
Theranostics 2024, Vol. 14, Issue 19 
 

 
https://www.thno.org 

7383 

Theranostics 
2024; 14(19): 7383-7404. doi: 10.7150/thno.101680 

Research Paper 

Vagal innervation limits brain injury by inhibiting 
gut-selective integrin-mediated intestinal immunocyte 
migration in intracerebral hemorrhage 
Peiji Fu1,2,3#, Yan Zong1,2,3#, Yinming Dai1,2#, Li Zhu1,2, Shuai Chen1,2,3, Yousef Rastegar-Kashkooli4, Junmin 
Wang4, Jiewen Zhang1, Jian Wang4, Chao Jiang1,2,3 

1. Department of Neurology, The People's Hospital of Zhengzhou University & Henan Provincial People's Hospital, 450003, Zhengzhou, P. R. China. 
2. Department of Neurology, The Fifth Affiliated Hospital of Zhengzhou University, 450052, Zhengzhou, P. R. China 
3. The Laboratory of Cerebrovascular Diseases and Neuroimmunology, The Fifth Affiliated Hospital of Zhengzhou University, 450052, Zhengzhou, P. R. 

China. 
4. Department of Human Anatomy, School of Basic Medical Sciences, Zhengzhou University, 450001, Zhengzhou, P. R. China. 

# These authors contributed equally to this work.  

 Corresponding authors: Chao Jiang, Department of Neurology, The People's Hospital of Zhengzhou University & Henan Provincial People's Hospital, 
450003, Zhengzhou, Henan, P. R. China; Department of Neurology, The Fifth Affiliated Hospital of Zhengzhou University, 450052, Zhengzhou, P. R. China; The 
Laboratory of Cerebrovascular Diseases and Neuroimmunology, The Fifth Affiliated Hospital of Zhengzhou University, 450052, Zhengzhou, P. R. China. 
(Phone: 011-86-371-66916128; E-mail: chaoj@zzu.edu.cn; ORCID: 0000-0001-5588-4294). Or: Jian Wang, Department of Human Anatomy, School of Basic Medical 
Sciences, Zhengzhou University, 450001, Zhengzhou, P. R. China. (E-mail: jianwang2020@outlook.com; ORCID: 0000-0003-2291-640X; Scopus ID: 36638705600; 
Publons Web of Science Researcher ID: I-4874-2019). Or: Jiewen Zhang, Department of Neurology, The People's Hospital of Zhengzhou University & Henan 
Provincial People's Hospital, 450003, Zhengzhou, Henan, P. R. China. (Phone: 011-86-371-65580851; E-mail: zhangjiewen9900@126.com; ORCID: 
0000-0001-6784-6658). Or: Junmin Wang, Department of Human Anatomy, School of Basic Medical Sciences, Zhengzhou University, 450001, Zhengzhou, P. R. 
China. (E-mail: wangjunmin@zzu.edu.cn; ORCID: 0000-0001-9830-0164). 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See https://ivyspring.com/terms for full terms and conditions. 

Received: 2024.07.30; Accepted: 2024.10.22; Published: 2024.10.28 

Abstract 

Rationale: The vagus nerve, which connects the brain and gastrointestinal tract, helps to maintain 
immune balance in the intestines. Gut-specific integrins, on the other hand, help to keep immune cells in 
the intestines. Since immune cells from outside the intestines can significantly affect the outcome of 
strokes, we investigated how immune cells from the intestines affect the immune response in the brain 
during intracerebral hemorrhage (ICH). 
Methods: We aimed to examine the impact of vagal innervation on intestinal immunocyte trafficking and 
its influence on ICH outcomes using Kikume Green-Red (KikGR) and wildtype (WT) mice, with or 
without prior subdiaphragmatic vagotomy (SDV). Furthermore, we sought to elucidate the regulatory 
effects of vagal innervation on intestinal immunocyte trafficking by activating α7 nicotinic acetylcholine 
receptors (α7nAChR) in WT mice that underwent ICH after SDV. Additionally, we explored the 
potential intermediary role of gut-selective integrins in cholinergic transmitters-mediated intestinal 
immunocyte trafficking. Our methodology encompassed in vivo fluorescence imaging, flow cytometry, 
Western blotting, immunofluorescence staining, histopathology, and behavioral assessments to evaluate 
the outcomes. 
Results: Our findings reveal that during the acute phase of ICH, intestinal immunocytes migrated to 
various anatomical locations, including the circulation, hemorrhagic brain, meninges, and deep cervical 
lymph nodes. Pertinently, SDV resulted in diminished expression of α4β7 and αEβ7 integrins on 
immunocytes, leading to heightened intestinal immunocyte trafficking and exacerbated ICH outcomes. 
Conversely, the administration of α7nAChR agonists countered the adverse effects of vagotomy on α4β7 
and αEβ7 integrin expression, thereby constraining the migration of immune cells from the intestines 
after ICH. The implication of α4β7 and αEβ7 integrins in this setting was supported by the ineffective 
influence of α7nAChR agonists on the trafficking of intestinal immunocytes enhanced by administering 
beta-7 integrin antagonists, such as etrolizumab. It was further supported by the exacerbated ICH 
outcomes by administering beta-7 integrin antagonists like etrolizumab alone. 
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Conclusion: The identification of vagus nerve-mediated modulation of α4β7 and αEβ7 integrin 
expression in the trafficking of immune cells within the intestinal tract holds significant implications. This 
discovery presents new opportunities for developing therapeutic interventions for ICH and stimulates 
further investigation in this area. 

Keywords: Intracerebral hemorrhage; Vagus nerve; Intestinal immunocyte trafficking; α7nAChRs; Gut-selective integrin; 
Immunomodulatory therapy 

Introduction 
Intracerebral hemorrhage (ICH) is a prevalent 

subtype of stroke, accounting for 20%-30% of all 
strokes [1, 2]. Unfortunately, unlike ischemic stroke, 
no significant developments have been made in 
treating ICH [1, 2]. Further research is needed to 
understand the brain injury and repair mechanisms 
and develop new treatment options for ICH. One 
promising strategy is to regulate inflammation, as 
secondary damage caused by the inflammatory 
response can worsen neurologic deficits after ICH. 
Therefore, exploring neuroinflammatory regulation as 
a potential treatment for ICH is essential [3, 4]. 

The innate glia get activated in response to 
inflammation caused by ICH and immunocytes 
infiltrate the damaged brain tissue [5, 6]. These 
immunocytes include neutrophils, monocyte-derived 
macrophages, lymphocytes, and others [7, 8]. T 
lymphocytes have multiple phenotypes and play a 
critical role in the adaptive immune response [2, 9]. 
Regulatory T cells show a neuroprotective effect, but 
other subpopulations, such as T-helper 1 cells and 
cytotoxic T cells, may worsen during the acute phase 
of ICH [7, 8]. Therefore, preventing toxic lymphocyte 
migration from the bloodstream or other immune 
organs to the brain is a promising way of treating ICH 
[10, 11]. However, further investigation is needed to 
determine these cells' exact origin and mechanism of 
migration. 

The gastrointestinal tract, a major reservoir of 
immune cells, plays a crucial role in regulating 
immune response beyond the organ itself, especially 
during stressful situations [8]. Lymphocytes are 
believed to travel from the digestive system to the 
brain [12-14], which may be triggered by gut 
microbiota dysbiosis [12, 13]. The communication 
network between the gut and brain is intricate, and 
the vagus nerve plays a role in its regulation [15, 16]. It 
is unclear whether the vagus nerve also governs the 
movement of immunocytes from the intestines to the 
brain, which can cause neuroinflammation. More 
research is required to explore this possibility, 
particularly in stroke cases. 

Additional evidence has also shown that 
stimulating the vagus nerve helps alleviate 
neuroinflammation after stroke [8]. This effect is due 
to the activation of α7 nicotinic acetylcholine receptors 

(α7nAChR) in immune cells, including lymphocytes 
[8]. To investigate the effects of the vagus nerve on the 
trafficking of immunocytes from the mesenteric 
lymph nodes (MLNs) to the brain of mice with ICH 
subjected to vagotomy, we used transgenic mice in 
which cells are labeled with the photoconvertible 
protein (Kikume Green-Red, KikGR) [17, 18]. As α4β7 
integrin facilitates the homing of leukocytes to the gut 
and αEβ7 integrin retains lymphocytes in mucosal 
tissues of the gut [19], we further investigated the 
influence of vagotomy, α7nAChR agonists, and beta-7 
integrin antagonists on intestinal immunocyte 
trafficking in wildtype mice with ICH. 

Our investigation revealed that vagal 
innervation, which regulates intestinal-selective 
leukocyte homing and retention by preserving α4β7 
and αEβ7 integrin expression via the acetylcholine 
pathway, can impede intestinal lymphocyte 
trafficking and mitigate brain injury and functional 
impairments in mice with ICH. These findings hold 
great promise for the development of novel 
immunoregulatory interventions for the treatment of 
ICH. 

Materials and Methods 
Animals, experimental groups, and treatment 
regimens 

The Animal Ethics and Use Committee of 
Zhengzhou University approved all procedures 
(ZZU-LAC20210924), and all animal experiments 
were conducted according to the ARRIVE guidelines. 
We used C57BL/6 male wildtype (WT) mice (8-10 
weeks, 23-27 g) obtained from the Laboratory Animal 
Center of Zhengzhou University and male Kikume 
Green-Red (KikGR) transgenic mice (8-10 weeks, 
22-26 g) bred by us but generated by Cyagen 
Bioscience Inc. (Suzhou, China). The animal rooms 
were pathogen-free and kept at a stable 21-25 °C 
temperature, humidity of 58%-68%, and a light/dark 
cycle ratio of 12 : 12 h. 

