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Abstract

Background The contribution of the central nervous system to sepsis pathobiology is incompletely understood.

In previous studies, administration of endotoxin to mice decreased activity of the vagus anti-inflammatory reflex.
Treatment with the centrally-acting M1 muscarinic acetylcholine (ACh) receptor (M1AChR) attenuated this endotoxin-
mediated change. We hypothesize that decreased M1AChR-mediated activity contributes to inflammation follow-

ing cecal ligation and puncture (CLP), a mouse model of sepsis.

Methods In male C57BI/6 mice, we quantified basal forebrain cholinergic activity (immunostaining), hippocampal
neuronal activity, serum cytokine/chemokine levels (ELISA) and splenic cell subtypes (flow cytometry) at baseline, fol-
lowing CLP and following CLP in mice also treated with the MTAChR agonist xanomeline.

Results At 48 h. post-CLP, activity in basal forebrain cells expressing choline acetyltransferase (ChAT) was half

of that observed at baseline. Lower activity was also noted in the hippocampus, which contains projections

from ChAT-expressing basal forebrain neurons. Serum levels of TNFq, IL-13, MIP-1q, IL-6, KC and G-CSF were higher
post-CLP than at baseline. Post-CLP numbers of splenic macrophages and inflammatory monocytes, TNFa* and ILR*
neutrophils and ILR* monocytes were higher than baseline while numbers of central Dendritic Cells (cDCs), CD4*

and CD8* T cells were lower. When, following CLP, mice were treated with xanomeline activity in basal forebrain ChAT-
expressing neurons and in the hippocampus was significantly higher than in untreated animals. Post-CLP serum con-
centrations of TNFq, IL-13, and MIP-1q, but not of IL-6, KC and G-CSF, were significantly lower in xanomeline-treated
mice than in untreated mice. Post-CLP numbers of splenic neutrophils, macrophages, inflammatory monocytes

and TNFa™ neutrophils also were lower in xanomeline-treated mice than in untreated animals. Percentages of IL-13*
neutrophils, IL-18" monocytes, cDCs, CD4* T cells and CD8* T cells were similar in xanomeline—treated and untreated
post-CLP mice.

Conclusion Our findings indicate that MTAChR-mediated responses modulate CLP-induced alterations in serum
levels of some, but not all, cytokines/chemokines and affected splenic immune response phenotypes.
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Background

Sepsis is defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection
(Singer et al. 2016). Studies have suggested that cen-
tral cholinergic (ACh) dysfunction contributes to sepsis
pathobiology (Zaghloul et al. 2017; Santos-Junior et al.
2018; Bricher Choque et al. 2021). In particular, recent
studies have demonstrated decreased activity in the basal
forebrain cholinergic system of mice subjected to cecal
ligation and puncture (CLP, the most commonly used
animal model of sepsis (Zaghloul et al. 2017; Yin et al.
2023; Zhai et al. 2017; Osuchowski et al. 2018). This sys-
tem, which is involved in altered executive functions in
neurodegenerative disorders (Berlot et al. 2022; Dwo-
moh et al. 2022; Scarpa et al. 2020), also contributes to
immune dysfunction (Bricher Choque et al. 2021; Zhai
et al. 2017; Lehner et al. 2019; Munyaka et al. 2014),
one of the defining characteristics of sepsis (Singer et al.
2016). In particular, Zhai et al. used optogenetic stimula-
tion to activate basal forebrain neurons that express cho-
line acetyltransferase (ChAT, the enzyme that catalyzes
the rate-limiting step in ACh biosynthesis) at very early
time points post-CLP (Zhai et al. 2017). Optogenetic
activation increased activity at several loci in the brain-
stem and decreased serum levels of TNFa and IL-6 via a
mechanism that involved the vagus nerve and the spleen.
Interestingly, Rosas-Ballina et al. used xanomeline, a
centrally acting M1AChR agonist, to reverse the effects
of lipopolysaccharide (LPS) on the relative abundance of
several splenic cell subsets and on induced cytokine pro-
duction by splenic cells (Rosas-Ballina et al. 2015). In the
same study, xanomeline improved survival following CLP
(Rosas-Ballina et al. 2015). Immune abnormalities are a
key component of the dysregulated host response that
causes organ dysfunction, the defining characteristic of
sepsis (Singer et al. 2016). These two studies led us to test
the hypothesis that altered central M1AChR-mediated
activity contributes to CLP-induced effects on the release
of an extended set of cytokines and chemokines (primary
outcome) and alters the relative distribution of splenic
cell subtypes (secondary outcome).

