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Abstract

Background
Sepsis remains a signi�cant cause of morbidity and mortality worldwide, with systemic in�ammation
and behavioral impairment. Microglia are well-known critical regulators of neuroin�ammation, which
feature in multiple neurodegenerative disorders. These cells become “activated” through stimulation of
toll-like receptors (TLRs), resulting in changes in morphology and production and release of cytokines.
Myeloid-epithelial-reproductive tyrosine kinase (Mer), a member of the Tyro-Axl-Mer (TAM) family of
receptor tyrosine kinases, regulates multiple features of microglial/macrophage physiology. The present
study examined the roles of the related TAM receptors, Mer, and its ligand, Protein S (ProS), in regulating
neuroin�ammation and neuromuscular function following sepsis.

Methods
The sepsis was established by cecal ligation and puncture (CLP) in wildtype (WT) and Mer−/− rats, and
recombinant protein S (ProS) or normal saline (NS) was intrathecally injected for intervention. The
muscle weight, neuromuscular function, Nissl staining, immuno�uorescence, ELISA, and Western blot
were performed.

Results
Knockout of Mer showed signi�cantly decreased muscle weight and neuromuscular function at day 4
post-CLP, as well as increased in�ammatory cytokines, activated microglia/macrophage, and
TLR4/MyD88/NF-κB signal pathway in the spinal cord. The administration of ProS activated the signal
transducer and activator of transcription 1 (STAT1)/suppressor of cytokine signaling 1/3 (SOCS1/3)
pathway and inhibited the TLR4/MyD88/NF-κB signal pathway, which alleviated the neuromuscular
dysfunction after CLP.

Conclusion
ProS/Mer alleviates muscle atrophy and neuromuscular dysfunction in the sepsis model by activating the
STAT1/SOCS signaling pathway and inhibiting the TLR4/MyD88/NF-κB signaling pathway.

Background
Sepsis is an infection-induced syndrome that causes devastating failure in multiple vital organs and
skeletal muscle dysfunctions [1, 2]. Sepsis affects not only the peripheral muscles but also affects the
central nervous system (CNS). Mechanistically, sepsis increased the permeation of the blood-spinal cord
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barrier (BSCB) and blood-brain barrier (BBB) to the cytokines and bacteria; likewise, the endotheliocytes
and glia were activated after the strike of ischemia of microcirculation, anoxia, and cytokines. Some
studies showed that sciatic nerve in�ammation progressed after spinal cord in�ammation, indicating that
peripheral nerve in�ammation may result from spinal in�ammation [3, 4].

Microglia have a vital role in regulating neuroin�ammation in sepsis [5]. Microglia and perivascular
macrophages activated by bacterial products are critically involved in protecting the CNS from infection
[6]. The innate immune cells recognize different pathogens through the pathogen-recognition receptors
(PRRs). Toll-like receptors (TLRs) are a family of PRRs that recognize conserved microbial motifs in
molecules such as bacterial lipopolysaccharide (LPS) and peptidoglycan. Macrophages and microglia
express TLRs that are part of the innate immune system and recognize a variety of pathogens and
pathogen products[7]. TLRs, mainly TLR4, have an essential effect on modulating in�ammatory
responses Myeloid differentiation factor 88 (MyD88), a critical adapter protein for TLR4, which leads to
the activation of downstream nuclear factor-kappa B (NF-κB) and the subsequent production of pro-
in�ammatory cytokines, has been implicated in neurotoxicity[8].

Moreover, after being activated, the M1-like phenotype microglia release pro-in�ammatory cytokines,
including tumor necrosis factors-α (TNF-α) and interleukin-6 (IL-6). On the contrary, the M2-like phenotype
microglia produces anti-in�ammatory factors such as interleukin-10 and transforming growth factor-β
(TGF- β)[9]. Thus, a balance of pro-in�ammation and anti-in�ammation is responsible for the foundation
of homeostasis in the CNS. Previous studies showed that the myeloid-epithelial-reproductive tyrosine
kinase (Mer) regulates in�ammatory responses[10, 11]. Speci�cally, activated Mer signaling protects the
in�ammatory response by switching macrophage polarization towards an M2-like phenotype[12]. It is
shown that the Mer ligands, Gas6 and ProS, inhibited the TLRs-mediated in�ammatory pathway in
mouse-cultured microglia[13, 14]. Previous studies focused on the effect of the ProS/Mer on the TLRs
signaling pathway of peripheral macrophages and dendritic cells. However, the function of Mer in
regulating the in�ammatory response of spinal microglia in sepsis-induced neuromuscular dysfunction
has not been studied. Thus, in this study, we hypothesized that the ProS/Mer inhibits sepsis-induced
spinal in�ammation to alleviate peripheral neuromuscular dysfunction by inhibiting the
TLR4/MyD88/NF-κB signaling pathway.

