Stimulation of the
cholinergic anti-inflammatory pathway by electrical or phar-
macological methods significantly suppresses systemic levels
of TNF and other pro-inflammatory cytokines during
endotoxemia [8, 21, 22]. However, little is known about the
role of ACh in the inflammatory response in survivors of
sepsis.

In order to study the role of the efferent arm of the CNS in
the spleen, brain, and systemic inflammation, we used two
strategies: increase the levels of ACh or decrease the levels
o f ACh. Donepez i l [d ie thy l (3 ,5 -d i - t e r-bu ty l -4 -
hydroxybenzyl)phosphonate] is a long-acting, reversible cho-
linesterase inhibitor known to improve memory and cognitive
function in patients with Alzheimer’s disease [23]. This com-
pound inhibits the breakdown of ACh and compensates for
ACh deficiency in the brain [24, 25]. Thus, in this study, we
used donepezil to facilitate cholinergic transmission in septic
animals. On the other hand, to reduce cholinergic transmis-
sion, we used animals genetically modified to have a reduced
expression of VAChT [26–29]. VAChT-KC mice exhibit a
65 % reduction in VAChT expression [16]. This transporter
controls the storage of ACh, representing an ideal target to
block cholinergic function.

In this study, we hypothesized that septic brain damage
impairs control of the cholinergic parasympathetic efferent
arm, thereby aggravating immune dysfunction and creating a
vicious circle. Late stages of sepsis have been shown to be
associated with a state of immunosuppression. However, it is
still unknown how changes in immune function found in late

sepsis are related to brain damage. Sepsis involves dysregu-
lated production of cytokines, a pathological state that causes
tissue injury and organ dysfunction, including septic enceph-
alopathy, renal failure, respiratory dysfunction, and death. In
sepsis, immune cellular and humoral responses are
hyperactivated [30, 31], manifested mainly as enhanced pro-
duction and release of pro-inflammatory mediators [32]. In
this context, we verified the effects of ACh on the inflamma-
tory responses of mice 15 days after induction of sepsis by
CLP through activation or suppression of cholinergic
transmission.

The anatomical basis of the cholinergic anti-inflammatory
pathway includes the preganglionic neurons, which originate
in the dorsal motor nucleus of the vagus, and the postgan-
glionic neurons, located in ganglia of the celiac-superior
mesenteric plexus; this pathway then reaches the spleen
through the splenic nerve [33], supporting the functional
hardwiring of this pathway to the spleen. The spleen is a
vascular organ, and one of its main functions is to initiate
adaptive immune responses to antigens captured in the blood
[34]. After infection, splenocytes are activated and prolifer-
ate rapidly, leading to splenomegaly, an important complica-
tion of acute and chronic infection first described more than
100 years ago [35, 36]. In order to verify whether the CLP
model was able to induce splenomegaly, we weighed the
spleens of the mice in the sham and CLP groups. Spleens
from mice subjected to CLP were larger and weighed more
than those from sham-operated mice, regardless of treatment
with donepezil or VAChT-KD. Consistent with this, Valdés-
Ferrer and colleagues [37] showed that sepsis survivors de-
veloped significant splenomegaly from the first week to the
fourth week after CLP.

Table 3 Cytokine expression in the plasma 15 days after CLP

Untreated Donepezil VAChT-KD

Cytokines (pg/mL) Sham CLP Sham CLP Sham CLP

IL-1α 0.81 (±0.40) 0.48 (±0.19) 4.26 (±4.36) 0.04 (±0.01) 10.63 (±5.90) 0.18 (±0.11)

IL-1β 0.85 (±0.11) 0.65 (±0.05) 0.93 (±0.13) 0.62 (±0.09) 0.97 (±0.0) 1.75 (±1.15)

IL-4 0.66 (±0.02) 0.58 (±0.03) 0.63 (±0.02) 0.55 (±0.03) 0.90 (±0.09)b,c,d 0.79 (±0.12)

IL-6 2.26 (±0.47) 31.97 (±7.31)a,c,e 0.81 (±0.19) 2.84 (±0.55) 0.95 (±0.17) 57.68 (±24.25)a,c,d,e

IL-10 2.16 (±0.17) 1.96 (±0.28) 1.17 (±0.08) 1.40 (±0.20) 1.42 (±0.12) 4.99 (±2.38)c

IL-12p40 1.79 (±0.30) 1.25 (±0.25) 1.92 (±0.26) 1.17 (±0.19) 0.81 (±0.09)c 0.60 (±0.06)a,c

IL-12p70 1.46 (±0.13) 1.10 (±0.22) 1.45 (±0.11) 1.16 (±0.18) 1.87 (±0.28) 3.75 (±2.05)

MIP-1α 5.05 (±3.26) 0.0 (±0.0) 18.0 (±10.50) 0.0 (±0.0) 0.0 (±0.0) 45.72 (±16.92)a,b,d,e

MIP-1β 11.38 (±4.12) 0.0 (±0.0)a 2.17 (±2.15) 0.0 (±0.0) 0.0 (±0.0) 5.98 (±5.98)

TNF-α 1.83 (±0.16) 2.00 (±0.12) 1.99 (±0.12) 1.70 (±0.26) 1.63 (±0.05) 2.57 (±0.78)

Data are presented as mean±SEM (n=5 mice per group)