Methods

Experiments were conducted on 12-16-week-old male
C57Bl/6 mice (Jackson Labs, Bar Harbor ME). Follow-
ing historical precedent, males alone were used because
survival from CLP in females is substantially higher than

in males. Animals were housed in a veterinarian—super-
vised facility and were acclimated for a minimum of one
week prior to use. All studies were approved by the Fein-
stein Institute IACUC (2017-013 Term I & II) and con-
formed to ARRIVE guidelines.

Cecal ligation and puncture

CLP was performed under isoflurane anesthesia using
two 22—gauge punctures in a fully ligated cecum as
previously described (Abraham et al. 2018). Animals
were resuscitated with a subcutaneous (SQ) injection
of 50 mL/kg of sterile saline and received 0.5 mg/kg
of imipenim/cilastatin SQ at the end of surgery and at
24 h. post-procedure. As in previous studies, mortality
at 48 h. post-CLP was about 50% (Abraham et al. 2018;
Abcejo et al. 2009). Blood was obtained via cheek bleed
and mice were then euthanized by decapitation. Organs,
including brains, were harvested with brain tissues fixed
in 4% paraformaldehyde. Previous experience has dem-
onstrated that, by about 6 h. post-procedure, the vari-
ables of interest in unoperated mice and sham-operated
controls were identical (Abcejo et al. 2009; Haaxma et al.
2003). Therefore, we have discontinued the use of sham-
operated controls. Importantly, our findings are consist-
ent with studies on the orexinergic effects of anesthetics,
which have disappated within the 6 h. timeframe (Kelz
et al. 2008).

Xanomeline administration

Xanomeline (5 mg/kg in 0.2 ml saline) was administered
intraperitoneally at the time of CLP and at 24and 47 h.
post-CLP for a total dose of 15 mg/kg. Mice were euth-
anized one hour after the final dose. We elected not to
study animals that received vehicle only following CLP
because multiple studies have demonstrated that injec-
tion of 0.2 ml of saline did not affect post-CLP param-
eters (Osuchowski et al. 2018; Deutschman et al. 2013;
Leisman et al. 2022).

Measurements of serum cytokines

Serum was separated from blood by centrifugation, ali-
quoted and frozen at -80°C until used. Levels of TNFa,
IL-1B, IL-6, MIP-1a, KC, and G-CSF were determined
using a multiplex ELISA (Eve Technologies, Calgary,
Alberta, Canada).
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Leukocyte isolation

As previously described (Taylor et al. 2020a), spleens
harvested post-euthanasia were immediately digested
with DNAse (100 pg/mL) and Collagenase A (1 mg/
mL) in complete media for 30 min at 37 °C. Cells were
passed through a 70 um filter and resuspended. Red
blood cells were lysed, white cells were counted using
a Countess II Automated Cell Counter (ThermoFisher,
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Danvers, MA). Secondary antibodies were donkey
anti-goat conjugated to Alexa 488 for ChAT, donkey
anti-rabbit conjugated to Alexa 594 for c-Fos, and don-
key anti-mouse Alexa 488 for c-Fos). Immunofluores-
cence intensity was determined in 10 non-contiguous
40x-powered fields per slide, 1-2 slides/animals.

The fraction of activated cells was determined as.

Tota Inumber of cells expressing both ChAT and ¢ — fos

Number of cells expressing both ChAT and ¢ — fos + number of cells expressing ChAT only

Waltham, MA) and spleen cells were analyzed using
flow cytometry. A minimum of 2 x 10° events were ana-
lyzed for each sample.

Cytokine production assays

Single cell suspensions were stimulated with LPS
(500 ng/ml) for 3 h in the presence of Brefeldin A as
previously described (Taylor et al. 2022). Concurrently
prepared cell suspensions without stimulation served
as controls for background production.