To assess how the vagus nerve affects 
immunocyte trafficking from the intestines to the 
brain, we used KikGR and WT mice that underwent 
ICH 20 d after vagotomy [20, 21]. KikGR mice were 
randomly divided into two groups using 
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computer-generated random numbers: (1) Sham 
vagotomy + ICH group, where mice received sham 
vagotomy and ICH, and (2) Vagotomy + ICH group, 
where mice underwent vagotomy and ICH. To 
evaluate whether vagotomy aggravates brain injury 
by enhancing neuroinflammation, we randomly 
assigned WT mice to 1 of 4 groups: Sham vagotomy + 
Sham ICH group, where mice received sham 
vagotomy and sham ICH; Vagotomy + Sham ICH 
group, where mice underwent vagotomy and 
received sham ICH; Sham vagotomy + ICH group, 
where mice received sham vagotomy and ICH; and 
Vagotomy + ICH group, where mice underwent 
vagotomy and ICH. 

To investigate whether the cholinergic pathway 
regulates immunocyte trafficking through the vagus 
nerve, we randomly assigned WT mice to 1 of 3 
groups: (1) Sham ICH + vehicle, (2) Vagotomy + ICH 
+ vehicle, and (3) Vagotomy + ICH + α7nAChR 
agonist. Furthermore, our objective was to confirm 
vagal innervation inhibits intestinal immunocyte 
trafficking and improves ICH outcomes by reserving 
α4β7 and αEβ7 integrin expression. To do so, we 
randomly assigned WT mice to 1 of 3 groups: (1) ICH 
+ vehicle, (2) ICH + β7 integrin antagonist, and (3) 
ICH + β7 integrin antagonist + α7nAChR agonist. 
Concerning studies associated with SDV, ICH was 
induced 20 days after sham or vagotomy, and the 
α7nAChR agonists (PHA-543613, PZ0135, 
Sigma-Aldrich) were administered intraperitoneally 1 
h after ICH at 12 mg/kg dissolved in saline with 5% 
DMSO [20-22]. As for studies about the function of 
α4β7 and αEβ7 integrins, the β7 integrin antagonists 
(Etrolizumab, HY-P9984, MedChemExpress) and 
α7nAChR agonists (PHA-543613, PZ0135, 
Sigma-Aldrich) were administered intraperitoneally 1 
h after ICH at 5 mg/kg dissolved in saline and 12 
mg/kg dissolved in saline with 5% DMSO, 
respectively [19, 22]. The vehicle group received 
identical volumes of saline or saline containing 5% 
DMSO. 

Subdiaphragmatic vagotomy (SDV) mouse 
model 

We used the SDV mouse model for the study [23, 
24]. Mice were anesthetized with 3.0% isoflurane and 
kept at 1% through a nasal cone in a mixture of 80% 
nitrogen and 20% oxygen. A bilateral SDV or sham 
operation was conducted in the mice. A 3 cm middle 
longitudinal abdominal incision was made below the 
xiphisternum during the procedure. The costal arc 
was then retracted using a vascular clamp, and the 
liver and stomach were gently pushed aside with 
small cotton balls dampened with sterile saline to 
expose the esophagus. The vagus nerve’s dorsal and 

ventral truncal branches along the subdiaphragmatic 
esophagus were separated and transected under a 
surgical microscope (SMZ800N, Nikon, Japan). Mice 
in the sham vagotomy group underwent the same 
surgery, but the subdiaphragmatic vagus nerves were 
not transected (Figure S1A). Throughout surgery, the 
rectal temperature of the mice was maintained at 37.0 
± 0.5 °C. After surgery, the mice were allowed to 
recover for 20 days with free access to food and water. 
We measured food intake to confirm the success of 
SDV [25], since the cholecystokinin octapeptide 
(CCK-8) inhibits food intake by stimulating vagal 
afferent fibers. Eight days after SDV, mice received 
CCK-8 (40 μg/kg, HY-P0093A, MedChemExpress) 
dissolved in saline by tail vein injection [21]. The mice 
were then kept individually in cages where the weight 
of the food was weighed in advance, and the net 
amount of food consumed by the mice was calculated 
for 24 h. The absence of CCK-8-induced feeding 
suppression determined the success of SDV (more 
details are available in Figure S1B). 

Photoconversion of KikGR mice 
The Kikume-Green photoconvertible fluorescent 

protein in KikGR mice can be converted to 
Kikume-Red after exposure to near-UV light (350–420 
nm). In this study, homozygous KikGR mice were 
anesthetized with 3.0% isoflurane inhalation, and 
MLN photoconversion was performed as previously 
described [12, 14]. We covered the entire body with 
sterile aluminum foil, sterilized the abdomen, and 
made a 1-cm abdominal incision through an opening 
in the aluminum foil to expose the mesenteric lymph 
node (MLN). We covered the abdominal cavity with 
sterile aluminum foil, except for the isolated MLN, to 
prevent neighboring tissues from being irradiated. 
The MLNs were then illuminated with a defocused 
violet laser light source (405 nm, peak power 4.5 mW, 
14 × 37 mm beam range, Hongdu Electronics, China) 
for 15 min at 5 cm (Figures S1C-D) while care was 
taken to keep the intestinal tissue hydrated with 
sterile saline throughout the procedure. Seven days 
after photoconversion, MLN immunocytes were 
extracted and prepared for flow cytometric analysis (n 
= 5 mice per group). We analyzed the percentage of 
photoconverted cells (KikR+ in red) in the populations 
of CD45+ cells. Furthermore, we monitored intestinal 
monocyte trafficking 3 d after ICH in KikGR mice 
undergoing photoconversion 4 d before. 

ICH Mouse Model 
The ICH model involves injecting collagenase 

into the left striatum of mice to induce bleeding [9, 
26]. We secured the mice to a stereotactic head frame 
(RWD Life Science, China) for surgery and drilled a 
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small burr hole. Then, using a 1 μL Hamilton 
microinjection needle, collagenase VII-S (0.075 U in 
0.5 μL of saline, C2399, Sigma-Aldrich) was injected at 
specific coordinates (0.8 mm anterior and 2.1 mm 
lateral of the bregma, and 3.1 mm deep). After the 
collagenase was administered for more than 5 min, 
the needle was held for 10 min to prevent backflow 
and then slowly withdrawn. Sham mice underwent 
the same procedure but do not receive collagenase 
injections. After injection, the burr hole is sealed with 
Super Glue (Loctite, Germany). The mice are 
maintained at a constant rectal temperature of 37.0 ± 
0.5 °C throughout the experimental and recovery 
periods. Mice that died before the end of the study are 
excluded, while the remaining animals are included 
in the final analysis. 

Brain injury volume, swelling, residual lesion, 
and atrophy 

Following established protocols [9, 27], our 
experimental procedure involved anesthetizing the 
mice and transcardially perfusing them with saline 
and 4% paraformaldehyde (PFA) on day 3 or 28 after 
ICH. Brains were removed and stored at 4 °C in 4% 
PFA overnight, followed by dehydration with 20% 
sucrose and 30% sucrose solutions and embedding in 
optimal cutting temperature compounds (Tissue-Tek 
OCT Compound, 4853, SAKURA). Using a cryostat 
(Leica, Germany), we cut the samples into a 50 μm 
section and 12 30 μm sections, covering ten cycles 
from the olfactory bulbs to the visual cortex. The 50 
μm coronal sections, spaced 360 μm apart, were 
stained with Luxol fast blue (LFB, Solvent Blue 38, 
S3382, Sigma-Aldrich) for myelin and Cresyl Violet 
(CV, Cresyl Violet acetate, C5042-10G, Sigma-Aldrich) 
for neurons. This allowed us to measure brain lesion 
volume, white matter injury, brain swelling, and 
atrophy. The 30-μm sections were stored in 
cryopreservation solution at -20 °C for 
immunofluorescence and LFB staining. 

Brain lesion volume was quantified with 
SigmaScan Pro software (version 5.0.0 for Windows; 
Systat, San Jose, CA, USA) on day 3 or 28 after ICH (n 
= 10 mice per group). We identified the injured extent 
of the brain lesion by locating areas lacking LFB/CV 
staining in the 50-μm sections. We calculated the 
lesion volume in cubic millimeters by multiplying the 
damaged area by the distance between the slices [9, 
27]. 

Brain swelling was measured by determining 
hemisphere enlargement on day 3 after ICH (n = 10 
mice per group). Using SigmaScan Pro software, we 
quantified volumes of the ipsilateral and contralateral 
hemispheres. Brain swelling (%) was expressed as 
[(ipsilateral hemisphere volume — contralateral 

hemisphere volume)/contralateral hemisphere 
volume] × 100% [9, 27]. 

We subtracted the ipsilateral hemisphere volume 
to calculate brain atrophy induced by grey matter and 
white matter injuries in the hemorrhagic hemisphere 
on day 28 after ICH (n = 10 mice per group). We 
expressed the result as a percentage of the 
contralateral hemisphere volume: [(contralateral 
hemisphere volume - ipsilateral hemisphere volume) 
/ contralateral hemisphere volume] × 100% [9, 27].  

Brain water content 

We investigated the evolution of brain edema 
[9]. Three days after ICH, the mice were anesthetized 
and decapitated (n = 6 mice per group). The whole 
brain was removed and divided into three parts: the 
ipsilateral striatum, the contralateral striatum, and the 
cerebellum (as an internal control). The weight of the 
samples was measured immediately to obtain the wet 
weight and then kept in an electric blast drying oven 
at 100 °C for 24 h to get the dry weight. Finally, the 
brain water content was calculated using the formula 
[(wet weight - dry weight) / wet weight] × 100% [9, 
28]. 