Materials And Methods

Animals

Adult male wild type (WT) and Mer−/− Sprague-Dawley (SD) rats (age: 2 months, weight range: 230–250
g) were purchased from Cyagen Co., Ltd (Guangzhou, China). According to the Animal Ethics and Use
Committee of Sichuan Cancer Hospital, all rats received humane care. The rats were housed in a speci�c
pathogen-free room under standardized conditions (25 ± 2°C, 60% humidity, and a 12 h light/dark cycle)
for 1 week before the experiment. All rats had free access to food and water. All animal procedures were
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performed according to the Institute Animal Care and Use Committees of the Sichuan Cancer Hospital
and followed the National Institutes of Health’s Guide for the Care and the Use of Laboratory Animals and
the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines, as well as recommendations of
reduction, re�nement, and replacement (known as the 3 Rs).

Group Assignments And Establishment Of Sepsis Model In Rats By
Clp

The WT and Mer−/− rats were divided into two groups: (1) the sepsis group and (2) the sham group. Each
group was then divided into 2 subgroups: intrathecal injection of ProS or normal saline (NS). The sepsis
model was established by cecal ligation and puncture (CLP). The sample size was calculated by our
preliminary experiment and previous studies [15, 16]. We assigned 10 rats to each subgroup (Fig. 1).

The model of sepsis was induced by CLP, as previously described [17]. After anesthetized with an
intraperitoneal (i.p.) injection of 0.5% sodium pentobarbital (65 mg/kg), the rats were used tail clamping
to determine a su�cient depth of anesthesia. After adequate anesthesia was established, we shaved and
cleaned the abdomens of the rats before performing a 2-cm-long incision through the skin and rectus
abdominis on the left side of the midline to expose the cecum. We located and carefully exteriorized each
rat’s cecum and then ligated it with a 3–0 silk suture halfway from the base of the ileocecal valves. The
ligated cecum was punctured twice with a 24-gauge needle to ensure that the wounds were infected with
a small amount of stool. At last, the cecum was carefully returned to the abdomen and closed with a 3–0
silk suture. The cecum was returned to the abdomen after gentle manipulation in the sham group. In all
groups, 10 mL/kg of 0.9% normal saline was subcutaneously injected after the abdomen was closed to
restore the animals’ �uid levels.

Intrathecal Catheter Implantation

In this study, according to our preliminary experiments and previous studies[18], the rats were treated with
an intrathecal injection of recombinant ProS (0.2 mg/kg) (9489-PS, R&D Systems) or an equal volume of
NS at the 8 h, 1 day, 2 days and 3 days after CLP.

The catheter implantation was performed as described with slight modi�cations[19]. In brief, each rat was
anesthetized with an intraperitoneal injection of 0.5% sodium pentobarbital (65 mg/kg) and placed in a
prone position. A midline skin incision was made in the lumbar region (L2–S1), and the intervertebral
membrane between L3 and L4 was exposed. A needle was then used to puncture the arachnoid
membrane, and the PE-10 catheter was gently pushed into the subarachnoid space. The incisions were
then closed in layers using 4 − 0 silk. During the surgery, the animal’s core body temperature was
maintained at 37 ± 0.5°C with a thermostatically controlled heating pad during surgery.
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Evaluation Of Neuromuscular Function
On day 4 after CLP, all the rats were placed in the dorsal recumbent position after anesthetization with
0.5% sodium pentobarbital (65 mg/kg). The right sciatic nerve was exposed at the thigh with non-
compliant silk. Stimulation electrodes (RM6240 Systems, Inc., Chengdu, China) were attached to measure
the nerve-mediated contraction of the tibialis anterior muscle with the following parameters: intensity, 3 V;
duration, 0.2 ms; and frequency, 1 Hz. Compound muscle action potential (CMAP) was recorded with a
receiving electrode attached to the tibialis anterior muscle before and at different times after surgery. The
electromyographical data (amplitude, duration, and latency period of CMAP) were analyzed with RM6240
USB2.0S (I) version 1.0.2 software (RM6240 Systems, Chengdu Instrument Company, Chengdu, China).
The motor conduction velocity (MCV) was calculated as the distance of conduction/latency time. The
temperature of each rat was kept at 36–37°C using a heating light. Neuromuscular dysfunction was
de�ned as a decrease of ≥ 20% of the lower limit of the average CMAP amplitude [20].