Flow cytometry

Single-cell suspensions were stained for flow cytometric
analysis with LIVE/DEAD fixable viability dye (Life Tech-
nologies) and the following antibodies: CD90.2, CD8a,
CD4, Ly6C, CD11c, Ly6G, MHCI], IL1, and TNFa (anti-
body details—Additional file 2: Table S1). All flow cyto-
metric analysis was performed on a BD LSR Fortessa
16-color cell analyzer and analyzed using FlowJo soft-
ware version 10 (BD Bioscience, San Jose, CA). We used
fluorescence minus one controls to validate all antibod-
ies. Stimulation assays were performed alongside and
compared to unstimulated controls to ensure only true
cytokine producing cells were gated. Gating strategies are
included in Additional file 1: Fig. S1.

Brain harvesting, preparation and staining

Brains were fixed with 4% paraformaldehyde for 48 h,
immersed in 30% sucrose, embedded into optimal
temperature cutting compound and sliced to yield 10
pumsections; sagittal sections were examined in studies
of basal forebrain, coronal sections were used to evalu-
ate staining in the hippocampus. Sections that con-
tained basal forebrain were identified using the Allen
Brain Atlas based on characteristic structure and loca-
tion. Basal forebrain sections were co-immunostained
with antibodies to choline acetytransferase (ChAT, goat
anti-ChAT, 1:100, EMD Millipore Corp, Burlington
VT),and c-Fos (rabbit polyclonal, 1:500, Cell Signaling,

This fraction was reported as percentage.

Statistics

To compare treatment groups, we used one-way ANOVA
with Tukey—Kramer corrections for multiple comparisons.
Prior to analysis, data distributions were evaluated graphi-
cally. Several measurements were found to take right-
skewed distributions. In these cases, a natural logarithm
transformation was accordingly applied to these data prior
to analyzing group differences, as is common practice for
beta-distributed data (Harrell 2015) (See Additional file 1:
Figure S3. for representative residual and Q-Q plots). Dif-
ferences were considered statistically significant when
P<0.05. In all analyses, the unit-of-analysis was the individ-
ual animal. All analyses were performed using Prism ver-
sion 10.1.1 (GraphPad Software, Boston, MA).

Results

Basal forebrain cholinergic activity is lower following CLP
than at baseline

Previous studies have demonstrated that LPS administra-
tion reduced basal forebrain cholinergic activity (Yin et al.
2023; Rosas-Ballina et al. 2015). However, the inflamma-
tory responses to LPS and CLP differ substantially. These
differences might extend to activity in specific brain
regions. We therefore sought to examine the effects of
CLP on the activity of basal forebrain neurons expressing
ChAT. Our studies revealed that, at 48 h. post-CLP, basal
forebrain co-localization of ChAT and c-Fos, a marker for
recent neural depolarization, was significantly lower than
that observed at baseline (T,) (Fig. 1A, B). At the same post
CLP time point, co-localization of ChAT and c-Fos in mice
treated with the M1AChR agonist xanomeline was signifi-
cantly higher than that observed in untreated animals, as
well as in unoperated controls (Fig. 1A, B). These findings
suggest that the CLP-induced decrease in basal forebrain
cholinergic activity is driven, at least in part, by a difference
in M1AChR-mediated activity.
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IIL. CLP + Xanomeline

Fig. 1 Effects of CLP and CLP+xanomeline treatment on activity in the basal forebrain cholinergic system. C57BI6 mice, euthanized 48 h.

post CLP. A Representative immunostained sagittal sections. Scanned and imaged on Leica DMI 4000b using Allen Brain Atlas (P56 Image 21)

at 20 x magnification. Green stain (fluorescence from Alexa 488, identified by blue arrows)—Choline Acetyl Transferase (ChAT)—containing
neurons; Red stain (fluorescence from Alexa 594, indicated by yellow arrows)—c-Fos expressing neurons; neurons expressing both ChAT and c-Fos
indicated by white arrows. B Quantification of active neurons that expressed ChAT. Immunofluorescent activity of ChAT (Alexa 488) and c-Fos
(Alexa 594) determined in 10 non-contiguous 20x-powered fields per slide, 1-2 slides/animal. Mean value for each animal indicated by closed circle
(Ty/baseline), closed square (48 h. post CLP) or closed diamond (xanomeline treatment of mice studied 48 h. post-CLP). N=4 mice for each set

of measurements. Long horizontal line—mean of measurements in all four animals; lighter lines—x+ standard deviation. Significance determined
using one-way ANOVA with Tukey-Kramer correction, P <0.05. *=significantly different from T,. A=significantly different from value at 48 h.