Assessment of neurologic deficits 

We used the modified neurologic deficit score 
(NDS) and the corner turn test (CTT) to evaluate the 
long-term neurologic function of mice following ICH. 
Our assessments were conducted on days 1, 3, 7, 14, 
and 28 after ICH (n = 10 per group). The NDS consists 
of six elements: body symmetry, gait, circling 
behavior, front limb symmetry, climbing, and 
compulsory circling. Each component is scored on a 
scale of 0-4, resulting in a total range of 0-24 [9, 27]. To 
conduct the CTT, we tracked the number of times the 
mice turned left in a 30-degree angled device. We 
replicated this test 10 times per time point and 
expressed the results as a percentage [7, 9]. 

White matter damage and myelin loss 

To evaluate white matter damage, we collected 
30-µm brain sections on day 28 after ICH (n = 10 mice 
per group). From each preserved brain, we selected 3 
sections at similar locations that were then stained 
with LFB and examined for intact myelin in the 
perihematomal region [9, 29]. Using light microscopy, 
we photographed 4 comparable fields per section 
with the same exposure level. Subsequently, we used 
ImageJ software (ImageJ 1.4, NIH, USA) to quantify 
the areas covered by LFB staining of 12 locations per 
mouse (4 fields × 3 sections). We then averaged these 
values and divided them by the total area of white 
matter examined [9, 29]. 
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Immunofluorescence 
To track the migration of immunocytes in the 

intestine in the context of a hemorrhagic brain, KikGR 
mice were subjected to sham surgery or MLN 
photoconversion 4 days before ICH. Three days after 
ICH, the mice were anesthetized and perfused with 
saline and 4% paraformaldehyde (PFA) through the 
heart (n = 3 mice per group). The entire brain was 
removed, embedded in paraffin, and sectioned into 
10-μm coronal slices [30]. These brain slices, taken at 
similar locations, were scanned using the Pannoramic 
Digital Slide Scanner (Pannoramic MIDI II, 
3DHISTECH, Hungary) to photograph 
photoconverted KikR+ cells in the perihematomal 
regions and qualitatively observe the movement of 
intestinal immunocytes. 

After ICH, the activation of microglia and 
astrocytes and the infiltration of neutrophils, the most 
abundant immunocytes in circulation, become 
evident by day 3 [9]. The cellular inflammatory 
response within the hemorrhagic brain was evaluated 
by performing immunofluorescent staining to 
quantify microglia, astrocytes, and neutrophils (n = 6 
mice per group) [9]. For this purpose, 3 coronal 30-μm 
brain sections were selected from each mouse at the 
same levels from the cryopreservation solution and 
washed in PBS for 50 min for immunofluorescence 
staining. The selected sections were blocked in 3% 
bovine serum albumin (BSA) for 60 min at room 
temperature and then incubated with primary 
antibodies overnight at 4 °C. The primary antibodies 
used were rabbit anti-glial fibrillary acid protein 
(GFAP, astrocyte marker, 1:200; 16825-1-AP, 
Proteintech), rabbit anti-ionic calcium-binding 
adapter molecule 1 (Iba-1, microglia/macrophages, 
1:1000; 019-19741, Wako), and rabbit 
anti-myeloperoxidase (MPO, neutrophil 
manufacturer, 1:150; ab9535, Abcam).  

After being washed 3 times with PBST for 5 min 
each, the sections were incubated for 1 h at room 
temperature with the following fluorochrome- 
conjugated secondary antibodies: goat anti-rabbit 488 
(1:1000; A-11034, Invitrogen); goat anti-rabbit 594 
(1:10; R37117, Invitrogen). The sections were 
rewashed with PBS for 15 min at room temperature. 
Brain sections omitted from the primary antibody 
incubation step were identically processed for 
negative controls. We observed the perihematomal 
area of each mouse under a fluorescence microscope 
(Ni-U, Nikon, Japan) and analyzed 12 locations (4 
fields of view × 3 sections). Reactive microglia/ 
macrophages were defined as the cells that were 
spherical, amoeboid, or rod-shaped, had a diameter of 
> 7.5 μm in at least one direction, had short and thick 
processes, and exhibited strong Iba1 immunofluores-

cence. On the other hand, resting microglia/ 
macrophages were characterized by small cell bodies 
(< 7.5 μm in diameter) with long processes and weak 
Iba1 immunofluorescence [9]. We defined reactive 
astrocytes as intense GFAP immunofluorescence with 
longer and thicker processes in the injured 
hemispheres [9]. The number of positive cells was 
analyzed by ImageJ (ImageJ 1.4, NIH, USA) and 
averaged as the number of positive cells per square 
millimeter. 

Fluoro-Jade B staining 
On day 3 after ICH, we used fluorescent Jade B 

(FJB, TR-150-FJB, Biosensis) staining [9, 29] to identify 
degenerating neurons on 3 30-μm sections of each 
mouse (n = 6 mice per group). Subsequently, stained 
sections (4 fields × 3 sections per mouse) were 
observed and photographed under a fluorescence 
microscope (Ni-U, Nikon, Japan). To quantify 
FJB-positive cells, we counted the number per square 
millimeter, like the measurement of immunoreactive 
cells. The results were presented as the number of 
FJB-positive cells per square millimeter. 

Western blotting 
Mice were anesthetized with isoflurane and 

transcardially perfused with saline 24 h after ICH (n = 
5 mice per group). The brains were removed and 
placed in chilled saline [9, 29]. Brain tissue around the 
hematoma was homogenized with radioimmuno-
precipitation assay (RIPA) lysis buffer and a PMSF 
protease inhibitor (RIPA/PMSF, 100:1, Solarbo). After 
centrifugation at 14,000 g for 30 min at 4 °C, total 
protein was quantified in each sample using the 
enhanced BCA protein assay kit (P0010S; Beyotime). 
Protein samples were heated at 99 °C for 10 min. 
Then, equal amounts of protein were separated with 
12% sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes. The 
membranes were sealed with 5% skim milk for 2 h at 
room temperature and then incubated with primary 
antibodies overnight at 4 °C: rabbit anti-high mobility 
group box 1 (HMGB1, 1:800; ab18256, Abcam), rabbit 
anti-IL-1β (IL-1β, 1:600; ab200478, Abcam), rabbit 
anti-IL-6 (IL-6, 1:1000; 21865-1-AP, Protein), rabbit 
anti-TNF-α (TNF-α, 1:1000; 17590-1-AP, Protein), 
mouse anti-β-actin (β-actin, 1:6000; 66009-1-Ig, 
Proteintech). The membranes were then washed 3 
times in TBST for 10 min each and incubated with 
secondary antibodies: goat anti-rabbit (HRP- 
conjugated Affinipure goat anti-rabbit IgG(H+L), 
1:10000; SA00001-2, Proteintech) and goat anti-mouse 
(HRP-conjugated Affinipure goat anti-mouse IgG 
(H+L), 1:6000; SA00001-1, Proteintech) for 1 h at 37 °C. 
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The protein signal was visualized with the ECL 
chemiluminescence reagent kit (KF001; Affinity) and 
photographed with the Bio-Rad imaging system. 
Finally, the results were expressed as the target grey 
value over the internal reference grey value analyzed 
with ImageJ software, and the internal reference was 
β-actin. 

In vivo fluorescence imaging 
An in vivo optical imaging system is utilized to 

visualize fluorescent or bioluminescent signals in live 
animals without invasive procedures [31, 32]. The 
photomodulatable fluorescent protein KikGR, 
expressed widely in transgenic mouse cells, allows 
real-time monitoring of cell migration. After being 
irradiated with UV at a specific site, KikG (green) can 
be converted to KikR (red) [33]. We used KikGR mice 
that underwent sham vagotomy or SDV (n = 5 per 
group) to detect green and red fluorescence 
distribution and intensity in the heads and bodies 
immediately before and 4 (immediately before ICH) 
and 7 days (3 days after ICH) after photoconversion in 
the MLNs (Perkin Elmer, USA). On day 3 after ICH, 
KikGR mice were anesthetized with isoflurane and 
transcardially transcradially perfused with saline. The 
brain, deep cervical lymph nodes (dCLNs), and MLNs 
were removed to detect the distribution and intensity 
of green and red fluorescence in these areas. We used 
the IVIS® Spectrum system and Living Image 4.4 
software (PerkinElmer Health Sciences, USA) to 
quantify fluorescence intensity and assess tissue 
distribution of KikR cells from the MLNs. 

Cell isolation from brain tissue and meninges 
Following anesthesia, sacrifice, and transcardial 

perfusion, we collected the heads of mice. The brain 
tissue and meninges were extracted and stored in 1 x 
PBS on ice (n = 5-6 mice per group). Using an 
established protocol, we prepared single-brain cell 
suspensions using the Adult Mouse Brain Tissue 
Dissociation Kit (DHABE-5003, RWD Life Sciences, 
China) [9, 26, 34]. The brain tissues from each 
hemorrhagic hemisphere were cut into small pieces, 
and enzymatic dissociation was carried out using 
enzymes A and B from the enzyme digestion kit in a 
tissue processing tube (SCT-100, RWD Life Sciences, 
China). Then, mechanical, enzymatic dissociation of 
the tissue was performed using the 
M_ABrain_Heater_1 model of the Single Cell 
Suspension Preparator (DSC-400, RWD Life Sciences, 
China). The homogenate was filtered through a 70 μm 
cell strainer (BS-70-CS, Biosharp) to remove the debris 
and erythrocytes, and the reaction was stopped by 
adding 1 × PBS. Cells were washed, disaggregated, 
and centrifuged at 400 g for 10 min at 4 °C before 

resuspending in 1 × PBS for flow cytometric analysis. 
Additionally, the meninges were mechanically 
homogenized in a buffer containing 0.41 U/ml 
LeberaseTM (5401119001, Roche) and 60 U/ml 
DNAseI (10104159001, Roche) for 1 h [35]. Meninge 
homogenate was filtered through a 70 μm strainer, 
and the reaction was stopped by adding 5 ml 1 × PBS. 
Cells were resuspended in 1 × PBS for flow cytometric 
analysis after gradients were centrifuged at 280 g for 
10 min. 

