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A B S T R A C T   

Background: Our previous studies have demonstrated that the activated Cholinergic Anti- 
inflammatory Pathway (CAP) effectively suppresses systemic inflammation and immunity in 
early sepsis. Some parameters of Heart Rate Variability (HRV) could be used to reflect the reg-
ulatory activity of CAP. However, in the early stages of severe sepsis of some patients, the in-
flammatory storm can still result in multiple organs dysfunction and even death, suggesting they 
lose CAP’s modulation ability. Since CAP is part of the vagus nerve and is directly innervated by 
the Medullary Visceral Zone (MVZ), we can reasonably concluded that pathological changes 
induced by MVZ’s neuroinflammation should be responsible for CAP’s dysfunction in modulating 
systemic inflammation in early sepsis. 
Methods: We conducted two independent septic experiments, the sepsis model rats were prepared 
by cecum ligation and puncture (CLP) method. In the first experiment, A total of 64 adult male 
Sprague-Dawley rats were included. Under the condition of sepsis and CAP’s pharmacological 
activation or blockade, we investigated the MVZ’s pathological changes, the functional state of 
key neurons including catecholaminergic and cholinergic neurons, key genes’ expression such as 
Oligodendrocyte Transcription Factor 2 (Olig-2) mRNA, glial fibrillary acidic protein (GFAP) 
mRNA, and matrix metalloprotein (MMP) − 9 mRNA, and CAP’s activities reflected by HRV. The 
second experiment involved in 56 rats, through central anti-inflammation by feeding with 10 mg/ 
ml minocycline sucrose solution as the only water source, or right vagus transection excepting for 
central anti-inflammation as a mean of the CAP’s functional cancel, we confirmed that the 
neuroinflammation in MVZ affected systemic inflammation through CAP in sepsis. 
Results: In the first experiment, cholinergic and catecholaminergic neurons showed significant 
apoptosis with reduced expressions of TH, but the expression of CHAT remained relatively un-
affected in MVZ in sepsis. HRV parameters representing the tone of the vagus nerve, such as 
SDNN, RMSSD, HF, SD1, and SD2, did not show significant differences among the three Septic 
Groups, although they all decreased significantly compared to the Control Group. The expressions 
of GFAP mRNA and MMP-9 mRNA were up-regulated, while the expression of Olig-2 mRNA was 
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down-regulated in the Septic Groups. Intervention of CAP had a significant effect on cholinergic 
and catecholaminergic neurons’ apoptosis, as well as the expressions of TH/CHAT and these key 
genes, but had little effect on HRV in sepsis. In the second experiment, the levels of TNF-α, IL-6, in 
serum and MVZ were significantly increased in sepsis. Central anti-inflammatory treatment 
reversed these changes. However, right vagotomy abolished the central anti-inflammatory effect. 
Conclusions: Our study uncovered that MVZ’s neuroinflammation may play a crucial role in the 
uncontrolled systemic inflammation through inflammatory demyelination in MVZ, which disrupts 
CAP’s modulation on the systemic inflammation in early sepsis.   

1. Introduction 

The Global Sepsis Campaign 2021 acknowledges sepsis as a global health threat, as it continues to pose significant risks to mortality 
and disability in both acute and chronic stages [1], and imposes a substantial burden on healthcare and economy [2]. The early stage of 
sepsis often triggers Systemic Inflammatory Response Syndrome (SIRS), leading to early mortality in critically ill patients. 

It has been established that the vagus nerve plays an important role in the inflammatory reflex and regulates the strength of 
inflammation and immunity through the Cholinergic Anti-Inflammatory Pathway (CAP) [3]. This pathway involves the Medullary 
Visceral Zone (MVZ) in the brainstem as the reflex center, the vagus nerve as the afferent and efferent pathway, and α7-nicotinic 
acetylcholine receptors (α7nAChRs) on the cytomembrane of immune cells as effectors [4]. Together, they collaboratively and 
negatively regulate systemic inflammation and immunity. 

CAP functions by releasing acetylcholine, which acts on α7nAChRs of T lymphocytes, inhibiting their differentiation into Th1 and 
Th17 cells, while promoting their division into Th2 and Treg cells. Additionally, acetylcholine binding with α7nAChRs also inhibits the 
secretion of pro-inflammatory cytokines [5]. Through these activities, CAP negatively modulates the intensity of immune response and 
inflammation, thereby aiding in pathogen clearance and restoration of immune homeostasis. Transection of the right cervical vagus 
nerve in septic rats abolishes CAP’s function of inhibiting systemic inflammation and has been shown to result in a large number of 
deaths in sepsis models [6]. CAP promptly, dynamically, and efficiently modulates systemic inflammation and immunity, playing a 
critical role in suppressing early systemic inflammatory storms in sepsis [7], as well as regulating local inflammation in organs such as 
the lungs and kidneys [8,9]. 

Indeed, heart rate variability (HRV) is a non-invasive method that can be used to indirectly assess the function of the autonomic 
nervous system (ANS) [10], providing quantitative information about the modulation of sympathetic and parasympathetic nerves on 
the heart and other internal organs. HRV has been shown to be reduced in sepsis, and changes in HRV may precede the onset of 
hemodynamic instability in septic patients [11], making it a potential tool for early detection and prognostic assessment in sepsis. 