post-CLP without xanomeline

Post-CLP activity in the hippocampus is lower

than baseline and is altered by the M1AChR agonist
xanomeline

Muscarinic AChRs are activated by ACh-secreting
basal forebrain neurons. These receptors have been
identified in several different regions of the brain,
including but not limited to the cortex, thalamus, hip-
pocampus, neostriatum and basal forebrain (Fernandez
de Sevilla et al. 2021; Sarter and Lustig 2020). Xanome-
line directly activates M1 and M4AChRs (Shannon
et al. 1994). M1 receptors are predominantly post-syn-
aptic and increase neuronal activity while pre-synaptic
M4 receptors limit ACh release. Thus, a xanomeline-
induced increase in neuronal activation likely results
from M1 stimulation while a decrease should reflect
M4-mediated effects. We therefore used immunostain-
ing with an antibody to c-Fos to compare activity at T,
with the effects of CLP and CLP +xanomeline on activ-
ity in several brain regions. Baseline expression of c-Fos
was most pronounced in the hippocampus, a finding
consistent with previous reports (Berlot et al. 2022).
At 48 h post-CLP c-Fos expression in this region was
significantly lower than at T (Fig. 2A, B). In contrast,

c-Fos expression following CLP + xanomeline was sig-
nificantly higher than those observed in untreated mice
and could not be distinguished from activity observed
at T,,. Therefore, our findings suggest that CLP-induced
decreases in hippocampal neuronal activity result, in
part, from an attenuation of M1AChR stimulation.

Reduced central M1AChR-mediated activity contributes

to CLP-induced elevation in serum levels of some,

but not all, cytokines

Previous studies demonstrated that serum concentra-
tions of TNFa and IL-6 were increased by LPS adminis-
tration (Rosas-Ballina et al. 2015). Levels were reduced
in mice pre-treated with the centrally acting M1AChR
agonist xanomeline; this effect was not present in ani-
mals receiving saline (Rosas-Ballina et al. 2015). Post-
CLP levels of these two cytokines were also higher than
at T, optogenetic stimulation of ChAT-expressing
basal forebrain neurons lowered TNFa and IL-6 levels
(Zhai et al. 2017). We therefore examined the effects of
xanomeline administration on CLP-induced elevations of
serum levels of TNFa, IL-6 and several other cytokines
and chemokines. Data are presented in Fig. 3. At 48 h.
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Fig. 2 Effects of CLP and CLP+xanomeline treatment on activity in the hippocampus. C578BI6 mice, euthanized 48 h. post CLP. A Representative
immunostained coronal sections. Scanned and imaged on Zeiss LSM 880 at 40 x magnification. Red stain (fluorescence from Alexa 594, indicated
by yellow arrows)—c-Fos expressing cells. Blue stain (DAPI)—cell nuclei. B Quantification of active hippocampal cells. Immunofluorescent activity
of c-Fos (Alexa 594) determined in 6-7 non-contiguous 40x-powered fields per slide, 1-2 slides/animal. Mean value for each animal indicated

by closed circle (Ty/baseline), closed square (48 h. post CLP) or closed diamond (xanomeline treatment of mice studied 48 Hrs. post-CLP).

N =3-4 mice for each set of measurements. Long horizontal line—mean of measurements in all 3-4 animals; lighter lines—x+ standard deviation.
Significance determined using one-way ANOVA with Tukey—Kramer correction, P <0.05. *=significantly different from T,. A=significantly different

from value at 48 h. post-CLP without xanomeline

post-CLP, serum levels of TNFaq, IL-13, MIP-1a, IL-6, KC
and G-CSF were higher than at T, (Fig. 3A, B). Follow-
ing treatment with xanomeline, serum TNFa, IL-1f and
MIP-1a levels were lower than those observed following
CLP alone and were indistinguishable from levels seen
prior to CLP (Fig. 3A). In contrast, levels of IL-6, KC and
G-CSF following CLP +xanomeline were not statistically
distinguishable from levels observed following CLP alone
(Fig. 3B). These findings indicate that M1AChR-mediated
responses modulate serum levels of some, but not all,
cytokines.