Cell isolation from blood and lymphoid organs 
To minimize animal use, animals were used to 

isolate cells from brain tissue, and meninges were also 
used to isolate cells from peripheral blood, MLNs, and 
Peyer’s patches (n = 6 mice per group). Before 
sacrificing the mice, we collected peripheral blood 
from the femoral vein and placed it in tubes 
containing sodium heparin. To prepare cells for 
analysis, we added erythrocyte lysis buffer (R1010, 
Solarbio) and incubated them for 5 min at room 
temperature. Subsequently, we added 10 ml 1 × PBS 
to the tubes [12] and centrifuged the cell suspensions 
at 500 g for 10 min before analyzing them with flow 
cytometry. 

For KikGR mice, we focused on dCLNs and 
MLNs, while for WT mice, we isolated MLNs and 
Peyer’s patches after transcardial perfusion. Using a 
premoistened 70-µm cell strainer, we gently 
homogenized the lymphoid tissues with a 
well-trimmed 1ml syringe plunger. We then washed 
the strainer with 10 ml of erythrocyte lysis buffer and 
incubated the eluted cells for 5 min at room 
temperature before washing them with 40 ml 1 × PBS 
[12, 36]. After centrifuging the cell suspension 
gradients at 500 g for 10 min, we resuspended the cells 
in 1 × PBS and analyzed them with flow cytometry. 

Flow cytometric analysis 
On day 3 after ICH, KikGR and WT mice were 

analyzed by flow cytometry to investigate intestinal 
immunocyte trafficking (n = 5-6 per group). Cell 
suspensions from various locations (lesioned brain, 
meninges, dCLNs, MLNs, Peyer’s patches, and 
peripheral blood) were prepared in 50 µl of FACS 
buffer (2% FBS, 0.05% NaN3 in PBS) and stained with 
specific antibodies: APC-Cyanine7 anti-mouse CD45 
(103116, Biolegend), APC anti-mouse CD3 (100236, 
Biolegend), FITC anti-mouse CD4 (100510, 
Biolegend), Pacific Blue anti-mouse CD8a (100725, 
Biolegend), PE anti-mouse α4β7 integrin (120606, 
Biolegend), PE-Cyanine7 anti-mouse CD103 (110910, 
Biolegend) antibodies. We then examined the samples 
using a NOVOCYte31310 analyzer (ACEA, USA) for 
KikGR genotypic cells and a CytoFLEX analyzer 
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(Beackman, USA) for other WT cells. We removed 
dead cells using a Zombie Aqua fixable viability kit 
(423101, Biolegend) and analyzed data using FlowJo 
software (version 10, Tree Star, USA). Isotype control 
antibodies coupled with appropriate fluorescein were 
used to establish compensation and gating parameters 
[9]. 

Statistical analysis 
The sample sizes were determined based on our 

previous research [9, 29]. We used SPSS 25.0 or 
GraphPad Prism 8 software to analyze experimental 
data. The distribution and homogeneity of each 
dataset were determined using the Shapiro-Wilk test 
and the variance tests. We present quantitative data as 
mean ± standard deviation or median with 
interquartile range. Mortality was evaluated using the 
chi-square test, and differences between the two 
groups were assessed using a two-tailed paired t-test 
if the data were normally distributed or the 
Mann-Whitney U test if not. For changes between 
multiple groups, we used a one-way analysis of 
variance (ANOVA, parametric) followed by 
Bonferroni correction for multiple comparisons or the 
Kruskal-Wallis test (nonparametric). To evaluate the 
differences between treatment groups over time for 
body weight and rectal temperature, we used 
repeated measures ANOVA. However, to assess NDS 
and the corner turn test among multiple groups over 
time, we employed generalized estimation equations 
(GEE, nonparametric) followed by a two-tailed paired 
t-test or the Mann-Whitney U test. P < 0.05 was 
considered statistically significant. See statistics 
reporting provided in the Supplementary PDF file. 

Results 
Subdiaphragmatic vagotomy (SDV) promotes 
immunocyte trafficking of MLNs in mice with 
ICH 

Based on a previous study [37], we confirmed 
the success of SDV by comparing the inhibitory 
abilities of cholecystokinin-8 (CCK-8) in food intake in 
wildtype (WT) mice 8 d after sham surgery with those 
of SDV (Figure S1B). We also tracked intestinal 
immunocyte migration with an in vivo imaging 
system in KikGR mice that experienced SDV and 
MLN photoconversion before ICH. The MLN 
photoconversion was performed 20 d after SDV, 
followed by ICH induction 4 d later (Figure 1A). 
Intestinal immunocyte trafficking was detected by 
monitoring changes in the intensity of green (KikG) 
and red fluorescence (KikR) in the heads and bodies 
of KikGR mice immediately before photoconversion 
or ICH (4 d after photoconversion), as well as 3 d after 

ICH (7 d after photoconversion). The average 
intensity of green fluorescence in the heads and 
bodies of KikGR mice that experienced SDV or sham 
surgery did not change at any of the above 3-time 
points (Figures 1B and Figures S2A-F), and the 
average intensities of red fluorescence did not change 
immediately before photoconversion or ICH (Figures 
1B-F). However, mice that had undergone SDV earlier 
tended to increase mean intensities of red 
fluorescence in their heads and bodies 3 d after ICH 
(Figures 1B, 1G, and 1H). Furthermore, the average 
intensities of green fluorescence in the intact brain, 
deep cervical lymph nodes (dCLNs), MLNs, and brain 
sections were similar in KikGR mice that had 
undergone SDV previously compared to those who 
had only experienced a sham vagotomy 3 d post-ICH 
(Figures 1I and Figures S1G-J). However, previous 
SDV increased the mean intensities of red 
fluorescence in intact fresh brains and brain sections 
but not in dCLNs or MLNs 3 d after ICH (Figures 
1I-M). 

The in vivo imaging system may be limited to 
tissue surrounded by bone and cannot identify cell 
phenotypes in vivo. To verify the efficacy of 
photoconversion of immunocytes in MLNs, we 
confirmed the presence of photoconverted 
immunocytes (CD45+KikR+) with flow cytometry in 
the MLNs of KikGR mice that underwent 
photoconvertible surgery or a sham operation 
without experiencing SDV or ICH (Figures 2A-B). We 
also tracked the migration of photoconverted cells 
from the MLNs to the perihematomal regions by 
detecting green and red fluorescence with a 
Panoramic Digital Slide Scanner 3 d after ICH (Figure 
2C). Our flow cytometric analysis revealed that 
previous SDV increased the ratio of photoconverted 
intestinal immunocytes (CD45+KikR+) to CD45+ cells 
in the hemorrhagic brain, meninges, peripheral blood, 
and dCLNs, but not in the MLNs 3 d after ICH 
(Figures 2D-M). Therefore, previous SDV promoted 
intestinal immunocyte trafficking in ICH. 

SDV exacerbates neuroinflammation, brain 
injury, and long-term neurologic deficits in 
mice with ICH 

The infiltration of immunocytes from the 
periphery plays a crucial role in regulating the innate 
cerebral inflammatory response, thereby influencing 
ICH outcomes [2, 38]. Using the criteria outlined in 
the Methods section, we observed that the number of 
activated microglia/macrophages and astrocytes, 
respectively, labeled with Iba-1 (ionized 
calcium-binding protein-1) and GFAP (glial fibrillary 
acid protein) around the hematoma was significantly 
higher on day 3 after ICH in mice that underwent 
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SDV than in mice that only had a sham vagotomy 
(Figure S1E and Figures 3A-C). However, 
administering SDV 20 d before ICH did not affect the 
number of MPO (myeloperoxidase)-immunoreactive 

neutrophils in the hemorrhagic brain (Figures 3B-C). 
Furthermore, SDV did not significantly increase the 
number of FJB (Fluoro-Jade B)-positive cells in the 
perihematomal regions 3 d after ICH (Figures 3B-C). 

 

 
Figure 1. Dynamic fluorescent changes detected with the in vivo imaging system in KikGR mice experienced SDV, photoconversion, and ICH. A) 
Workflow for processing KikGR mice. Photoconversion of the MLNs was induced with ultraviolet light irradiation in KikGR mice 20 d after SDV. The ICH model was established 
4 d after photoconversion. Fluorescent detection was conducted immediately before photoconversion, immediately before ICH, and 3 d after ICH. B) Representative green 
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(KikG) and red (KikR) fluorescent images observed with the in vivo imaging system in the heads and bodies of WT mice 3 d after ICH and KikGR mice had previously undergone 
SDV immediately before photoconversion and 4 d (immediately before ICH) and 7 d (3 d after ICH) after photoconversion. The fluorescent intensity of KikG and KikR in WT 
mice was set as zero standard. C-H) Analysis for the average intensity of red fluorescence (KikR) in the heads and bodies of KikGR mice that had previously undergone a sham 
vagotomy or SDV at the above 3 time points. n = 5 mice per group. The two-tailed Mann-Whitney U test for the red fluorescence (KikR) was performed in the bodies 7 d after 
photoconversion and the two-tailed paired t-test for others. No difference was detected. I) Representative fluorescent green (KikG) and red (KikR) images detected with the in 
vivo imaging system in intact isolated brains, dCLNs, MLNs, and brain sections of KikGR mice that had previously undergone a sham vagotomy or SDV 7 d after photoconversion 
(3 d after ICH). Similar tissues, isolated from WT mice 3 d after ICH, were used as zero controls to detect green (KikG) and red (KikR) fluorescence. J-M) Analysis of the mean 
intensity of red fluorescence (KikR) in the immediately removed brain, dCLNs, MLNs, and brain sections of KikGR mice had previously undergone a sham vagotomy or SDV 7d 
after photoconversion (3 d post-ICH). n = 5 mice per group. The two-tailed paired t-test for red fluorescence (KikR) was performed in the intact brain and brain sections, and 
the Mann-Whitney U test for red fluorescence (KikR) was performed in dCLNs and MLNs. *P < 0.05, **P < 0.01. 