In previous studies [12], researchers have identified specific HRV parameters to evaluate the activity of CAP on inflammation and 
immune regulation. These parameters include frequency domain parameters such as high frequency (HF), time domain parameters 
such as standard deviation of all NN intervals (SDNN), the root mean square successive difference (RMSSD), and non-linear parameters 
such as width of a scatterplot of the deviations of successive pairs of RR intervals (SD1) and length of a scatterplot of the deviations of 
successive pairs of RR intervals (SD2). These HRV parameters have been shown to be negatively correlated with serum levels of cy-
tokines such as TNF-α, IL-1α, IL-6, IL-10, sCD14, HMGB1, and lymphocyte ratio of TH17 to CD4+CD25+Treg, which are markers of 
systemic inflammation and immune balance. By monitoring changes in HRV, healthcare professionals can evaluate how well the 
autonomous nervous system is modulating systemic inflammation, offering essential insights into the functional activity of CAP in 
septic patients [11]. HRV analysis can be a useful tool for evaluating CAP’s function in sepsis and may have potential implications for 
monitoring and managing septic patients. 

The medullary visceral zone (MVZ), serving as the integration center of CAP [13], may be susceptible to neuroinflammation 
induced by sepsis, similar to other central nervous system structures [14,15]. Neuroinflammation has the potential to damage MVZ and 
disrupt its modulation of the autonomic nervous system [16]. Therefore, neuroinflammation may play a crucial role in the early 
regulatory disorders of inflammation and immunity in sepsis, although the specific mechanism remains unknown. In addition, what 
will happen in MVZ under the condition of sepsis and CAP’s pharmacological activation (such as GTS-21, a specific agonist of α7 
nicotinic acetylcholine receptor, α7nAChR) or blockade (such as Methyllycaconitine, MLA, the antagonist of α7nAChR)? Investigating 
the pathological changes in MVZ induced by neuroinflammation and their impact on CAP’s regulation is of significant importance in 
understanding and correcting early inflammation dysregulation in sepsis. 

2. Materials and methods 

2.1. Animals 

A total of 120 adult specific pathogen-free male Sprague-Dawley (SD) rats, were obtained from the Hubei Provincial Experimental 
Animal Research Center [License number: SCXK (Hubei) 2020–0018]. The rats were 8 weeks old and weighed between 250 and 280 g 
at the start of the study. They were housed in the Laboratory Animal Center of the First Hospital of Guiyang, maintained at a controlled 
temperature of 21 ± 0.5 ◦C, and subjected to a 12-h light-dark cycle (lights on from 07:00 to 19:00). Standard chow and tap water were 
provided ad libitum. The rats were acclimatized for 7 days prior to the experimental procedures. All experimental protocols (described 
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in the section below) were conducted in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals 
formulated by the Ministry of Science and Technology of the People’s Republic of China (2006 Edition). The study was approved by the 
Ethics Committee of the Guizhou Medical University, Guizhou Province, China (Approval No.: 2100819). 

2.2. Animal grouping and treatment 

As reported in previous study [12,17], after 7 days of adaptive feeding the formal experiment begins, 3 days after the relevant 
intervention, the rats’ blood and brain tissue were harvested for detection. The first experiment carry out such analysis as short-term 
HRV, TdT mediated dUTP Nick End Labeling (TUNEL), Immunofluorescence and Quantitative Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR). The second experiment involves with Western blot (WB) and Enzyme Linked Immunosorbent Assay (ELISA). 

In the first experiment, a total of 64 rats were divided into 3 groups according to the random number table, they were separately 
treated as follows: ① Control Group (8 rats): rats were fed as usually without any treatment; ② Sham Group (8 rats): rats were 
subjected to open and suture the abdominal cavity under anesthesia with inhalation of isoflurane [18] without cecal ligation and 
puncture (CLP) operation, afterwards, they were accepted intraperitoneal injection of piperacillin (50 mg/Kg, qd × 3d);. ③ Sepsis 
Group (48 rats): rats were prepared sepsis models with CLP operation，afterwards, they were randomly divided into 3 groups, 16 rats 
in each group. a: Model Group: intraperitoneal injection of piperacillin (50 mg/Kg, qd × 3d) and saline (1 ml/100 g, qd × 3d). b: 
GTS-21 Group, beside piperacillin, intraperitoneal injection of GTS-21 (4 mg/kg, qd × 3d) was given to each rat [19]. c: Methyl-
lycaconitine (MLA) Group: beside piperacillin, intraperitoneal injection of MLA (4.8 mg/kg, qd × 3d) was given to each rat [20]. 

In the second experiment, a total of 54 rats were divided into four groups, they were separately treated as follows: ① Control Group 
(8 rats) and ② Model Group (16 rats) were treated as the first experiment. ③Central Anti-inflammatory Group (16 rats): after 4 days of 
feeding with 10 mg/ml minocycline phosphate (dissolved in 5 % sucrose solution) as the only water source, rats were treated as the 
CLP model group. ④ CAP Transection Group, After isolation and transection of the right cervical vagus nerve under anesthetization by 
inhalation of isoflurane, rats went through adaptive feeding for 7 days, the rest of the treatment was the same as the Central Anti- 
inflammatory Group. 

In these two experiments, except for the died rats, all the survival rats were included in the planed studies. 

2.3. Short-term HRV analysis 

HRV, which can reflect the overall health status [21], is known to be influenced by injuries and critical illnesses such as sepsis, 
which can disrupt the functioning of the autonomic nervous system (ANS) and trigger an inflammatory response [22,23]. Reduced 
vagal innervation has been associated with increased inflammatory response [24]. Stimulation of the vagus nerve (VN) has been shown 
to suppress blood TNF levels [25]. Non-linear analysis of HRV can provide insights into the complex interactions involving the 
regulation of the autonomic and central nervous systems. In fact, some HRV parameters have been found to be superior to quick 
sepsis-related organ failure assessment (qSOFA) score, Modified Early Warning Score (MEWS), and National Early Warning Score 
(NEWS) in predicting 30-day in-hospital mortality for adults with sepsis [26–28]. These studies highlight that HRV can reflect the 
regulatory function of VN on systemic inflammation in sepsis. Therefore, we conducted a short-term analysis of HRV in this study. 