Central M1AChR-mediated responses modulate
CLP-induced differences in the distribution of splenic cell
subgroups

Previous work has demonstrated that the effects of LPS/
inflammation on the relative proportions and activa-
tion states of both innate and adaptive immune cells
are influenced by cholinergic neural input (Bricher
Choque et al. 2021; Lehner et al. 2019; Munyaka et al.
2014; Rosas-Ballina et al. 2015; Taylor et al. 2020a, 2022;
Mina-Osorio et al. 2012; Huston et al. 2009). To exam-
ine the contribution of M1AChR-mediated signaling
to CLP-induced differences in immune cell phenotypes
we harvested splenic cells at 48 h. post CLP from mice

treated with either vehicle or xanomeline. Using flow
cytometry, we examined the abundance of these cells
and their ability to mount a cytokine response to ex vivo
LPS stimulation. At 48 h. post-CLP, the absolute num-
bers of splenic macrophages (CD11b*/Ly6G~/MHCII ™/
CD64*/Ly6C™4) and inflammatory monocytes (CD11b*/
Ly6G~/MHCII"/CD64~/Ly6C™) were both higher than
at baseline (Fig. 4A). When post-CLP mice were treated
with xanomeline, the numbers of neutrophils (CD11b™"/
Ly6G™), macrophages and inflammatory monocytes were
lower than following CLP alone and could not be distin-
guished from numbers observed at baseline (Fig. 4A).
Post-CLP the numbers of central dendritic cells (cDCs,
CD11c*/MHCIIY) and of CD4" (CD90*/CD4%) and
CD8" (CD901/CD8%) T cells were lower than base-
line (Fig. 4B). However, xanomeline did not affect these
observed differences, suggesting that the effects of CLP
on cDCs and T cell numbers are M1AChR -independ-
ent. These data are consistent with previous work dem-
onstrating that CLP profoundly affected the numbers of
splenic T cells (Taylor et al. 2020b) and dendritic cells
(Hotchkiss et al. 2002).

We also examined how CLP affected ex vivo
responses of splenic innate immune cells to stimu-
lation with LPS. At 48 h post-CLP, the numbers of
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Fig. 3 Effects of CLP and CLP+xanomeline treatment on serum concentrations of selected cytokines. C57BI6 mice, euthanized 48 h. post CLP.
Levels (pg/ml) determined using multiplex ELISA (Eve Technologies, Calgary, Alberta, Canada). Mean value for each animal indicated by closed
circle (Ty/baseline), closed square (48 h. post-CLP) or closed diamond (xanomeline treatment of mice studied 48 h. post-CLP). Linear Y-axis in IL-1b
plot, log, Y-axes in all other plots. Long horizontal lines—mean value (arithmetic for IL-13, geometric for others); error bars—= standard deviation
(arithmetic for IL-13, geometric for others). For TNFa, MIP-1q, IL-6, KC, and G-CSF, data were In-transformed for analysis. Statistical comparisons
between groups with ordinary one-way ANOVA with Tukey—Kramer correction (P < 0.05) applied to results. *=significantly different from value at T;
A=significantly different from value at 48 h. post-CLP without xanomeline. A Serum concentrations of TNFa, IL-13 and MIP-1a. N=4-7. B Serum

concentrations of IL-6, KC and G-CSF. N=4-7

neutrophils expressing TNFa or IL-1p and the num-
ber of monocytes expressing IL-1B was higher than at
baseline (Fig. 5A). Following CLP, the percentages of
TNFa-expressing neutrophils and of IL-1B-expressing
neutrophils and monocytes was also higher than at T,
(Fig. 5B). Both the numbers and percentage of TNFa™
monocytes post-CLP were not statistically distinguish-
able from baseline values. In post-CLP mice treated
with xanomeline, the numbers of neutrophils and
monocytes expressing either TNFa or IL-1B were sig-
nificantly lower than observed values in post-CLP
animals not receiving the drug and were statistically
indistinguishable from baseline (Fig. 5A, B). However,
the percentages of IL-1p -expressing neutrophils and
monocytes was unaffected (Fig. 5B). These findings
indicate that M1AChR-mediated responses contribute
to the increased number of neutrophils and monocytes

and that may also affect TNFa expression by these cells.
However, LPS stimulated expression of IL-1p appears
to be M1AChHR independent.