Tissue Preparation

Tissue preparation was performed in our previous studies[21]. After completing the evaluation of
neuromuscular function, the animals were euthanized, and muscle tissues (gastrocnemius and tibialis
anterior), spinal cord (L3-4 segments), and sciatic nerve were harvested in ice-cold phosphate-buffered
saline ([PBS], pH 7.40) and transferred to 4% paraformaldehyde. After a 2-day �xation, the specimens
were then embedded in para�n. The samples were cut into 4-mm-thick sections on a rotary microtome
(RM2135, Leica Instruments, Wetzlar, Germany) and placed onto glass slides. The sections were
depara�nized in dimethylbenzene, rehydrated successively in a gradient of ethanol, and washed with
distilled water before the subsequent experiments. The fresh frozen specimens were prepared for the
other analysis.

Enzyme-linked Immunosorbent Assay (Elisa)
The mouse TNF-α and IL-6 Enzyme-Linked Immunosorbent Assay (ELISA) Kit (CUSABIO BIOTECH Co.,
Ltd., China) was used following the manufacturer’s instructions. In brief, the supernate of tissue was
added to a 96-well plate pre-coated with hamster monoclonal anti-mouse TNF-α capture antibody. After
incubation at room temperature (25℃) for 2 h, samples were washed, and the detection antibody was
added for an additional hour. After further washing, avidin-horseradish peroxidase was used for detection,
and optical density was measured at 450 nm and 570 nm (Multiskan GO; Thermo Fisher Scienti�c).

Nissl Staining

Nissl staining was performed according to the previous study [18]. The L3-4 spinal cord slides were
dehydrated with different concentration of alcohol, rehydrated in distilled water, then stained in Nissl
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Staining Solution (C0117, Beyotime) for 5 min at 37°C. Subsequently, we used the 95% ethyl alcohol to
immerse the slices for 5 minutes, then used 100% alcohol to dehydrated, and �nally used xylene to clean
slides for 5 minutes. Spinal cord slices were mounted and observed under Nikon Eclipse E800 light
microscope. The average quantities of Nissl bodies (neurons with a diameter ≥ 25 µm) were counted by
randomly selecting �ve Nissl-stained sections at the same site of each animal.

Immuno�uorescence Staining
For staining, the sections were incubated in primary antibodies made in 1% bovine serum albumin (BSA)
solution to appropriate dilutions at 4 ℃ overnight. Then, the sections were washed twice, and secondary
antibodies in 1% BSA were added for 1 h at room temperature. Primary antibodies were anti-Iba1 (c-
32725, dilution 1:500; Santa Cruz Biotechnology, USA,) and anti-TLR4 (ab22048, dilution 1:400; Abcam,
USA]. Secondary antibodies were goat anti-mouse Alexa-Fluor 594 (for Iba-1) and goat anti-mouse Alexa-
Fluor 488 (for TLR4), and the stain DAPI was used at 1:400 (Invitrogen Molecular Probes). Five randomly
selected sections from each group were observed using an Olympus optical microscope (BX51, Olympus,
Tokyo, Japan), and 5 �elds from each section were imaged for TLR4 and Iba-1 co-expression.
Immunostained sections were quantitatively characterized by digital image analysis using Image Pro-
Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA). All the results were recorded by researchers
blinded to the experimental group. TLR4 and Iba-1 were quanti�ed as the average number of positive
cells per �eld. A negative (no antibody) control was included.