The short-term HRV (5 min) analysis can stably reflect the general health state [29] and was used to measure the tone of VN of rats 
in the first experiment. Two hours after intraperitoneal injection, short-term HRV analysis was conducted once a day for three 
consecutive days using the Noninvasive ECG System (ECGenieTM, Mouse Specifics, Inc. in USA) to record ECG signals of rats under 
unrestrained awake conditions. Two electrodes were fixed on the dorsal surface of the xiphoid process and in the anterior mediastinum 
after rats were anesthetized with isoflurane inhalation. After approximately 2 h, rats were recovered and HRV recording began. This 
method allows for wireless collection of 5-min ECG samples, minimizing voltage instability during activities and improving the 
signal-to-noise ratio [30]. Corrections for isolated ectopic beats were made using cubic spline interpolation starting from the RR in-
tervals unaffected by non-sinus cardiac beats. The corrections did not exceed 1 % of the total beats, as all experimental rats were 
healthy before the experiment. The parameters were set as follows: sampling rate at 1K/s and low-pass filter at 1 kHz. Frequency 
domain, time domain, and nonlinear analysis of HRV were performed, including main indicators such as SDNN, RMSSD, total power 
(TP), very low frequency (VLF), low frequency (LF, 0.2–0.75 Hz), and high frequency (HF, 0.75–2.5 Hz). Lorenz scatter plots were 
drawn and SD1 and SD2 were calculated using the software. Except for spectral analysis performed via nonparametric analysis, other 
indexes of HRV adopted parametric analysis. 

2.4. TdT mediated dUTP nick end labeling (TUNEL) 

After 3 days, rats were euthanized under anesthesia with inhalation of isoflurane [17] to collect the medulla oblongata for reverse 
transcription-polymerase chain reaction (RT-PCR), TdT mediated dUTP nick end labeling (TUNEL), and Fluorescent immunolabeling 
analysis. Though these results have been reported in our previous study [12], it is necessary to remind it again. 

For TUNEL and Immunofluorescence analysis, paraffin sections of the medulla oblongata were prepared first. After blood 
collection, rats were perfused transcardially with phosphate-buffered saline (PBS, 0.01 M, 150 mL at pH 7.4) followed by a para-
formaldehyde (PFA, 350 mL) solution. Subsequently, the medulla oblongata was harvested and conventionally embedded with 
paraffin to prepare sections (30 μm). For TUNEL analysis, the sections were dewaxed and immersed in Proteinase K solution. Then, the 
terminal deoxynucleotidyl transferase (TdT) buffer was added for incubation, followed by 4′,6-Diamidino-2-phenylindole (DAPI) 
(Beyotime Biotechnology, lot number: C1002) and fluorescence quencher (southernbiotech, lot number: 0100–01) to stain the nuclei 
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and apoptotic cells. Finally, the sections were observed under a fluorescent microscope (Olympus BX53 biological microscope). Image 
J software (National Institutes of Health, V1.8.0.112) was used to calculate the apoptosis index. Ten images from each group were 
randomly selected, and the Apoptosis Index (the average ratio of the number of apoptotic cells to the total number of cells in each 
image) [31] was calculated for each group. 

2.5. Immunofluorescence 

As it has been reported in our previous study [12], for immunofluorescence analysis, the dehydrated sections were blocked with 10 
% normal goat serum for 1 h, followed by incubation for 24 h with a cocktail of primary antibodies for caspase3 (produced by Wuhan 
Sanyan Bio. Co., China, Lot: 66470-2-IG, dilution: 1:50), tyrosine hydroxylase (TH, produced by Wuhan Boster Co., China, Lot: 
BM4568, dilution: 1:50), or choline acetyltransferase (CHAT, produced by Wuhan Bioss Co., China, Lot: bs-2423R, dilution: 1:50). 
After 4 h, sections were incubated with fluorescent-labeled secondary antibodies (FITC labeled goat anti-rabbit IgG, produced by 
Wuhan Boster Co., China, Lot: BA1105, dilution: 1:100, Cy3 labeled goat anti-mice IgG, produced by Wuhan Boster Co., China, Lot: 
BA1031, dilution: 1:100). Finally, the sections were mounted on gelatin-coated slides and covered with mounting medium with DAPI 
to stain the nuclei of all cells present in the slice [32]. Images from the different experimental groups were captured with an Olympus 
BX53 Biological Microscope. Nine MVZ images with 400-fold enlargement from three rats in each group were analyzed using Image 
Pro Plus 6.0 (IPP6.0, Mediacybernetics) software [33], and the average optical densities were acquired. 

2.6. Quantitative RT-PCR 

Fresh tissue samples weighing 0.1 g from the Medulla Oblongata were taken from each group and homogenized in 1 mL of Trizol 
reagent (Aidlab, Lot:252250AX) using a bead mill (Retsch Tissue Lyzer II, Qiagen, Valencia CA, USA). RNA was extracted and reverse 
transcribed into cDNA. DNA starting primers were designed, synthesized, and supplied by Qingke Co. Ltd. The sequences are shown in 
Table 1. Rat β-actin was selected as the inner reference to calculate the expression levels of oligodendrocyte transcription factor 2 
(Olig-2) mRNA, glial fibrillary acidic protein (GFAP) mRNA, and matrix metalloprotein (MMP)-9 mRNA. Add the cDNA and the 
specific primers into Real-time fluorescence quantitative PCR equipment (produced by Eastwin, type: EDC-810) to reaction. Disso-
lution curves were plotted and final data were analyzed as 2-△△Ct. The gel imaging system’s grayscale scanning software was used to 
analyze the electrophoresis target zone and acquire the intensity ratios of the target gene compared to the reference gene. 