Discussion

Elevated serum cytokine levels following an inflam-
matory stimulus in part reflect decreased activity in
the vagus-mediated anti-inflammatory reflex (Pavlov
and Tracey 2012). Among the affected components
of this pathway are cholinergic neurons in basal fore-
brain and splenic cells that release cytokines (Lehner
et al. 2019). The central M1AChR agonist xanomeline
reduced cytokine release (Rosas-Ballina et al. 2015).
Studies with CLP, the most commonly-used animal
model of sepsis (Osuchowski et al. 2018), indicated
that reduced activity in basal forebrain cholinergic
neurons contribute to inflammation and that restored
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different from value at 48 h. post-CLP without xanomeline. N=3-7. A Numbers of Neutrophils, Macrophages and Inflammatory Monocytes. B

Numbers of Central DCs, CD4" T cells and CD8" T cells

MI1AChR-mediated activity in the brain reduced mor-
tality (Zhai et al. 2017; Rosas-Ballina et al. 2015). Rela-
tive to measurements at baseline (T,), data from 48 h.
post CLP demonstrated (1) lower activity in basal fore-
brain cholinergic neurons and in hippocampal cells,
(2) higher serum levels of TNFa, IL-13, MIP-1a, IL-6,
KC and G-CSF, (3) a larger number of splenic mac-
rophages and inflammatory monocytes, but fewer
splenic dendritic cells, CD4* and CD8" T cells and
(4) a higher percentage of neutrophils that responded
to ex vivo stimulation by secreting TNF«, and of both
neutrophils and monocytes that responded by elaborat-
ing IL-1B. When CLP was followed by administration
of xanomeline, differences with T, in neuronal activity,
serum levels of TNFa, IL-1B and MIP-1a, and number
of macrophages and inflammatory monocytes were
not present. However, concentrations of IL-6, KC and
G-CSF and percentages on cytokine-expressing neu-
trophils and monocytes were higher than baseline and
indistinguishable from measurement made in post-CLP
mice not receiving the drug. These findings indicate
that decreased M1AChR-mediated activity contributes

to some, but not all, of the changes in cytokines levels
and leukocyte abundance induced by CLP.

Acute encephalopathy/delirium and cognitive dysfunc-
tion in long-term survivors, both well-documented and
well-described, are the generally recognized manifesta-
tions of sepsis-induced dysfunction in the brain (Girard
et al. 2018; Li et al. 2022; Rengel et al. 2019). However,
the contribution of the brain to the pathogenesis of
organ dysfunction, the defining characteristic of sep-
sis, has been under-appreciated. The ability of complex
organisms to respond to constant fluctuations in either
the internal or external environment depends on com-
munication and coordinated activity between cells and
organs that are not in direct physical contact. Some years
ago, Godin and Buchman proposed that the dysregu-
lated host response of sepsis compromises these interac-
tions, causing an “uncoupling of biologic oscillators” that
reduced biologic variability and ultimately contributed to
organ dysfunction (Godin and Buchman 1996). Organ-
to-organ interactions in humans are mediated by the
immune, endocrine and neuronal systems. While sepsis-
induced dysfunction in the first two has been extensively
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Fig. 5 Effects of CLP and CLP + xanomeline treatment on innate immune splenic cells expression of TNFa and/or IL-1{3. C57Bl6 mice, euthanized
48 h. post CLP. Cell types/cytokines identified using flow cytometry. Mean value for each animal indicated by closed circle (T,/baseline), closed
square (48 h. post CLP) or closed diamond (xanomeline treatment of mice studied 48 Hrs. post-CLP). Long horizontal lines—mean value; error
bars—x+ standard deviation. Significance determined using one-way ANOVA with Tukey—Kramer correction, P <0.05. *=significantly different

from value at T; A =significantly different from value at 48 h. post-CLP without xanomeline. N=3-7. A Numbers of Neutrophils and Monocytes
that expressed TNFa or IL-1(3 in response to ex vivo stimulation with LPS. B Percentages of Neutrophils and Monocytes that expressed TNFa or IL-13