IL interleukin, MIP macrophage inflammatory protein, TNF tumor necrosis factor

ANOVA and Bonferroni’s post-test, a p<0.05 compared with the sham untreated group; b p<0.05 compared with the CLP untreated group; c p<0.05
compared with the sham donepezil group; d p<0.05 compared with the CLP donepezil group; e p<0.05 compared with the sham VAChT-KD group
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Studies have shown that sepsis induces alterations in spleen
cell populations, with increased apoptosis in lymphocytes and
dendritic cells [38]. Apoptosis of immune cells is followed by
generalized immune dysfunction in T/B cells [39, 40]. These
changes, along with changes in the phagocytic arm of the
immune response, have been shown to be associated with
increased morbidity and mortality in patients with sepsis
[41]. In a study by Gomez et al. [42], patients with sepsis
exhibited higher percentages of apoptotic CD4+ T cells and
CD8+ T cells and higher levels of both pro- and anti-
inflammatory cytokines at admission. Ono et al. [43] found
a dramatic increase in the percentage of regulatory T cells and
circulating CD4+ T cells in the peripheral blood in patients
with septic shock. Consistent with these observations, we ob-
served significant increases in the numbers of cytotoxic T
lymphocytes, helper T lymphocytes, B lymphocytes, regula-
tory T cells, and Th17 cells in the spleens of mice subjected to
CLP. Moreover, our data demonstrated that ACh regulated the
numbers of lymphocytes in the spleen.

T cells from the spleen play an important role in the inflam-
matory reflex efferent arc, and Tcells expressing ChAT+ release
ACh in the spleen. ACh then acts on the α7 nicotinic acetylcho-
line receptors (α7) on macrophages and other cells and sup-
presses endotoxin-induced release of TNF [44, 45]. Regarding
cytokines, we observed that CLP increased the expression of a
variety of pro- and anti-inflammatory cytokines in all experi-
mental groups. Moreover, ACh played an important role in me-
diating cytokine production in tissues and plasma. In particular,
VAChT-KD promoted a pro-inflammatory profile, while
donepezil reduced the levels of cytokines or maintained their
low expression, thereby blocking the inflammatory response.
In terms of the anti-inflammatory effects of ACh, administration
of acetylcholinesterase inhibitors has been shown to attenuate
disease severity and decrease pro-inflammatory cytokine levels
in various experimental models of inflammation [45]. A study
by Pavlov and collaborators [14] showed that treatment of an
endotoxemic animal with an acetylcholinesterase inhibitor
(galantamine) caused a sharp decrease in TNF levels in the se-
rum. In another experiment, animals received the acetylcholin-
esterase inhibitor neostigmine, and reduced levels of TNF-α, IL-
1β, and IL-6 were observed at 24 h after CLP [46]. In the current
study, we also found that donepezil, an acetylcholinesterase in-
hibitor, caused reductions in IL-6 levels in the spleen, hippocam-
pus, and plasma and in IL-1β and TNF-α in the plasma at
15 days after CLP, showing that the increase of ACh in addition
to increasing regulatory lymphocytes, decreases inflammatory
cytokines, decreasing inflammation.

ACh significantly attenuates the release of TNF-α, IL-1β, IL-
6, and IL-18 but not that of the anti-inflammatory cytokine IL-10
in lipopolysaccharide-stimulated human macrophage cultures
[8]. In our study, we found that IL-10 expression was higher in
the spleen, hippocampus, and plasma at 15 days after CLP fol-
lowing suppression of cholinergic transmission by VAChT-KD

in mice. IL-10 plasma levels function to counteract the existing
inflammatory process, and we observed an increase in inflam-
mation in VAChT-KD mice, concurrent with reduced numbers
of regulatory T cells. These results supported the survival analy-
sis, in which VAChT-KD animals exhibited the highest mortality
rates, potentially due to the induction of pro-inflammatory path-
ways. On the other hand, animals treated with donepezil also
exhibited increased mortality concurrent with a predominantly
anti-inflammatory profile; this may have resulted in reduced an-
tibacterial capacity of the host immune system. The CANmedi-
ates the balance of pro- and anti-inflammatory responses through
the function of ACh in the spleen; therefore, it is necessary to
avoid changes or impairment in the brain, which may affect the
brain-spleen interaction.

Taken together, our data supported that donepezil, i.e., ele-
vated ACh levels, caused an increased number of lympho-
cytes, particularly regulatory T cells, and decreased levels of
pro-inflammatory cytokines, thereby lowering systemic in-
flammation and inflammation in the brain and spleen. Con-
versely, reduced levels of ACh increased inflammation and
mortality rates following CLP-induced sepsis; however, the
increase in ACH resulted in reduced organ damage. Intense
anti-inflammatory activity may contribute to lower bacterial
clearance and consequently increased mortality rates. ACh
exhibited systemic and local anti-inflammatory activities in
the spleen, although changes in ACh prevented the immune
system from functioning properly.

In conclusion, Ach has an important role in the inflammatory
profile 15 days after CLP, since the stimulation of cholinergic
transmission, the donepezil experiment, increases the prolifera-
tion of lymphocytes, including regulatory T cells, where we
observe a lower profile inflammation. And unlike the decrease
in cholinergic transmission, the VAChT-KD experiment, we ob-
served a decrease lymphocytes and increased inflammation.
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