2.7. Western blot assay 

In the second experiment, all the survival rats were anesthetized by inhalation of isoflurane, their chests were opened to expose the 
hearts. Blood samples (8 ml) were collected from the right ventricle and remained for 1h at room temperature, then they were 
centrifuged at 3000r for 10min to obtain serum for ELISA detection. After blood collection, the rats were perfused with normal saline 
until the internal organs turned pale, then the medulla oblongata of the rats were got and frozen for WB analysis. 

A small amount of medulla oblong tissue was placed in 2 ml EP tubes, and 200 μl of tissue lysate was added to each tube to lyse cells. 
Then the total protein was extracted by centrifugation, and protein concentration was determined by BCA method. Equal amount of 
protein was loaded, denatured and electrophorized on the polyacrylamide gel and then were transferred to polyvinylidene difluoride 
membranes, followed by blocking with 8 % skim milk at room temperature for 1 h and washing. The membranes were cut into strips 
and put into the corresponding primary antibodies solution, including: rabbit polyclonal antibody Tumor Necrosis Factor Alpha (TNF- 
α) (21KD), manufacturer: Biyuntian, batch number: AF8208, dilution ratio: 1:1000; Rabbit polyclonal antibody Interleukin 6(IL-6) 
(24KD), manufacturer: Affinity, batch number:DF6087, dilution ratio: 1:1000. The solution was incubated overnight at 4 ◦C on a 
shaker. The next day, the strips were washed and put into HRP labeled sheep anti-rabbit secondary antibody (manufacturer: Wuhan 
Boster, batch number: BA10541, dilution ratio: 10,000). The PVDF membrane was immersed in the secondary antibody solution and 
incubated at room temperature for 2 h on a shaker. Finally, ECL luminescent solution was used for imaging and exposure on a gel 
imager, and the film gray value was analyzed by ipp6.0 software to calculate the expression level of proteins. 

Table 1 
Primer sequence list.  

Name Primer Sequence Size 

Rat β-actin Forward 5‘-CACGATGGAGGGGCCGGACTCATC-3’ 240bp 
Reverse 5‘-TAAAGACCTCTATGCCAACACAGT-3’ 

Rat Olig-2 Forward 5‘-TCATCTTCCTCCAGCACCTCCTCGT-3’ 311bp 
Reverse 5‘-TGACCCCCGTAAATCTCGCTCACCA-3’ 

Rat GFAP Forward 5‘-ACGAACGAGTCCTTGGAGAG-3’ 181bp 
Reverse 5‘-CGATGTCCAGGGCTAGCTTA-3’ 

Rat MMP-9 Forward 5‘-GCTGGGCTTAGATCATTCTTCAGTG-3’ 109bp 
Reverse 5‘-CAGATGCTGGATGCCTTTTATGTCG-3’  
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2.8. Enzyme linked immunosorbent assay (ELISA) test (kit) 

According to the instructions of the ELISA kit, 10ul rat’s serum was added into the sample well of the plate, and the corresponding 
standard well was set up at the same time. The plate was gently shaken and then incubated at 37 ◦C for 2 h. After washing and drying, 
100ul biotin-labeled antibody working solution was added, including Rat TNF-α, batch number: MM-0180R1, manufacturer: elabs-
cience; Rat IL-6, batch number: MM-0190R1, Manufacturer: elabscience. Afterwards, the plates were incubated at 37 ◦C for 1 h prior to 
be dried and washed for 3 times. At last, 50 μL of chromogenic A and B were added to each well, and the optical density (OD) value of 
each well was measured at 450 nm wavelength by a spectrophotometer reader within 10 min after stopping reaction. The concen-
trations of various inflammatory molecules were calculated. 

2.9. Statistics 

All data were presented as mean ± standard deviation (mean ± SD) and analyzed as measurement data. Statistical analysis was 
performed using SPSS 19.0 software package (SPSS Inc, Chicago, IL, USA). Homogeneity of variance was checked first. In case of 
positive Levene’s test, Dunnett test was used for comparisons. For homogeneous data, analysis of variance (ANOVA) was used to 
compare differences between any two groups, with Bonferroni Test used for post hoc analysis. For non-homogeneous data, Tamhane 
Test was used. Correlation analysis between HRV, TUNEL, and immunofluorescence results was conducted using Pearson’s or 
Spearman’s Correlation analysis (two-tailed tests). P < 0.05 was considered statistically significant. 

3. Results 

3.1. Mortality rate among different groups 

In the first experiment, there were respectively 9, 8, 11 rats died in Model Group, GTS-21 Group and MLA Group, the mortality rates 
were individually 56.3 %, 50 % and 68.8 %. There was no death in the Control Group and the Sham Group. There was a significant 
difference in mortality among the five groups (χ2 = 14.21, P = 0.003), but there was no significant difference in mortality among the 
three septic groups (χ2 = 1.21, P = 0.107). 

In the second experiment, there were respectively 0, 10, 4, 7 rats died in the Control Group, Sepsis Group, Central Anti- 
inflammation Group and CAP Transection Group. the mortality rates were individually 0 %, 62.5 %, 25 % and 43.8 %. There was a 
significant difference in mortality among the four groups (χ2 = 8.47, P = 0.004) 

3.2. HRV analysis 

One-way ANOVA was used to compare HRV indicators among the Control Group, the Sham Group, and three Septic Groups. SDNN, 
RMSSD, HF, SD1, and SD2 were significantly reduced in the three Septic Groups compared to the Control Group and the Sham Group 
(P < 0.05). There were no differences in SDNN, RMSSD, HF, SD1, and SD2 among the three Septic Groups. There were no statistically 
significant differences in HR, TP, VLF, LF, LF/HF, and SD1/SD2 among the five groups. Refer to Table 2 for details. 