Western-blotting Analysis
The protein from the tissue was extracted in a lysis buffer (Beyotime Institute of Biotechnology) using
sonication. The lysate was separated by centrifugation at 8, 000 × g at 4°C for 8 min, and the supernatant
was collected. The total protein concentration was analyzed with the BCA Protein Assay Kit (Beyotime
Institute of Biotechnology). The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to polyvinylidene �uoride (PVDF) membranes (Millipore,
Billerica). The membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS) for 1 h at room
temperature (26°C), followed by overnight incubation with the following primary antibodies at 4°C: anti-
Mer (1:500, 365499, Santa Cruz Biotechnology, Inc), anti-TLR4 (1:500, AF7017; A�nity Biosciences), anti-
phosphorylated-STAT1 (1:500, AF3293; A�nity Biosciences), anti-p65 NF-κB (1:1000, AF5006; A�nity
Biosciences), anti-SOCS 1 (1: 500, AF5378; A�nity Biosciences), anti-SOCS 3 (1: 500, AF6133; A�nity
Biosciences), β-actin (1:1, 000, 47778, Santa Cruz Biotechnology, Inc) and anti-GAPDH (1:1, 000, Abcam,
ab8245). After washing, the membranes were incubated with a secondary antibody (goat anti-rabbit: 1:1,
000, ZB-2301, goat anti-mouse: 1: 1, 000, ZB-2305, ZSGB-BIO) for 1 h at 37°C; the bands were visualized
using the enhanced chemiluminescence kit (Beyotime, Institute of Biotechnology, Jiangsu Province,
China), and the band intensity was measured using Quantity One software. All results were compared to
β-actin or GAPDH to normalize the protein levels.
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Statistical Analyses
All statistical analyses were performed using SPSS (version 17.0, SPSS). Values are expressed as mean 
± SD. The levels of cytokine plasma and proteins (TLR4, NF-κB, SOCS1/3, and STAT1) at 4 days after CLP
were analyzed using 1-way analysis of variance (ANOVA) to compare the within-group differences, and
the Student–Newman–Keuls (SNK)-q test to compare the between-group differences. The differences in
all data were considered statistically signi�cant at a P value less than 0.05.

Results

Knockout Of Mer Worsened The Muscle Atrophy And Functions After
Clp
Muscle atrophy was examined by assessing muscle mass in the tibialis anterior (TA) and gastrocnemius
(GC) muscles at day 4 post-CLP. The muscle weight was measured relative to pre-CLP body weight (day
0). Compared with the CLP + WT group, the TA and GC muscle weight signi�cantly decreased in CLP + 
Mer−/− group (Fig. 2A).

The CMAP recorded for WT and Mer−/− group at 4 days post-CLP is shown in Fig. 2B. Compared to the
CLP + WT group, the amplitudes of CMAP were signi�cantly decreased in the CLP + Mer−/− group
(Fig. 2C). The durations of CMAP in the CLP + Mer−/− group was signi�cantly shorter than that in the CLP 
+ WT group (Fig. 2D). The nerve conduction velocity signi�cantly decreased in the CLP + Mer−/− group
compared to the CLP + WT group (Fig. 2E). The latency period was signi�cantly increased in the CLP + 
Mer−/− group compared to the CLP + WT group (Fig. 2F).

Knockout Of Mer Aggravated Neuronal Damage And Neuromuscular
Junction (Nmj) Disintegration After Clp
The Nissl and Immuno�uorescence staining of the spinal cord (Fig. 3A) and skeletal muscle (Fig. 3C)
were used to evaluate the neuronal damage and degeneration after CLP. In the Sham + WT group, the
number of Nissl-positive neurons was observed, while in the CLP + WT group, the neurons were lightly
stained and less noticeable. Moreover, knockout of Mer aggravated neuronal damage post-CLP, as
demonstrated by the signi�cant decrease in the number of Nissl-positive neurons in the spinal cord in the
CLP + Mer−/− group compared to the CLP + WT group (Fig. 3B). Besides, CLP + WT group showed a
signi�cant decrease in the integration of NMJ, and CLP + Mer−/− group further aggravated disintegration
of NMJ (Fig. 3D). These data indicated knockout of Mer expression aggravated neuronal damage and
NMJ disintegration after CLP.