 
Figure 2. SDV increases intestinal immunocyte trafficking in KikGR mice with ICH. A) Representative flow cytometric results for photoconverted immunocytes 
(CD45+KikR+ cells) in MLNs of mice 7 d after sham surgery or photoconversion. These mice did not experience SDV or ICH before and after the conversion surgery. B) Analysis 
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of photoconverted immunocytes (CD45+KikR+ cells) in MLNs of mice mentioned above. n = 5 mice per group. The two-tailed Mann-Whitney U test was performed. **P < 0.01. 
C) The fluorescence in brain sections from non-photoconverted and photoconverted mice on day 3 after ICH. These mice did not experience SDV but underwent sham 
conversion surgery or photoconversion 4 d before ICH. The insets in the lower figures show a higher magnification of non-photoconverted (KikG+) and photoconverted (KikR+) 
cells. Scale bar of the upper figures = 500 μm. Scale bar of the lower figures = 50 μm. D, F, H, J, and L) Representative flow cytometric results for the detection of CD45+KikR+ 
cells in brain tissues (D), meninges (F), peripheral blood (H), dCLNs (J), and MLNs (L) 3 d after ICH. These mice experienced SDV 20 d before photoconversion and underwent 
ICH 4 d after photoconversion. E, G, I, K, and M) Analysis for the percentages of red fluorescent cells in CD45+ cells in brain tissues (E), meninges (G), peripheral blood (I), 
dCLNs (K), and MLNs (M) 3 d after ICH. n = 5 mice per group. The two-tailed paired t-test was performed. *P < 0.05, **P < 0.01. 

 
Figure 3. SDV enhances the cellular and molecular inflammatory response in the hemorrhagic brain. A) Schematic diagram of the selected fields for the 
quantification of fluorescent-stained cells. B) Representative images of immunofluorescence staining for Iba-1, GFAP, MPO, and FJB in the perihematomal regions 3 d after ICH 
in WT mice had previously undergone sham vagotomy or SDV. The insets show a higher magnification of immunofluorescence-staining positive cells. Scale bar = 100 μm. C) 
Analysis for microglia/macrophage and astrocytic activation, neutrophil infiltration, and neural degeneration 3 d after ICH. n = 6 mice per group. The two-tailed Mann-Whitney 
U test for MPO and the two-tailed paired t-test for others were performed. *P < 0.05, **P < 0.01. D) Representative Western blot bands of HMGB1, IL-1β, IL-6, and TNF-α 1 
day after sham operation and hemorrhagic brains of mice that had previously experienced sham vagotomy or SDV earlier. β-actin was used as the loading control. E) Quantitative 
analysis of the expression of pro-inflammatory factors HMGB1, IL-1β, IL-6, and TNF-α in hemorrhagic brains 1 d after ICH. n = 5 mice per group. The Kruskal-Wallis test for IL-1β 
and one-way analysis of variance (ANOVA) with Bonferroni correction for others were performed. *P < 0.05, **P < 0.01. 
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Proinflammatory cytokines can exacerbate the 
brain injury caused by ICH [8, 39]. We did Western 
blotting to measure HMGB1, IL-1β, IL-6, and TNF-α 
protein levels 24 h after ICH (Figure S1E). Our 
findings indicate that the expression of HMGB1, IL-6, 
and TNF-α protein increased significantly in the 
caudate nucleus of mice that underwent ICH and had 
previously undergone a sham vagotomy, compared to 
those that underwent a sham vagotomy and a sham 
ICH surgery (Figures 3D-E). The SDV further 
increased the expression of these proteins in brain 
tissues surrounding the hematoma of mice that had 
undergone SDV 24 h after ICH compared to those 
with a sham vagotomy (Figures 3D-E). Similar to the 
above, both ICH and ICH with previous SDV have 
similar effects on the expression of IL-1β in the 
perihematomal tissues at the specified time point 
(Figures 3D-E). 

The prognosis of ICH is based on the severity of 
the brain injury. We delved into the effects of previous 
SDV on short- and long-term brain injury severity and 
long-term neurologic deficits after ICH (Figure S1E). 
We used LFB/CV staining to measure brain lesion 
volume and swelling. The results showed that SDV 
conducted 20 days before ICH significantly increased 
brain lesion volume but not brain swelling 3 d after 
ICH (Figures 4A-C). We also used the dry-wet weight 
method to evaluate the water content in the ipsilateral 
and contralateral striatum and cerebellum. Our 
findings indicated that the prior SDV considerably 
increased the water content in the ipsilateral striatum 
3 d after ICH (Figure 4D). 

Furthermore, we used LFB/CV or LFB staining 
to assess long-term brain injury severity. We 
discovered that previous SDV amplified residual 
lesion volume, but not brain atrophy or white matter 
damage, 28 d after ICH (Figures 4E-J). Although 
previous SDV has few influences on individual NDS 
tests on days 1, 3, 7, 14, and 28 after ICH (Figures S1E 
and Figure S3A), mice that underwent SDV earlier 
had higher NDS than those experiencing sham 
vagotomy on days 3, 7, 14, and 28 after ICH (Wald χ2 = 
61.68 and P < 0.001; Figure 4K). Mice with prior SDV 
also showed higher corner turn test scores than those 
that underwent sham vagotomy on days 7 and 28 
after ICH but not on days 1, 3, and 14 (Wald χ2 = 
11.243 and P = 0.010; Figure 4L). 

These findings suggest that SDV may enhance 
neuroinflammation and aggravate ICH prognosis by 
promoting immunocyte migration from the intestine 
to the hemorrhagic brain. During the project, no mice 
died 20 d after SDV or sham vagotomy. However, 
among the mice that underwent SDV, 11 died after 
ICH (19.64%, 11/56), while 8 of the mice that 
underwent a sham vagotomy died after ICH (14.29%, 

8/56). Our analysis did not reveal differences in the 
mortality rate of mice undergoing SDV or sham 
vagotomy (P = 0.45). Our findings also indicate that 
contrary to the results of one previous study but 
consistent with another [20, 21], SDV did not affect the 
rectal temperature or body weight of ICH mice during 
the 28-day behavioral test (Figures S3B-C). 

The ɑ7nAChR agonists restore intestinal 
immunocyte homing and retention in ICH 
mice previously subjected to SDV 

To evaluate whether the vagus nerve regulates 
intestinal immune homeostasis through the choliner-
gic transmitters and their corresponding receptors, we 
investigated the effects of ɑ7nAChR agonists on 
intestinal immunocyte trafficking in ICH mice that 
had previously undergone SDV (Figure S1E). Emp-
loying flow cytometry, we detected the proportions of 
CD3+, CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells to 
CD45high or CD45+ cells in the hemorrhagic brain, 
peripheral blood, MLNs, or Peyer’s patches 3 d after 
ICH. We also examined gut-selective integrin expres-
sion within them. Figures S4-5 summarized their 
gating strategies in the organs as mentioned above. 

The results indicated that previous SDV 
increased the proportions of CD4+, CD3+CD4+, and 
CD3+CD8+ cells to CD45high cells in the hemorrhagic 
brain 3 d after ICH. However, ɑ7nAChR agonist 
treatment reversed the above changes in ICH mice 
(Figure 5A). As for the expression of α4β7 integrin 
and CD103, known as the αE subunit of αEβ7 integrin, 
in immunocytes indicated in the hemorrhagic brain, 
previous SDV reduced the percentages of α4β7 
integrin-positive CD45high cells and CD103-positive 
CD4+ cells in the hemorrhagic brain 3 d after ICH. 
Conversely, ɑ7nAChR agonist treatment after SDV 
produced contradictory effects on the proportion of 
α4β7 integrin-positive CD4+ cells (Figures 5B-C and 
Figure S6A). 