in response to ex vivo stimulation with LPS

examined (Boomer et al. 2011; Berghe et al. 2022), the
brain has been less-well scrutinized. Nerves can dissemi-
nate signals far more rapidly than the other two systems
and thus may be the “first responders” to perturbations.
Indeed, neuronal activity contributes to both endocrine
and immune responses, and these responses are com-
promised in sepsis (Deutschman et al. 2013; Berghe et al.
2022; Jakob et al. 2020). Thus, it is logical to postulate
that neuronal dysfunction is a primary determinant of
sepsis-induced organ dysfunction. The data presented
here support that hypothesis.

The ability of xanomeline to affect some, but not all,
of the differences in cytokine expression and leukocyte
abundance/activity is important. Previous work has iden-
tified CLP-induced circulating levels of TNFa, IL-1f and
IL-6 that are higher than T levels. Much of those data
were generated while exploring the vagus-mediated anti-
inflammatory reflex, a neural pathway by which central
M1AChR-expressing neurons alter cytokine expression
and inflammatory cell abundance in the spleen (Zhai
et al. 2017; Munyaka et al. 2014; Rosas-Ballina et al. 2015).

The more distal portions of this pathway involve several
different neurotransmitters (Huston et al. 2009; Kres-
sel et al. 2020; Lu et al. 2014; Rosas-Ballina et al. 2011).
In effect, this pathway has been described as a “brake on
inflammation” whose therapeutic potential is currently
being explored (Chavan et al. 2017; Kelly et al. 2022).
The findings reported here suggest that this hypothesis
be viewed with a degree of caution. Pre-treatment with
xanomeline attenuated LPS-induced elevations of TNFa,
IL-6, IFNy and IL12p70 while optogenetic activation of
basal forebrain cholinergic neurons has a similar effect on
increases in TNFa, IL-6 and IL-10 levels at a very early
post-CLP timepoint (Zhai et al. 2017; Rosas-Ballina et al.
2015). However, in our studies, which examined mice
48 h. post-CLP, levels of IL-6, as well as the chemokine
KC and the neutrophil growth factor G-CSF, were not
affected by xanomeline. These findings suggest that some
aspects of the inflammatory reflex do not involve an
M1-mediated ACh pathway. Perhaps other muscarinic
or nicotinic isoforms contribute (Yeomans 2012; Wills
and Kenny 2021; Mineur et al. 2023; Fontana et al. 2023).
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Alternatively, the CLP-induced difference in IL-6 may be
mediated by a non-cholinergic neural pathway. We have
demonstrated CLP-induced decreases in the orexinergic
system of the hypothalamus (Deutschman et al. 2013).
Glutaminergic and GABAergic systems have been impli-
cated in neuroinflammation (Zhang et al. 2023). Further
investigation is clearly indicated.

Previous work also indicated that pre-treatment with
xanomeline attenuated LPS induced increases in splenic
dendritic cell numbers (Rosas-Ballina et al. 2015), a find-
ing consistent with our observations post-CLP. However,
administering the drug prior to LPS challenge increased
numbers of splenic T cells and did not affect neutrophil
or monocyte/macrophage abundance (Rosas-Ballina et al.
2015). In contrast, we found that, while the abundance of
neutrophils, macrophages, and inflammatory monocytes
was higher post-CLP than at baseline, levels following the
addition of xanomeline were significantly lower than in
untreated mice and were indistinguishable from baseline.
The differing effects of xanomeline on cytokines may well
reflect the timing of administration—treatment before
LPS administration but after CLP. However, the discrep-
ancies in numbers of splenic neutrophils, monocytes/
macrophages and T cells suggest that mechanisms under-
lying some of the effects of CLP and LPS differ from each
other. Importantly, CLP increased numbers of TNFa- and
IL-1B-expressing neutrophils and IL-1B-expressing mono-
cytes, differences that were eliminated when xanomeline
was added. The percentages of cytokine producing cells
was not altered by CLP+xanomeline. Thus, xanomeline
did not appear to influence the effects of CLP on TNF«/
IL-1p expression by innate immune cells, but rather sim-
ply reduced the total number of cells present.