We then investigated the cellular localization and expression of TLR4 and Iba-1 in
microglia/macrophages in the spinal cord at 4 days post-CLP. As demonstrated, TLR4 and Iba-1 were less
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expressed in the membrane of microglia/macrophages in the Sham + WT group and Sham + Mer−/−

group; however, TLR4 and Iba-1 were substantially upregulated in the activated microglia/macrophages
in the CLP + WT group and CLP + Mer−/− group at 4 days post-CLP (Fig. 4A and B).

Knockout Of Mer Aggravated The In�ammation In The Spinal Cord
After Clp
As determined by ELISA, the IL-6 (Fig. 5A) and TNF-α (Fig. 5B) concentrations in the septic spinal tissue
were signi�cantly increased in the CLP + WT group compared to the Sham + WT group at 4 days after
CLP. However, the IL-6 and TNF-α concentrations had no signi�cant differences between the CLP + Mer−/−

group and the CLP + WT group at 4 days after CLP, while they were still higher than that in the Sham + WT
group and Sham + Mer−/− group.

Knockout of Mer increased the TLR4 signal pathway expression and reduced STAT1 activation and
SOCS1/3 expression after CLP

Our previous studies showed that the TLR4/MyD88/NF-κB signal pathway levels in the spinal cord were
signi�cantly increased at 24 h post-CLP [21]. In this study, we found that the levels of TLR4 and NF-κB
were signi�cantly increased in the CLP + WT group than in the Sham + WT group at 4 days after CLP
(Fig. 6A and B). Interestingly, the levels of TLR4 and NF-κB were signi�cantly decreased in CLP + Mer−/−

group compared to the CLP + WT group (Fig. 6A and B).

Previous studies showed that Mer inhibits TLR4-induced in�ammatory responses by activating
STAT1/SOCS signaling [22]. As demonstrated, the levels of phosphorylated STAT1 (p-STAT1) were
signi�cantly increased in CLP + WT group than that in the Sham + WT group on day 4 after CLP (Fig. 6C).
However, the levels of p-STAT1 were signi�cantly decreased in CLP + Mer−/− group compared to CLP + WT
group (Fig. 6C). Moreover, the protein expression of SOCS-1 and SOCS-3 were signi�cantly decreased in
the CLP + Mer−/− group when compared to the CLP + WT group (Fig. 6D and E). These �ndings indicated
that Mer signaling is required to activate STAT1 and SOCS signaling pathways in the spinal cord after
CLP.

ProS/Mer activation alleviated functional de�cits after CLP by activating STAT1 and SOCS signaling
pathway and inhibiting TLR4/MyD88/NF-κB signal pathway

To further investigate the role of Mer after CLP, we used recombinant ProS (a ligand and agonist of Mer)
performed at 3 h, 1 day, 2 days, and 3 days after CLP, respectively. Compared to CLP + WT + NS group,
ProS treatment signi�cantly increased the TA muscle weight (Fig. 7A) and alleviated neuromuscular
dysfunction (Fig. 7B-F) at 4 days post-CLP. Furthermore, ProS treatment at 4 days post-CLP signi�cantly
decreased IL-6 and TNF-α (Suppl. Figure 1A and B) compared to CLP + WT + NS group. ProS treatment
alleviated the CLP-induced neuronal damage, as demonstrated by the signi�cant increase in the number
of Nissl-positive neurons (Suppl. Figure 2A and B) and the signi�cant increase in the integration of NMJ
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(Suppl. Figure 2C and D) compared to the CLP + WT + NS group. Immuno�uorescence showed that ProS
treatment signi�cantly decreased the TLR4/Iba-1 intensity compared to the CLP + WT group (Suppl.
Figure 3A and B). Western blot showed that ProS treatment caused a signi�cant decrease in TLR4
(Fig. 8A) and NF-κB (Fig. 8B) expression compared to the CLP + WT + NS group. Moreover, the ProS
treatment signi�cantly increased the expression of STAT1 (Fig. 8C), SOCS-1 (Fig. 8D), and SOCS-3
(Fig. 8E) when compared to the CLP + WT + NS group.