The alterations in the cell proportions in the 
peripheral blood (Figure 5D and Figure S6B) closely 
resemble those detected in the hemorrhagic brain 3 d 
after ICH. Specifically, after SDV, there was an 
increase in the proportions of CD4+ and CD3+CD4+ 
cells to CD45+ cells in the bloodstream. Conversely, 
treatment with ɑ7nAChR agonists after SDV 
demonstrated contrary effects. Notably, while SDV 
led to a substantial reduction in the percentages of 
α4β7 integrin-positive CD45+, CD3+, CD4+, CD8+, 
CD3+CD4+, and CD3+CD8+cells, ɑ7nAChR agonist 
treatment reversed the changes induced by SDV 
(Figure 5E). This pattern is further evident in the 
percentage changes of CD103-positive immunocytes, 
particularly CD103-positive CD3+, CD4+, and 
CD3+CD4+ cells, in the circulation (Figure S6C). 
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Figure 4. SDV exacerbates the histopathological and behavioral deficits of mice with ICH. A) Representative brain sections stained with LFB/CV 3 d after ICH in 
WT mice that had previously experienced SDV or sham vagotomy. The areas of the lesion lacking staining are circled with a black curve (indicated by a red arrow); scale bar = 
500 μm. B) Analysis for brain injury volume 3 d after ICH in WT mice that had previously experienced sham vagotomy or SDV. n = 10 mice per group. The two-tailed paired 
t-test was performed, *P < 0.05. C) Analysis of brain swelling 3 d after ICH in WT mice that had previously experienced a sham vagotomy or SDV. n = 10 mice per group. The 
two-tailed paired t-test was performed. No difference was found. D) Changes in brain water content 3 days after ICH in sham-operated mice and ICH mice that had previously 
experienced sham vagotomy or SDV. n = 6 mice per group. A one-way ANOVA analysis with Bonferroni correction for multiple comparisons was performed, *P < 0.05, **P < 



Theranostics 2024, Vol. 14, Issue 19 
 

 
https://www.thno.org 

7395 

0.01. E) Representative residual lesions (indicated by red arrows) in brain sections 28 d after ICH in WT mice that had previously undergone SDV or sham vagotomy. Scale bar 
= 500 μm. F) Analysis of residual lesions in the hemorrhagic brain 28 d after ICH in WT mice that had previously undergone sham vagotomy or SDV. n = 10 mice per group. The 
two-tailed paired t-test was performed, *P < 0.05. G) Analysis of brain atrophy in the hemorrhagic brain 28 d after ICH in WT mice that had previously undergone a sham 
vagotomy or SDV. n = 10 mice per group. The Mann-Whitney U test was performed. No significant difference was found. H) A schematic diagram of the fields selected for 
quantifying myelin loss. I) Representative images in the perihematomal regions stained with LFB/CV 28 d after ICH in WT mice that had previously undergone sham vagotomy 
or SDV. Scale bar =100 μm. J) Quantitative analysis of white matter damage 28 d after ICH in WT mice that had previously undergone sham vagotomy or SDV. n = 10 mice per 
group. The two-tailed paired t-test was performed. No significant difference was found. K) Neurological deficits evaluated with neurologic deficit scores (NDS) throughout the 
28-day research process in WT mice that had previously undergone a sham vagotomy or SDV. n = 10 mice per group. Generalized estimation equations (GEE) with a two-tailed 
Mann-Whitney U test were performed at multiple time points. Wald χ2 = 61.68 and P < 0.001 for the total trend of SDV versus sham vagotomy; P < 0.001 on day 3, P = 0.036 on 
day 7, P = 0.004 on day 14, and P = 0.001 on day 28 for SDV versus sham vagotomy, respectively. L) Neurologic deficits were evaluated with the corner turn test (CTT) daily 
throughout the 28-day research process in WT mice that had previously undergone SDV or sham vagotomy. n = 10 mice per group. Generalized estimation equations (GEE) with 
a two-tailed Mann-Whitney U test were performed at multiple time points. Wald χ2 = 11.243 and P = 0.010 for the total trend of SDV versus sham vagotomy; P = 0.03 on day 
7 and P = 0.004 on day 28 for SDV versus sham vagotomy. 

 
In the context of MLNs, administering a 

previous SDV increased the ratios of CD3+, CD4+, 
CD8+, and CD3+CD4+ cells to CD45+ cells. However, 
the previous SDV combined with ɑ7nAChR agonists 
reversed these changes 3 d after ICH (Figure 5F). By 
detecting α4β7 integrin and CD103 expression in the 
MLNs 3 d after ICH, we observed that administering 
a previous SDV reduced the proportion of α4β7 
integrin-positive CD3+ cells. Notably, when combined 
with ɑ7nAChR agonist treatment, the previous SDV 
improved the percentages of α4β7 integrin-positive 
CD45+ and CD3+ cells (Figure 5G and Figure S6D). 
Along with ɑ7nAChR agonist treatment, it also 
increased the percentages of CD103-positive CD4+ 
and CD3+CD4+ cells (Figure 5H and Figure S6E). 

In Peyer’s patches, by contrast, previous SDV 
showed a trend toward decreasing the ratios of CD3+ 
and CD3+CD4+ cells to CD45+ cells and 
downregulated the percentages of α4β7 
integrin-positive CD45+, CD3+, CD4+, and CD3+CD4+ 
cells. However, the administration of the previous 
SDV with ɑ7nAChR agonists reversed the observed 
changes 3 d after ICH (Figures 5I-J, and Figures 
S6F-G). While previous SDV reduced the percentage 
of CD103-positive CD8+ and CD3+CD8+ cell 
populations in this location, previous SDV combined 
with ɑ7nAChR agonists also reversed these changes 3 
d after ICH (Figure 5K and Figure S6H). 

Our observations about the hemorrhagic brain, 
peripheral blood, MLNs, and Peyer’s patches indicate 
the potential viability of employing an α7nAChR 
agonist to mitigate the deleterious consequences of 
previous SDV after ICH. Moreover, the vagus nerve’s 
cholinergic output may serve to impede the migration 
of immunocytes within the intestine by preserving the 
expression of α4β7 and αEβ7 integrins after ICH. 

The α7nAChR agonists are ineffective against 
the stimulatory effects of β7 integrin 
antagonist etrolizumab on intestinal 
immunocyte trafficking in mice with ICH 

Etrolizumab, as a β7 integrin antagonist, has 
been developed specifically to impede the effects of 
α4β7 and αEβ7 integrins on the homing and retention 

of intestinal immunocytes [19], thereby establishing 
its potential as a therapeutic agent to treat 
inflammatory bowel disease [19]. To elucidate the 
impact of vagal innervation on intestinal immunocyte 
trafficking, we subsequently examined the influence 
of etrolizumab or α7nAChR agonists combined with 
etrolizumab on proportional changes in various 
immunocytes in the hemorrhagic brain, peripheral 
blood, MLNs, and Peyer’s patches 3 d after ICH 
(Figure S1E). The flow cytometry gating strategies 
employed to determine the proportions of CD45+, 
CD3+, CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells in 
the organs above are summarized in Figures S7-8. 

The statistical analysis results indicate that the β7 
integrin antagonist, etrolizumab, led to a significant 
increase in the proportions of CD3+, CD3+CD4+, and 
CD3+CD8+ cells compared to CD45high cells in the 
hemorrhagic brain 3 d after ICH (Figure 6A and 
Figure S9A). Moreover, α7nAChR agonists did not 
affect these ratios in the hemorrhagic brain of mice 
treated with etrolizumab (Figure 6A and Figure S9A). 
Notably, while etrolizumab elevated the proportions 
of α4β7 integrin-positive CD4+ cells and 
CD103-positive CD3+, CD4+, CD3+CD4+, and 
CD3+CD8+ cells in the hemorrhagic brain, α7nAChR 
agonists also failed to reverse α4β7 integrin and 
CD103 expression in the immunocytes infiltrated into 
the brain post-ICH (Figures 6B-C and Figure S9B). 

The administration of etrolizumab resulted in a 
notable increase in the proportions of various immune 
cell types in the peripheral blood, including CD3+, 
CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells 
compared to CD45+ cells 3 d after ICH (Figure 6D). 
Furthermore, there was a heightened proportion of 
CD45+, CD8+, and CD3+CD8+ cells expressing the 
α4β7 integrin (Figure 6E). There was also an enhanced 
proportion of CD45+ cells expressing CD103 (Figure 
6F and Figure S9C). When α7nAChR agonists were 
employed in combination with etrolizumab, a 
comparable impact on the immunocyte 
subpopulations within the peripheral blood was 
observed, analogous to the effects elicited by 
etrolizumab alone (Figures 6D-F and Figure S9C). 



Theranostics 2024, Vol. 14, Issue 19 
 

 
https://www.thno.org 

7396 

 
Figure 5. α7nAChR agonists reverse the homing and retention of intestinal immunocytes of ICH mice that previously underwent SDV. A) Analysis of the 
influence of previous SDV and α7nAChR agonist treatment on the infiltration of CD3+, CD4+, CD3+CD4+, and CD3+CD8+ cells quantified by flow cytometry in the brain lesion 
3 d after ICH. n = 5-6 mice per group. One-way ANOVA followed by Bonferroni correction for CD3+ and CD3+CD8+ cells, while the Kruskal-Wallis test was performed for 
others. *P < 0.05, **P < 0.01. B) Proportional changes of α4β7 integrin-positive CD45high, CD3+, CD4+, CD3+CD4+, and CD3+CD8+ cells in the hemorrhagic brain 3 d after ICH. 
n = 5-6 mice per group. The Kruskal-Wallis test was performed. *P < 0.05. C) Percentage changes of CD103-positive CD4+ and CD3+CD4+ cells in the hemorrhagic brain 3 d 
post-ICH. n = 5-6 mice per group. The Kruskal-Wallis test was performed. *P < 0.05. D) Comparison of the proportions of CD3+, CD4+, and CD3+CD4+ cells to CD45+ cells 
in the peripheral blood 3 d after ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction was performed for multiple comparisons. *P < 0.05. E) The ratios of 
α4β7 integrin-positive CD45+, CD3+, CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells in the bloodstream 3 d after ICH. n = 6 mice per group. One-way ANOVA followed by 
Bonferroni correction for α4β7 integrin-positive CD45+ and CD3+ cells, while the Kruskal-Wallis test was performed for others. *P < 0.05. F) Analysis of the proportions of 
CD3+, CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells to CD45+ cells in the MLNs 3 d after ICH. n = 6 mice per group. The Kruskal-Wallis test for CD3+, CD8+, and CD3+CD8+ 
cells, while one-way ANOVA followed by Bonferroni correction was performed for others. *P < 0.05, **P < 0.01. G) Percentage changes of α4β7 integrin-positive CD45+ and 
CD3+ cells in the MLNs 3 d after ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction for multiple comparisons was performed. *P < 0.05, **P < 0.01. H) 
Proportional changes of CD103-positive CD4+, CD3+CD4+, and CD3+CD8+ cells in the MLNs 3 d after ICH. n = 6 mice per group. One-way ANOVA followed by Bonferroni 
correction for CD103-positive CD4+ and CD3+CD8+ cells, while the Kruskal-Wallis test was performed for CD103-positive CD3+CD4+ cells. *P < 0.05. I) Quantification of the 
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percentages of CD3+ and CD3+CD4+ cells to CD45+ cells in the Peyer’s patch 3 d after ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction was performed 
for multiple comparisons. No significant difference was found. J) Proportional changes of α4β7 integrin-positive CD45+, CD3+, CD4+, and CD3+CD4+ cells in the Peyer’s patch 
3 d after ICH. n = 6 mice per group. The Kruskal-Wallis test for α4β7 integrin-positive CD45+ cells and one-way ANOVA followed by Bonferroni correction was performed for 
others. *P < 0.05, **P < 0.01. K) The percentages of CD103-positive CD45+, CD3+, CD8+, and CD3+CD8+ cells in the Peyer’s patch 3 d after ICH. n = 6 mice per group. The 
Kruskal-Wallis test was performed. *P < 0.05. 