Results of this study showed that HRV indices, including SDNN, RMSSD, HF, SD1, and SD2, were significantly lower in the Model 
Group, GTS-21 Group, and MLA Group compared to the Control Group. There were no significant differences among groups in terms of 
HR, TP, VLF, LF, LF/HF, and SD1/SD2 (p < 0.05). 

▴P < 0.05 vs Control Group. 
The representative diagrams of HRV (Fig. 1) revealed that, in comparison to the Control Group and Sham Group, the trend of R–R 

intervals in the Sepsis Group (comprising of Model Group, GTS-21 Group, and MLA Group) exhibited less fluctuation. There were 

Table 2 
Analysis of HRV among different groups.   

Control Group Sham Group Model Group GTS-21 Group MLA Group 

HR（bits/min） 253.44 ± 51.33 223.22 ± 22.10 287.92 ± 28.05 284.00 ± 23.07 274.33 ± 20.80 
SDNN (ms) 3.96 ± 0.89 4.08 ± 0.90 1.59 ± 0.83▴ 1.93V ± 0.74▴ 1.89 ± 0.72▴ 
RMSSD (ms) 4.25 ± 1.75 4.34 ± 1.26 1.69 ± 1.00▴ 2.20 ± 0.96▴ 2.32 ± 1.03▴ 
TP (ms2) 1213.27 ± 1022.20 2101.61 ± 345.48 1213.48 ± 818.07 1401.31 ± 678.42 1572.39 ± 747.65 
VLF (ms2) 957.12 ± 978.45 1820.08 ± 368.32 992.03 ± 808.40 1200.65 ± 660.70 1370.90 ± 677.89 
LF (ms2) 213.65 ± 109.33 232.95 ± 83.31 190.67 ± 25.46 170.85 ± 30.96 167.81 ± 74.43 
HF (ms2) 42.56 ± 17.63 48.56 ± 13.06 30.75 ± 5.82▴ 29.83 ± 6.44▴ 33.67 ± 11.17▴ 
LF/HF 5.20 ± 2.12 4.79 ± 1.01 6.45 ± 1.64 5.99 ± 1.66 4. 75 ± 2.06 
SD1 (ms) 3.00 ± 1.23 3.07 ± 0.89 1.19 ± 0.71▴ 1.56 ± 0.68▴ 1.64 ± 0.73▴ 
SD2 (ms) 4.64 ± 1.04 4.78 ± 1.42 1.87 ± 1.01▴ 2.20 ± 0.92▴ 2.08 ± 0.77▴ 
SD1/SD2 0.66 ± 0.27 0.69 ± 0.27 0.67 ± 0.27 0.74 ± 0.24 0.78 ± 0.22 

The table presents the mean ± standard deviation of HRV indices over a three-day period. SDNN represents the standard deviation of all RR intervals, 
RMSSD indicates the root mean square successive difference of continuous RR intervals, TP refers to total power, VLF represents very low frequency, 
LF denotes low frequency (0.2–0.75 Hz), HF indicates high frequency (0.75–2.5 Hz), SD1 represents the mean width of a scatterplot of successive pairs 
of RR intervals, and SD2 represents the mean length of a scatterplot of successive pairs of RR intervals. 
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minimal changes observed in the Spectrogram among the five groups. However, in the Lorenz Scatter plot (a nonlinear analysis that 
includes SD1 and SD2), the scatter plot distributions appeared more rounded (indicating SD1 was approximately equal to SD2) in the 
Model Group and MLA Group as compared to the Control Group, Sham Group, and GTS-21 Group. 

Fig. 1. Some representative diagrams of heart rate variability with time domain, frequency domain and non-linear analysis from each group.  
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Fig. 2. Pathological changes of MVZ in sepsis and intervened by cholinergic anti-inflammatory pathway (TUNEL and double immunofluorescence 
labeling experiments). 
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3.3. The pathological changes of MVZ 

The TUNEL analysis revealed that the Septic Groups, including the MLA Group, Model Group and GTS-21 Group exhibited 
significantly higher levels of apoptotic neurons compared to the Control Groups (29.11 ± 4.60 %, 25.40 ± 9.13 %, 17.03 ± 4.16 % vs 
5.30 ± 0.9 %, P = 0.000, P = 0.000, P = 0.000). GTS-21 Group showed a tendency to reduce apoptosis compared to the Model Group 
(P = 0.074) (Fig. 2 Part A, B). 

The double-labeling fluorescence analysis showed that the expression of TH significantly decreased in the MLA Group, Model 
Group and GTS-21 Group compared to the Control Group (0.00117 ± 0.00069, 0.00162 ± 0.00073, 0.00258 ± 0.00069 vs 0.00458 ±
0.00148, P = 0.000, P = 0.000, P = 0.001). While GTS-21 tended to upregulate the expression of TH in model rats, MLA further 
reduced it remarkably compared to GTS-21 Group (P = 0.488, P = 0.048). However, the expression of CHAT did not significantly 
decrease in the Model Group and GTS-21 Group, while in the MLA Group, the it reduced significantly compared to the Control Group 
(0.00370 ± 0.00282, 0.00485 ± 0.00151, 0.00241 ± 0.00047 vs 0.00527 ± 0.00186, P = 0.761, P = 1.000, P = 0.019). The 
expression of Caspase3 was evidently up-regulated in the MLA Group, Model Group and GTS-21 Group when compared to the Control 
Group (0.00373 ± 0.00107, 0.00338 ± 0.00125, 0.00253 ± 0.00102 vs 0.00039 ± 0.00028, P = 0.000, P = 0.000, P = 0.000), GTS-21 
showing a tendency to curb its expression, while MLA boosted its expression (Fig. 2 Part A, C, D). 