Interestingly, the administration of ProS could also signi�cantly attenuate muscle atrophy (Fig. 7A) and
neuromuscular dysfunction (Fig. 7B-G), decrease the expression level of TLR4 and NF-κB (Fig. 8A and B),
increase the expression level of STAT1 (Fig. 8C) and SOCS1/3 (Fig. 8D and E) in CLP + Mer−/− group at 4
days post-CLP.

Taken together, these �ndings suggested that Mer promoted STAT1-mediated upregulation of SOCS
expression, alleviated secondary in�ammation of the spinal cord and peripheral nerve injury, and
improved neuromuscular functional outcomes after CLP.

Discussion
In this study, we demonstrated that Mer−/− rats had more severe muscle atrophy and neuromuscular
dysfunction in a sepsis model, which is associated with increased in�ammatory cytokines in the spinal
cord. However, ProS/Mer signi�cantly alleviated muscle atrophy and neuromuscular dysfunction by
activating STAT1/SOCS signaling pathway and down-regulating the TLR4/MyD88/NF-κB signaling
pathway.

Sepsis is a systematic in�ammation that damages the function of organs and skeletal muscles [23, 24].
Sepsis-induced neuromuscular dysfunction responds to critical illness polyneuropathy and myopathy
and can prolong mechanical ventilation's duration, increasing hospital stay and mortality [25]. Our
previous studies not only found that sepsis can induce denervation-like alterations in NMJ [15] but also
that sepsis-induced activation of spinal microglia aggravated peripheral neuromuscular dysfunction [21].
The mechanism is associated with the activation of the in�ammatory signal pathway in the spinal cord.

The spinal cord, as the "superior and inferior" part of motor nerve conduction, participates in and
maintains the regulation of movement. Sepsis causes in�ammatory damage to peripheral nerves and
can lead to various systemic disorders of the spinal cord (e.g., hypotension, hypoxemia,
hyper/hypoglycemia, and organ dysfunction) [26]. Compared with the BBB, the BSCB is more sensitive to
the in�ammatory response because spinal cord lesions produce greater microglia/macrophage activation
and more extensive leukocyte recruitment and blood-CNS barrier breakdown than comparable lesions to
the cortex [27, 28]. The activated spinal microglia/macrophage results in secondary in�ammation and
uncontrolled in�ammatory cascade in sepsis.
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The activation of microglia is a central part of all types of neuroin�ammatory diseases. Microglia are one
of the major components of the intrinsic immune system of the spinal cord [5]. While pathogens activate
the TLRs signaling, negative regulators suppress the in�ammatory response to avoid excessive damage
to the organism from in�ammation [29]. The currently identi�ed in�ammatory negative regulators include
the SOCS family and zinc �nger protein A20 [30, 31]. Although the role of these negative regulators in the
in�ammatory response has been partially investigated, their mechanisms still need to be further clari�ed.
The ProS/Mer system negatively regulates the in�ammatory response [32, 33].

Mer is a member of the TAM family. TAM receptors are widely expressed in various mammalian immune,
circulatory, and nerve cells. TAM receptors can be combined with their ligands Gas6 and ProS. The
activation of the Gas6/ProS-TAM system triggers multiple downstream signal transduction pathways,
which play essential roles in cell proliferation, survival, differentiation, migration, and immune function
[34]. In the CNS, Tyro3 and Axl are abundantly expressed in neurons [35], whereas Mer is less de�ned in
microglia [36]. Compared to Tyro3 and Axl receptors, Mer−/− mice showed signi�cantly increased lethality
by lipopolysaccharide, which may be related to endotoxin-induced overexpression of TNF-α [37]. In
addition, the functions of ProS and Gas6 are different; for example, ProS directly activates the Mer
receptor, whereas Gas6 does not [38]. Therefore, in the Mer receptor-mediated inhibition of in�ammatory
responses, ProS may have a more critical role than Gas6 in the Mer receptor-mediated inhibition of
in�ammatory responses [39].