 
In the MLNs, etrolizumab treatment exhibited a 

notable increase in the proportions of CD3+, CD8+, 
and CD3+CD8+ cells compared to CD45+ cells 3 d after 
ICH (Figure 6G and Figure S9D). In addition to the 
proportions of α4β7 integrin-positive CD45+, CD3+, 
CD4+, and CD3+CD4+ cells, it also significantly 
elevated the percentages of CD103-positive CD45+, 
CD3+, CD8+, and CD3+CD8+ cells (Figures 6H-I and 
Figures S9E-F). Corresponding to the patterns 
observed in the hemorrhagic brain and peripheral 
blood, α7nAChR agonists failed to influence the 
alterations above induced by etrolizumab after ICH 
(Figures 6G-I and Figures S9D-F). 

In Peyer’s patches, etrolizumab significantly 
influenced the proportions of various cellular 
components after ICH. Specifically, 3 days post-ICH, 
etrolizumab markedly reduced the proportions of 
CD3+, CD4+, CD8+, and CD3+CD4+ cells to CD45+ cells 
(Figure 6J and Figure S9G). Additionally, it elevated 
the percentages of α4β7 integrin-positive CD45+, 
CD4+, and CD3+CD4+ cells while exhibiting no 
discernible impact on CD103-positive cellular 
components in the Peyer’s patches at this time point 
(Figures 6K-L and Figures S9H-I). However, no 
statistically significant changes in the proportions of 
the immunocyte above were observed following 
etrolizumab intervention in the context of ICH when 
α7nAChR agonists were administered (Figures 6J-L 
and Figures S9G-I). 

The findings in the hemorrhagic brain, 
peripheral blood, MLNs, and Peyer’s patches suggest 
that the β7 integrin antagonist etrolizumab enhances 
the migration of intestinal immunocytes after ICH. In 
this process, α7nAChR agonists cannot abolish the 
inhibitory effects of β7 integrin antagonist 
etrolizumab on intestinal immunocyte homing and 
retention. Thus, α4β7 and CD103 integrins may 
represent efficacious regulation targets of vagus nerve 
and its cholinergic transmitters for the trafficking of 
intestinal immunocytes in ICH. 

The β7 integrin antagonist etrolizumab 
exacerbates neuroinflammation and hinders 
functional recovery after ICH 

To investigate the potential influence of vagal 
innervation on intestinal immunocyte trafficking and 
its impact on neuroinflammation and ICH prognosis, 
we conducted a study examining the effects of the β7 
integrin antagonist etrolizumab on neuroinflamma-
tion, short- and long-term brain injury severity, and 

long-term functional recovery post-ICH. 
Subsequent analysis of immunofluorescence and 

Western blotting revealed that the administration of 
etrolizumab resulted in increased activation of 
microglia/macrophages and astrocytes, as evidenced 
by Iba-1 and GFAP staining, surrounding the 
hematoma 3 d after ICH (Figures 7A-B). This 
promoted MPO-labelled neutrophil infiltration and 
exacerbated FJB-positive neuronal degeneration in the 
perihematomal tissue 3 d after ICH (Figures 7A-7B). 
Furthermore, it elevated HMGB1 expression and 
displayed a noticeable tendency to increase IL-1β, 
IL-6, and TNF-α expression in the ipsilateral striatum 
24 h after ICH (Figures 7C-D). These observed 
changes are likely attributable to the indirect impact 
of intestinal immunocytes traveling to the brain, a 
process enhanced by the administration of 
etrolizumab. 

Using LFB/CV staining, our study revealed a 
notable increase in brain injury volume and swelling 3 
d post-ICH following the administration of etrolizu-
mab (Figures 8A-C). Additionally, an elevation in 
brain water content within the ipsilateral striatum 
was observed (Figure 8D). Despite mitigating residual 
lesion volume, etrolizumab did not alleviate brain 
atrophy or white matter damage 28 d post-ICH 
(Figures 8E-H). Like SDV, etrolizumab treatment 
worsened total NDS on days 3, 7, 14, 28 after ICH 
(Wald χ2 = 33.824, P < 0.001; Figure 8I). Specifically, 
administration of etrolizumab exacerbated deficits in 
circling on days 7 and 28, gait on day 14, body 
symmetry on day 28, climbing on days 3, 7, 14, and 28, 
compulsory circling on days 3 and 7, and front limb 
symmetry on day 28 after ICH Figure S10A). 
Furthermore, etrolizumab administration increased 
the left turn ratio on days 7, 14, and 28 after ICH 
(Wald χ2 = 23.064, P < 0.001; Figure 8J). 

Our findings suggest that inhibition of intestinal 
immunocyte trafficking, innervated by the vagus 
nerve and its cholinergic transmitter receptors, may 
ameliorate neuroinflammation and enhance 
functional recovery after ICH. During the experiment, 
5 mice died in the vehicle-treated group (7.81%, 5/64) 
and 3 in the β7 integrin antagonists-treated group 
after ICH (4.17%, 3/72). Notably, no significant 
disparity was evident between the two groups (P = 
0.627). Additionally, the rectal temperature and body 
weight of the ICH mice remained consistent 
throughout the 28-day behavioral test period (Figures 
S10B-C). 
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Figure 6. α7nAChR agonists have no influence on intestinal immunocyte homing and retention enhanced by β7 integrin antagonist etrolizumab in ICH. 
A) Evaluation for the influence of β7 integrin antagonist or β7 integrin antagonist with α7nAChR agonist treatment on the infiltration of CD3+, CD3+CD4+, and CD3+CD8+ cells 
in the lesioned brain 3 d after ICH. n = 6 mice per group. The Kruskal-Wallis test for CD3+ cells and one-way ANOVA followed by Bonferroni correction for others were 
performed. *P < 0.05, **P < 0.01. B) Proportional changes of α4β7 integrin-positive CD3+, CD4+, and CD3+CD4+ cells in the hemorrhagic brain 3 d after ICH. n = 6 mice per 
group. One-way ANOVA with Bonferroni correction for multiple comparisons was performed. *P < 0.05. C) Percentage changes of CD103-positive CD45high, CD3+, CD4+, 
CD3+CD4+, and CD3+CD8+ cells in the hemorrhagic brain 3 d post-ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction for multiple comparisons of 
CD45high and CD3+ cells, while the Kruskal-Wallis test for others was performed. *P < 0.05, **P < 0.01. D) Analysis for the proportions of CD3+, CD4+, CD8+, CD3+CD4+, and 
CD3+CD8+ cells to CD45+ cells in the bloodstream 3 d after ICH. n = 6 mice per group. The Kruskal-Wallis test was performed. **P < 0.01. E) The ratio of α4β7 integrin-positive 
CD45+, CD3+, CD4+, CD8+, CD3+CD4+, and CD3+CD8+ cells in the periphery 3 d post-ICH. n = 6 mice per group. The Kruskal-Wallis test was performed. *P < 0.05. F) 
Percentage change of CD103-positive CD45+ cells in the peripheral blood 3 d after ICH. n = 6 mice per group. A one-way ANOVA with Bonferroni correction for multiple 
comparisons was performed. *P < 0.05. G) Comparison of the proportions of CD3+, CD8+, and CD3+CD8+ cells to CD45+ cells in the MLNs 3 d after ICH. n = 6 mice per group. 
One-way ANOVA followed by Bonferroni correction was performed. *P < 0.05, **P < 0.01. H) Percentage changes of α4β7 integrin-positive CD45+, CD3+, CD4+, and 
CD3+CD4+ cells in the MLNs 3 d after ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction for the proportions of CD45+ and CD3+CD4+ cells, while the 
Kruskal-Wallis test for others was performed. *P < 0.05, **P < 0.01. I) Proportional changes of CD103-positive CD45+, CD3+, CD8+, and CD3+CD8+ cells in the MLNs 3 d after 
ICH. n = 6 mice per group. The Kruskal-Wallis test for CD103-positive CD45+ cells and one-way ANOVA followed by Bonferroni correction for others were performed. *P < 
0.05, **P < 0.01. J) Quantification of the ratios of CD3+, CD4+, CD8+, and CD3+CD4+ cells to CD45+ cells in the Peyer’s patches 3 d after ICH. n = 6 mice per group. The 
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Kruskal-Wallis test for CD3+, CD4+, and CD3+CD4+ cell percentages and one-way ANOVA with Bonferroni correction for multiple comparisons of CD8+ cell percentage were 
performed. *P < 0.05. K) The proportions of α4β7 integrin-positive CD45+, CD4+, and CD3+CD4+ cells in the Peyer’s patches 3 d after ICH. n = 6 mice per group. A one-way 
ANOVA with Bonferroni correction for multiple comparisons of CD45+ and CD4+ cells, while the Kruskal-Wallis test for CD3+CD4+ cells was performed. *P < 0.05. L) The 
percentages of CD103-positive CD45+, CD3+, and CD3+CD8+ cells in the Peyer’s patches 3 d post-ICH. n = 6 mice per group. One-way ANOVA with Bonferroni correction for 
multiple comparisons. No significant differences were found. 