Fig. 2 illustrates the impact of sepsis on MVZ neurons, including cholinergic and catecholaminergic neurons, in terms of apoptosis 
and inactivity. 

Part A of the figure displays TUNEL and double immunofluorescence labeling images of MVZ. The red fluorescence in the TUNEL 
column indicates apoptotic cells. In the TH/Caspase3 column, green fluorescence represents the expression of TH, while red fluo-
rescence indicates the expression of caspase 3 in catecholaminergic neurons. In the CHAT/Caspase3 column, green fluorescence 
represents the expression of CHAT, and red fluorescence shows the expression of caspase 3 in cholinergic neurons. These images reveal 
that sepsis not only induces significant apoptosis of catecholaminergic and cholinergic neurons in MVZ, but also affects their activity. 
Intervention with the cholinergic anti-inflammatory pathway can impact the activity and apoptosis of functional neurons in the MVZ 
area. The α7nAChR agonist GTS-21 tends to prevent apoptosis and inactivity of cholinergic and catecholaminergic neurons in MVZ, 
while the α7nAChR antagonist MLA significantly accelerates apoptosis and inactivity of these two types of neurons. 

Part B of the figure presents a histogram of TUNEL analysis, confirming that sepsis induces significant apoptosis in MVZ, and 
activation of the cholinergic anti-inflammatory pathway tends to reverse it, while blocking the pathway exacerbates apoptosis. 

Part C of the figure shows a histogram of TH/Caspase3 expressions in MVZ, indicating that sepsis causes significant apoptosis of 
catecholaminergic neurons in MVZ. GTS-21 can reverse this situation, whereas MLA has the opposite effect. In addition, both sepsis 
and sham operation lead to significantly low expression of TH, especially when rats are treated with MLA. 

Part D of the figure displays a histogram of CHAT/Caspase3 expressions in MVZ, revealing that although sepsis induces significant 
apoptosis of cholinergic neurons in MVZ, it does not significantly reduce the expression of CHAT, except in the MLA Group. 

**: P < 0.01; ns: P＞0.05. 

3.4. The key genes’ expressions in MVZ in sepsis and interfered by CAP 

RT-PCR analysis revealed that sepsis led to increased expressions of GFAP mRNA, MMP-9 mRNA, and decreased expression of Olig- 
2 mRNA in the MLA Group, Model Group and GTS-21 Group compared to the Control Group (3.756 ± 0.726, 2.825 ± 0.750, 1.676 ±
0.420 vs 1.071 ± 0.195, P = 0.000, P = 0.000, P = 0.195; 3.949 ± 0.724, 3.169 ± 0.702, 2.043v0.361 vs 1.073v0.194, P = 0.000, P =
0.000, P = 0.002; 0.232 ± 0.061, 0.534 ± 0.136, 0.719 ± 0.143 vs 1.027 ± 0.189, P = 0.000, P = 0.000, P = 0.001.). Intervention with 

Fig. 3. The expressions of key genes in MVZ in sepsis and interfered by CAP.  
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CAP significantly influenced these gene expression changes. GTS-21 treatment was found to significantly reverse these gene expression 
changes, indicating that activation of CAP promotes the normalization of gene expressions in MVZ. On the other hand, blocking CAP 
with MLA resulted in opposite effects (Fig. 3). 

Using GAPDH as an internal reference, it was observed that sepsis resulted in simultaneous up-regulation of GFAP mRNA (Part A) 
and MMP-9 mRNA expression (Part B), and down-regulation of Olig-2 mRNA expression (Part C). Treatment with GTS-21 reversed 
these changes, while MLA had the opposite effect. 

3.5. Inflammatory cytokines expression in MVZ and serum among different groups 

The expression levels of TNF-a and IL-6 in MVZ induced by sepsis were significantly increased, and central anti-inflammation by 
minocycline significantly reduced the expression levels of TNF-a and IL-6 in MVZ induced by sepsis. However, right vagotomy 
abolished the central anti-inflammatory effect by minocycline, resulting in apparently increased expression of TNF-a and IL-6 in MVZ 
in CAP Transection Groups, see Fig. 4 A-C. 

Fig. 4. Inflammatory cytokines expression in MVZ and serum among different groups Part A: the images of WB of TNF-a and IL-6 expressions in 
MVZ, the Bar charts of Part B illustrate the comparation of TNF-a and IL-6 expression among four groups. They demonstrated that the inflammatory 
cytokines in the Sepsis Group were significantly higher than those in the Control Group (TNF-a: 0.551 ± 0.044 vs 0.083 ± 0.039，P = 0.000; IL-6: 
0.885 ± 0.108 vs 0.229 ± 0.113，P = 0.000). Whereas, in the Central Anti-inflammatory Group, these cytokines were significantly dampened 
compared to those of the Model Group (TNF-a: 0.181 ± 0.054 vs 0.551 ± 0.044, P = 0.000; IL-6: 0.454 ± 0.091 vs 0.885 ± 0.108, P = 0.000). The 
declination of cytokines by minocycline’s anti-inflammation in MVZ was obviously reversed by the right vagotomy (TNF-a: 0.370 ± 0.069 vs 0.181 
± 0.054，P = 0.002; IL-6: 0.664 ± 0.026 vs 0.454 ± 0.091，P = 0.023). The expression of TNF-a in the Central Anti-inflammatory Group was not 
significantly different from that in the Control Group (P = 0.051). 
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The serum levels of TNF-a, IL-6 in sepsis models were significantly increased, and central anti-inflammation by minocycline 
significantly reduced the serum levels of TNF-a, IL-6 in these two model rats. However, right vagotomy abolished the central anti- 
inflammatory effect, resulting in significant increase of serum TNF-a, IL-6 in the rats of CAP Transection Group, refer to Fig. 4 D, E. 