There are still some limitations in our study. Firstly, the phenotypes of microglia are not distinguished.
Microglia can be activated from an M1-like phenotype to an M2-like phenotype after an in�ammatory
injury. We used Iba-1 to mark microglia/macrophages in the current study but did not classify the cells.
Peripheral immune in�ltration and alterations can also signi�cantly impact sepsis [40]. However, our
results showed that the administration of ProS signi�cantly increased the percentage of Arg-1 in Mer−/−

and WT cells after LPS treatment (Suppl. Figure 4). These �ndings indicated that ProS/Mer plays a vital
role in regulating microglial/macrophage M1/M2 polarization, and the absence of Mer expression tips the
balance of microglial/macrophage activation towards the pro-in�ammatory M1-like phenotype. Secondly,
we have used only Mer−/− rats to investigate pro-in�ammatory and anti-in�ammatory responses.
However, we aimed to clarify the role of Mer in regulating a pro- or anti-in�ammatory mechanism, and the
critical mechanism of TAM receptors involved in the TLRs response needs to be completed in the future.
Furthermore, the other knocked-out receptors (Tyro3−/− and Axl−/−) could be used to con�rm any ligand-
dependent roles of the TAM receptors that occur under basal conditions in microglial cells. Interestingly,
even though in the Mer−/− rats, ProS treatment also can alleviate neuromuscular dysfunction and
upregulated the expression of STAT1 and SOCS1/3. It seems likely that ProS could activate the other two
receptors to play the anti-in�ammation role. Nevertheless, our data show the clear modulatory part of
ProS under pro-in�ammatory conditions, which is this study's main �nding.

Conclusions
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In conclusion, our study demonstrated that knockout of Mer signi�cantly increases in�ammatory
cytokines release, contributing to the aggravation of muscle atrophy and neuromuscular dysfunction
after sepsis. The activation of Mer has bene�cial effects on sepsis by upregulating STAT/SOCS signaling
pathway and inhibiting the TLR4/MyD88/NF-κB signaling pathway.
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Figure 1

Experimental Design. After 7 days adaptation, on day 0, cecal ligation and puncture (CLP) or sham
operation was produced. Drug treatments were started 8 h after CLP or sham and consisted of
administering a single dose of saline or ProS (0.2 mg/kg). On the subsequent 3 days, saline (equal
volume) or ProS (0.2 mg/kg) was administered to the CLP or sham group. Behavior tests (CMAP) and
biochemistry tests were performed on day 4 on CLP and sham rats.
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Figure 2

Knockdown of Mer worsened the muscular function outcomes after CLP. (A) The changes in muscle
weight of Sham + WT, Sham + Mer, CLP + WT, and CLP + Mer groups were performed on day 4 after CLP.
Muscle weights are expressed as a ratio to body weight pre-CLP. CLP signi�cantly increased muscle
wasting in the WT group and aggravated the neuromuscular dysfunction in Mer-/- group. Data are shown
as mean ± SD. n = 5 rats per group. (B) Samples of the CMAPs were recorded on day 4 after CLP in Sham
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+ WT, Sham + Mer, CLP + WT, and CLP + Mer groups. Compared to the Sham + WT group, CLP
signi�cantly decreased the amplitude (C) and increased the durations, nerve conduction velocity, and
latency period (D, E, and F) in the WT group. Knockout of Mer worsened the CMAP outcomes after CLP.
Data are shown as mean ± SD. n = 5 rats per group. *P < 0.05 compared to Sham + WT group, #P < 0.05
compared to Sham + Mer-/- group, @P < 0.05 compared to CLP + WT group.

Figure 3

Knockout of Mer decreased the neuronal numbers and NMJ numbers after CLP. (A) Representative
images of Nissl staining in the ventral horn of the spinal cord from the Sham + WT, Sham + Mer, CLP +
WT, and CLP + Mer groups, respectively. The Nissl bodies were observed with dark blue staining in the
Sham + WT group. However, in the CLP + WT group, Nissl bodies were less obvious with lighter staining.
Knockout of Mer decreased the Nissl bodies after CLP. n = 5 rats per group. (B) The motor neuron
numbers in the ventral horn of each group were quanti�ed. CLP signi�cantly decreased neuron numbers
and aggravated the loss of neuron numbers in the Mer-/- group. Data are shown as mean ± SD. n = 5 rats
per group. (C) Representative images of immuno�uorescence staining in the synaptic membrane from
the Sham + WT, Sham + Mer, CLP + WT, and CLP + Mer groups, respectively. n = 5 rats per group. (D)
Quanti�cation analysis showed CLP signi�cantly decreased the number of NMJ in the synaptic
membrane at day 4 after CLP, and knockout of Mer further decreased the number of NMJ in the synaptic
membrane after CLP. Data are shown as mean ± SD. n = 5 rats per group. *P < 0.05 compared to Sham +
WT group, #P < 0.05 compared to Sham + Mer-/- group, @P < 0.05 compared to CLP + WT group.
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Figure 4