That CLP and administration of LPS induce distinct
cytokine and immune phenotypes also has implications
that may affect our understanding of the pathobiology
of sepsis. The data presented here and results generated
by other investigators suggest that both CLP and human
sepsis evoke unique immune profiles. Some of these
changes can be considered “pro-inflammatory” (Taylor
et al. 2020c), others “anti-inflammatory” (Boomer et al.
2011; Hotchkiss et al. 2001) but the overall response
defies easy classification (Murphey et al. 2004). Indeed,
the work here demonstrated that CLP-induced changes
in serum levels of two quintessential “pro-inflamma-
tory” cytokines—TNFa and IL-6—respond differently
to M1AChR stimulation. Further, while elevated lev-
els of splenic macrophages and monocytes point to an
enhanced immune response, decreased numbers of
dendritic cells and of CD4" and CD8" T cells suggest
immune suppression. These discrepant findings suggest
that CLP, and perhaps sepsis, involve complex and likely
unique mechanisms that are not easily characterized.
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This study has limitations and is subject to certain
caveats. We examined responses only at 48 h. post-CLP.
While previous work suggests that this approach cap-
tures most post-CLP pathobiology (Abraham et al. 2018;
Deutschman et al. 2013), the dynamic nature of both
CLP and sepsis mandates that investigation of the mech-
anisms that produce organ dysfunction be examined at
additional time points.

Perhaps the most important limitation lies in attempts
to model sepsis, a distinctly human disorder, using ani-
mals. While it is the most commonly-used animal model
of sepsis, the deficiencies of CLP are well-documented
and indisputable. The concerns include differences in
gene expression and in organ-specific pathophysiologic
responses to inflammation (Seok et al. 2013). Impor-
tantly, lab mice are immunologically naive while humans
are exposed to an antigenically rich environment from
an early age on. These discrepancies may have limited
translation of approaches to treatment; therapy that has
worked in post-CLP mice has not improved outcome
in human sepsis. However, when the focus is directed
towards organ dysfunction, the defining clinical charac-
teristic of human sepsis (Singer et al. 2016), some of the
distinctions blur. Inflammation in mice causes hypother-
mia, bradycardia and hypopnea; in humans the response
is characterized by fever, tachycardia and tachypnea. But
both mice and men respond to inflammation with altera-
tions in metabolism, cardiac function and respiration.
Recent modifications have improved the fidelity of the
model to the disorder (Rincon et al. 2021); these include
our demonstration that induction of a broad memory T
cell repertoire in mice prior to CLP increased organ dys-
function and reduced survival to levels closer to those
observed in human sepsis (Taylor et al. 2020c). Further
research is required to identify pathobiology and to
enhance clinical relevance.

Conclusions
In summary, our findings indicate that, at 48 h. post-CLP.

1. activity in hippocampal cells and in basal forebrain
neurons expressing ChAT is lower than at base-
line. Lower hippocampal activity reflected, at least
in part, reduced activity in neurons that respond to
M1AChR-mediated stimulation.

2. circulating levels of TNFa, IL-13, MIP-1q, IL-6, KC
and G-CSF were higher than at baseline. The levels
of TNFaq, IL-1p and MIP-1a were driven, in part, by
lower levels of M1AChHR stimulation. In contrast, lev-
els of IL-6, KC and G-CSF were not affected by dif-
ferences in M1-mediated activity.



Abraham et al. Molecular Medicine (2024) 30:22

3. the numbers of splenic macrophages and inflamma-
tory monocytes were higher than at baseline and a
greater percentage of neutrophils and monocytes
responded to an ex vivo inflammatory stimulus.
This increase resulted, in part, from lower levels of
M1AChR-mediated stimulation.

4. a greater fraction of splenic neutrophils and mono-
cytes responded to ex vivo stimulation by elaborating
cytokines. This difference was not driven by lower
activation of M1AChRs.

5. the spleen contained fewer central dendritic cells,
and fewer CD4+and CD8+T cells. This difference
did not reflect altered M1AChR-mediated activity.

This study re-affirms that altered activity in the brain
contributes to CLP-mediated immune responses. Our
findings support the hypothesis that altered activity in
the brain constitutes one component of the “dysregulated
host response” that is a defining characteristic of sepsis.
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