The Bar charts of Part C illustrate the comparation of TNF-a and IL-6 serum levels among four groups. They demonstrated that The 
serum concentration of inflammatory cytokines in the Sepsis Group were significantly higher than those in the Control Group [TNF-a 
(ng/L): 32.84 ± 1.39 vs 9.51 ± 1.50，P = 0.000; IL-6 (ng/L): 36.94 ± 2.50 vs 9.94 ± 1.44，P = 0.000]; They decreased significantly 
in the Central Anti-inflammatory Group compared to the Model Group [TNF-a (ng/L): 16.46 ± 1.55 vs 32.84 ± 1.39，P = 0.000; IL-6 
(ng/L): 25.01 ± 1.13 vs 36.94 ± 2.50，P = 0.000], whereas, in the Vagus Transection Group, they had marvelous rebounds compared 
to the Central Anti-inflammatory Group [TNF-a (ng/L): 27.36 ± 1.48 vs 16.46 ± 1.55，P = 0.000; IL-6 (ng/L): 30.30 ± 1.91 vs 25.01 
± 1.13，P = 0.007]. 

**: P < 0.01. 

4. Discussion 

Building upon our previous research, the findings of this study provide valuable insights. We can reasonably speculate that sepsis 
causes neuroinflammation in MVZ, resulting in inflammatory demyelination which underlies decreased tone of the vagus nerve and 
emergence of systemic inflammatory response syndrome. Although pharmacological intervention targeting CAP partially modifies 
MVZ neuron apoptosis and function, these chemicals have minimal effect on CAP’s modulation of systemic inflammation intensity in 
sepsis. 

The cholinergic anti-inflammatory pathway (CAP), predominantly controlled by the MVZ, plays a negative regulatory role in 
systemic inflammation induced by sepsis. 

The vagus nerve (VN) exerts rapid and precise control over systemic inflammation through CAP [34]. By modulating the release of 
acetylcholine (Ach), CAP can effectively adjust the intensity of systemic inflammation in response to the body’s needs. Upon acting on 
α7nAChR of innate immune cells, such as monocytes, Ach inhibits the activation of Toll-like receptor 4 (TLR4) signaling, thereby 
stabilizing innate immune cells and reducing their release of pro-inflammatory cytokines[35,36]. In essence, CAP dynamically, effi-
ciently, and precisely regulates systemic inflammation in a negative manner [37,38]. Clearly, the structural and functional integrity of 
MVZ, as the commander of CAP, is crucial in sepsis. 

Our previous studies have confirmed that CAP exerts a negative regulatory effect on systemic inflammation induced by sepsis [12]. 
Treatment with GTS-21, a specific agonist of α7nAChR, significantly reduces serum levels of inflammatory mediators such as TNF-α, 
IL-1α, IL-6, IL-10, sCD14, and HMGBl, and inhibits immune activation in sepsis. In contrast, treatment with MLA, a specific antagonist 
of α7nAChR, produces opposite effects. 

The potential central effects of CAP, particularly on the function and pathology of MVZ, remain unclear. Both GTS-21 and MLA are 
capable of crossing the blood-brain barrier, and they may also interact with central α7nAChRs, which are widely expressed in the 
mammalian brain, including microglia and astrocytes[39,40]. Activation of α7nAChRs can significantly inhibit neuroinflammation. 
Therefore, interfering with CAP may also impact the strength of neuroinflammation. Considering that neuroinflammation is known to 
play a crucial role in suppressing neuronal function and remodeling neural structure through oxidative stress [41], it is possible that 
neuroinflammation in MVZ may dysregulate CAP. 

Sepsis results in apoptosis and suppression of cholinergic and catecholaminergic neurons in MVZ, and intervention of CAP can 
modify these pathologies. 

Previous studies have shown that peripheral VN stimulation through CAP has a definite effect in suppressing neuroinflammation 
and promoting neural function recovery in various CNS diseases [42]. Therefore, it can be reasonably deduced that CAP may regulate 
inflammation and function of MVZ in sepsis. In this study, TUNEL and fluorescence double-labeling analysis revealed evident apoptosis 
of both cholinergic and catecholaminergic neurons in sepsis, indicating MVZ damage. The reduced expression of TH suggests sup-
pression of catecholaminergic neurons, while the expression of CHAT remained statistically unchanged except in the MLA Group, 
possibly indicating that cholinergic neurons were excited by systemic inflammation and synthesize acetylcholine to enhance CAP’s 
function to curb peripheral inflammation in sepsis, unless severely damaged in the MLA Group. Caspase 3 is a known indicator of 
neuronal apoptosis, especially in ischemia-reperfusion injuries [43]. Cerebral injuries induced by sepsis also involve damage to the 
Blood Brain Barrier, neuroinflammation, and Oxidative Stress, which can activate the mitochondrial apoptotic pathway characterized 
by increased caspase 3 and caspase 9, and BCL2-Associated X/B-cell lymphoma-2 ratio [44]. Therefore, Caspase 3 can serve as a 
reliable indicator of neuronal apoptosis induced by sepsis. Therefore, sepsis induces apoptosis and suppression of pivotal neurons in 
MVZ. Considering our previous study [45], we reasonably deduced that intervention of CAP not only alters the levels of systemic 
inflammation and immunity, but also has a significant impact on MVZ in sepsis, which may profoundly affect the output of CAP. 