Knockout of Mer activated the Iba-positive cells co-labeled with TLR4 at day 4 after CLP. (A)
Representative Iba-1-positive cells co-labeled with TLR4 in the septic spinal tissue at day 4 after CLP. (B)
Quanti�cation showed that the Sham + WT rats had signi�cantly fewer Iba-1-positive cells co-labeled
with TLR4 in the spinal tissue than the CLP + WT rats and CLP + Mer-/- rats. The total number of Iba-1-
positive cells co-labeled with TLR4 is expressed as the mean number per �eld of view. Data are shown as
mean ± SD. n = 5 rats per group. Bar = 100 μm. *P < 0.05 compared to Sham + WT group, #P < 0.05
compared to Sham + Mer-/- group, @P < 0.05 compared to CLP + WT group.
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Figure 5

Knockout of Mer signi�cantly increased the level of cytokines in the spinal cord after CLP. ELISA showed
that the release of IL-6 and TNF-α (C and D) in the spinal cord at day 4 after CLP was signi�cantly
increased in WT and Mer-/- groups. Data are shown as mean ± SD. n = 5 rats per group.  *P < 0.05
compared to Sham + WT group, #P < 0.05 compared to Sham + Mer-/- group, @P < 0.05 compared to CLP
+ WT group.
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Figure 6

Knockout of Mer reduced STAT1 activation and SOCS expression after CLP. Representative immunoblots
and quanti�cation showing the expression of TLR4 (A), NF-κB (B) was signi�cantly increased in WT and
Mer-/- group at day 4 after CLP; however, the expression of phosphorylated STAT1 (p-STAT1) (C), SOCS1
(D), and SOCS3 (E) were signi�cantly decreased at day 4 after CLP. Data are expressed as fold change
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compared to the Sham + WT group; n = 5 rats per group. *P < 0.05 compared to Sham + WT group, #P <
0.05 compared to Sham + Mer-/- group, @P < 0.05 compared to CLP + WT group.

Figure 7

Mer activation alleviated the muscular dysfunction outcomes after CLP. (A) The changes in muscle
weight of Sham + WT, CLP + WT, CLP + WT + ProS, and CLP + Mer-/- + ProS groups were performed on
day 4 after CLP. The administration of ProS signi�cantly decreased muscle wasting and alleviated the
neuromuscular dysfunction in Mer-/- group. Data are shown as mean ± SD. n = 5 rats per group. (B)
Samples of the CMAPs recorded on day 4 after CLP in Sham + WT, CLP + WT, CLP + WT + ProS, and CLP
+ Mer-/- + ProS groups. Compared to the CLP + WT group, ProS signi�cantly increased the amplitude (C)
and decreased the durations, nerve conduction velocity, and latency period (D, E, and F) in the WT group
but not signi�cant in Mer-/- group after CLP. Data are shown as mean ± SD. n = 5 rats per group. *P < 0.05
compared to Sham + WT group, #P < 0.05 compared to CLP + WT group.

Figure 8
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Mer activation reduced TLR4 activation and increased STAT1 and SOCS expression after CLP.
Representative immunoblots and quanti�cation showing the administration of ProS signi�cantly
decreased the expression of TLR4 (A), NF-κB (B) and increased the expression of phosphorylated STAT1
(p-STAT1) (C), SOCS-1 (D), and SOCS-3 (E) in WT and Mer-/- group at day 4 after CLP. Data are expressed
as fold change compared to the Sham + WT group; n = 5 rats per group. *P < 0.05 compared to Sham +
WT group, #P < 0.05 compared to CLP + WT group, @P < 0.05 compared to CLP + WT + ProS group.
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