MVZ is primarily composed of the Nucleus Tractus Solitarius (NTS), Rostral Ventrolateral Medulla (RVLM), and Vagus Dorsal 
Motor Nucleus (VDMN). RVLM contains abundant catecholamine neurons that not only bridge the sympathetic and parasympathetic 
systems, but also connect the autonomic nervous system with the hypothalamic-pituitary-adrenal (HPA) axis, as well as the afferent 
and efferent systems of VN, coordinating the regulation of systemic inflammation [46]. Cholinergic neurons in VDMN are known to 
negatively regulate innate immunity through CAP [47]. The apoptosis or inactivity of catecholaminergic and cholinergic neurons in 
MVZ can inevitably impact the modulation of systemic inflammation and immunity. The vitality of cholinergic neurons is directly 
related to the modulation of systemic inflammation through CAP, while the vitality of catecholaminergic neurons indirectly influences 
the modulation of systemic inflammation through CAP. Therefore, functional stabilization of cholinergic neurons is critical for the 
modulation of systemic inflammation. 

G. Chen et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e33840

11

Sepsis induces suppression of CAP, as suggested by the reduction of certain indicators of heart rate variability (HRV). However, 
intervention of CAP has minimal influence on HRV in sepsis. 

As our previous study [12], certain HRV parameters such as SDNN, RMSSD, HF, SD1, SD2 are more reliable in reflecting the 
regulatory effect of CAP. It was anticipated that these parameters would significantly increase in the GTS-21 Group if the output of CAP 
was enhanced by GTS-21, and vice versa for the MLA Group where these parameters would show a significant reduction. HRV analysis 
would provide insights into the actual effect. 

In this study, we observed that some HRV parameters, including SDNN, RMSSD, HF, SD1, SD2, were significantly reduced in all 
three Septic Groups compared to the Control Group, indicating inhibition of CAP in sepsis. However, these parameters did not show 
significant difference in the three Septic Groups. This suggests that the output of CAP was not elevated by GTS-21, and it was not 
lowered by MLA in sepsis, which is inconsistent with our previous anticipation. 

As mentioned previously, it was expected that the functional stabilization of cholinergic neurons in sepsis would effectively 
modulate CAP. However, in our experiment, in spite that cholinergic neurons possess strong compensatory functions in sepsis, the 
results indicate that intervention of CAP had minimal influence on HRV in sepsis. it is consistent with the findings of Pinto’s research 
[48] that the intensity of neuroinflammation in the autonomic center is not correlated with HRV in sepsis. Although there were 
significant differences in the apoptosis of MVZ neurons among the three Septic Groups, there was minimal variation in vagal nerve 
tension, indicating that transmission of neural commands to CAP in sepsis was impaired. 

Neuroinflammation, gliosis, and remodeling of extracellular matrix coexist in the MVZ during sepsis, and inflammatory demye-
lination of MVZ is associated with CAP’s inhibition. 

Pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β in the central nervous system (CNS) can activate microglia during 
systemic inflammation [49]. Similar to many previous studies [50,51], our study confirmed that sepsis induces neuroinflammation in 
the MVZ. Neuroinflammation and apoptosis promote the expressions of GFAP mRNA, MMP-9 mRNA [52,53], which suggest nerve 
injury, gliosis, and remodeling of extracellular matrix [54–57]. Oligodendrocyte Transcription Factor 2(Olig-2) is a marker of oli-
godendrocytes [58,59], which are myelin-forming cells that ensure rapid conduction of neural information. Therefore, the 
down-regulation of Olig2 mRNA in the Septic Group indicates insufficient and damaged myelination of nerve fibers. Myelination 
damage of nerve fibers leads to obstacles in regulatory signals transmitting to the periphery, equivalent to almost transection of CAP. in 
the early stages of neuroinflammation, MMP-9 damages the blood-brain barrier, degrades myelin basic protein, promotes the secretion 
of inflammatory factors, initiates inflammatory cascades, and directly or indirectly promotes demyelination [60]. The up-regulated 
expression of GFAP denotes exacerbation of inflammation and gliosis, while the up-regulated expression of Olig-2 hints at the 
remission of inflammation and the initiation of nerve repair. 

Our study demonstrates that the activation of CAP (GTS-21 Group) dampens neuroinflammation and promotes the normalization of 
MVZ, whereas the suppression of CAP (MLA Group) has the opposite effect. Most importantly, according to these results, we speculate 
that sepsis results in inflammatory demyelination in MVZ, which is associated with CAP inhibition in early sepsis. Inflammatory 
demyelination of MVZ plays a key role in the uncontrolled systemic inflammatory storm in early sepsis and should be a target for the 
treatment of severe sepsis. 

CNS undergoes continuous demyelination and remyelination throughout adulthood [61]. Maintaining a dynamic balance between 
demyelination and remyelination is crucial for preventing neural degeneration and restoring CNS physiological function. Neuro-
inflammation can activate microglia and result in excessive production of proinflammatory mediators such as IL-1β, which can damage 
oligodendrocytes, axons, and lead to myelin destruction [62], ultimately impairing neural information transmission [63]. Therefore, 
the impact of demyelination of nerve fibers is equivalent to partial or complete transection of the neural stem. Inflammatory demy-
elination in MVZ should receive greater attention in the clinical practice of sepsis. 

This study has certain limitations. The intervention in this study only focuses on the VN and does not reflect the regulatory effect of 
the sympathetic nerve on inflammation and immunity. Therefore, the interpretation of some HRV indicators may be inaccurate or even 
incorrect. Additionally, the output of CAP is not directly measured by the device, but is rather deduced indirectly from some HRV 
indexes, which may be unreliable or inaccurate. Lastly, this study is an animal experiment and clinical studies may yield different 
results, requiring further investigation in clinical practice. 

5. Conclusions 

In conclusion, neuroinflammation in MVZ affected systemic inflammation through CAP in sepsis. Inflammatory demyelination of 
MVZ resulted in CAP’s dysfunction and systemic inflammatory response syndrome and should be a target in sepsis. 
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