 
Figure 7. The β7 integrin antagonist etrolizumab enhances cellular and molecular inflammatory reactions in the lesioned brain after ICH. A) 
Immunostaining for GFAP, Iba-1, MPO, and FJB in the perihematomal region 3 d after ICH in mice treated with vehicle or β7 integrin antagonists. The insets show a higher 
magnification of immunofluorescence-stained cells, Scale bar = 100 μm. B) Analysis of microglia/macrophage and astrocytic activation, neutrophil infiltration, and neural 
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degeneration 3 d after ICH. n = 6 mice per group. The two-tailed paired t-tests were used for GFAP-, IBA-1- and FJB-positive cells, and the Mann-Whitney U test for 
MPO-positive cells. **P < 0.01. C) Representative Western blot bands of proinflammatory factors HMGB1, IL-1β, IL-6, and TNF-α 3 d after ICH, and β-actin was used as the 
loading control. D) Analysis of the expression of HMGB1, IL-1β, IL-6, and TNF-α in the hemorrhagic brain 1 day after ICH in sham-operated and ICH mice treated with vehicle 
or β7 integrin antagonist. n = 5 mice per group. One-way ANOVA with Bonferroni correction for HMGB1 and IL-1β, and the Kruskal-Wallis test for IL-6 and TNF-α. *P < 0.05, 
**P < 0.01. 

 
Figure 8. The β7 integrin antagonist etrolizumab exacerbates brain injury and functional deficits in mice with ICH. A) Representative brain sections stained 
with LFB/CV 3 d after ICH. The areas of the lesions lacking staining are circled with a black curve (red arrow indicated); scale bar = 500 μm. B) Brain injury volume 3 d after ICH 
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in mice that received vehicle or β7 integrin antagonists. n = 10 mice per group. The two-tailed paired t-test was performed. **P < 0.01. C) Brain swelling 3 d after ICH in mice 
that received vehicle or β7 integrin antagonists. n = 10 mice per group. The two-tailed paired t-test was performed. **P < 0.01. D) Brain water content 3 d after ICH in sham and 
ICH mice that received vehicle or α7nAChR agonists. n = 6 mice per group. One-way analysis of variance followed by Bonferroni correction for multiple comparisons. *P < 0.05, 
**P < 0.01. E) Representative images of brain sections stained with LFB/CV 28 d after ICH. The areas of the lesions are circled with a black curve (the red arrow indicated). Scale 
bar = 500 μm. F) Analysis of residual lesion volume and brain atrophy in ICH mice received vehicle or β7 integrin antagonist. n = 10 mice per group. The two-tailed paired t-tests 
were performed. **P < 0.01. G) LFB-stained myelin in the perihematomal region of brain sections 28 d after ICH. Scale bar = 100 μm. H) Analysis of white matter damage in the 
perihematomal regions 28 d after ICH. n = 10 mice per group. The two-tailed paired t-test was performed. No significant difference was detected. I) Dynamic changes in 
neurologic deficit scores (NDS) throughout the 28-day research process in WT mice received vehicle or β7 integrin antagonists. n = 10 mice per group. Generalized estimation 
equations (GEE) with a two-tailed paired t-test were performed at multiple time points. Wald χ2 = 33.824, P < 0.001 for the total trend of the vehicle versus β7 integrin 
antagonists; all P < 0.01 on days 3, 7, 14, and 28 for the vehicle versus β7 integrin antagonists. J) Corner turn test (CTT) throughout the 28-day research process in WT mice 
received vehicle or β7 integrin antagonists. n = 10 mice per group. Generalized estimation equations (GEE) with the two-tailed paired t-test were performed at multiple time 
points. Wald χ2 = 23.064, P < 0.001 for the total trend of the vehicle versus β7 integrin antagonists; all P < 0.01 on days 7, 14, and 28 for the vehicle versus β7 integrin antagonists. 

 

Discussion 
The gastrointestinal tract plays an essential role 

in immune regulation, housing various immunocytes 
that maintain immune balance post-illness [40, 41]. 
Under stressful conditions, these immunocytes may 
migrate from the gut to the CNS [12-14]. However, the 
underlying mechanisms and consequences of this 
migration within the CNS remain unclear. Our study 
confirms the migration of gastrointestinal 
immunocytes to the brain and meninges in KikGR 
mice with ICH. We demonstrate that vagotomy 
enhances intestinal immunocyte trafficking, resulting 
in increased neuroinflammation, brain injury, and 
worsened long-term neurological outcomes following 
ICH. Conversely, activating α7nAChR reverses the 
increased immunocyte trafficking and the decreased 
expression of α4β7 integrin and CD103 induced by 
vagotomy in ICH mice. Antagonizing β7 integrin with 
etrolizumab promotes immune cell trafficking within 
the intestine, leading to exacerbated ICH outcomes. 
Notably, the stimulatory influence of etrolizumab on 
intestinal immune cell trafficking is independent of 
α7nAChR regulation. 

As previously reported, αEβ7 integrin facilitates 
homing of leukocytes to mucosal tissues, while 
CD103, the αE subunit of αEβ7 integrin, retains these 
leukocytes within the mucosal tissues [42-44]. Our 
findings highlight the critical role of vagal innervation 
in suppressing intestinal immunocyte trafficking and 
improving ICH outcomes. This effect is mediated by 
upregulating α4β7 and αEβ7 integrin expression in 
immunocytes via the α7nAChR. These results offer 
promising avenues for developing novel 
immunoregulatory therapies that target intestinal 
immunocyte trafficking by modulating vagus nerve 
activity, cholinergic transmitters, cholinergic 
transmitter receptors, or β7 integrin for treating ICH. 

The impact of immunocytes present in the 
bloodstream on hemorrhagic brain injury is widely 
recognized [2, 8]. However, there is a potential for 
immunocytes to migrate from the gastrointestinal 
tract to the affected area of the brain after a stroke 
[12-14, 45]. Despite the relatively short lifespan of 
immune cells, the gastrointestinal tract is a significant 

reservoir of immune cells that play a vital role in 
maintaining immune balance within the body [40, 41]. 
Exploring the communication between the 
gastrointestinal tract and the injured brain after a 
stroke is essential. 

Using photoconvertible KikGR transgenic mice, 
we monitored the migration of CD45+ cells from 
MLNs to peripheral blood, hemorrhagic brain, 
meninges, and dCLNs after ICH. Specifically, we 
accomplished this by converting the color of KikGR in 
the MLNs from green to red via violet light. Like 
previous investigations [12, 14], we also observed the 
immunocyte trafficking from the MLNs of the 
gastrointestinal tract to the circulation and 
hemorrhagic brain using flow cytometry after ICH. 
Furthermore, these findings were further verified 
with immunofluorescence staining and in vivo 
imaging technologies in this study. The gut-brain axis, 
an intricate bidirectional communication pathway, 
integrates neural, hormonal, and immunological 
signaling between the gut and the brain [14, 46]. 
Although evidence suggests that the intestinal 
microbiota may mediate this process [12, 13], further 
elucidation of the precise mechanism is warranted. 

Notably, the vagus nerve, as part of the 
parasympathetic nervous system, also regulates the 
communication between the gut and the brain [8, 23]. 
Strong evidence has indicated that vagus nerve 
stimulation (VNS) can significantly alleviate the local 
and systemic inflammatory response after acute 
stroke [8, 47]. Although its translational value is 
promising [47, 48], few studies have explored the 
impact of the vagus nerve on the egress of intestinal 
immunocytes under stress conditions, including acute 
stroke. With KikGR mice, we found that SDV 
promoted the trafficking of immunocytes from the 
gastrointestinal tract to the circulation and CNS after 
ICH. In contrast to the immunoinhibitory and 
neuroprotective effects of VNS previously reported [8, 
47], we also observed aggravated neuroinflammation 
by SDV and worsening of long-term neurologic 
deficits in WT mice with acute stroke. Thus, this study 
provided a valuable strategy for regulating intestinal 
immunocyte trafficking after ICH. 
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The integrin family members, α4β7 and αEβ7 
(CD103) integrins are extensively expressed in 
immunocytes [49, 50]. Functionally, they serve as 
gut-selective integrin to retain lymphocytes in 
mucosal tissues by binding to the mucosal address 
cellular adhesion molecule 1 (MAdCAM-1) and 
E-cadherin, respectively [19, 49, 51]. With WT mice, 
our analysis revealed that the prior SDV decreased the 
proportions of α4β7 integrin- or CD103-positive 
immunocyte subpopulations in the hemorrhagic 
brain, peripheral blood, MLNs, and Peyer’s patches 
after ICH. However, administrating α7nAChR 
agonists after SDV reversed these changes. This 
suggests that SDV and α7nAChR agonists may have 
contradictory effects on the egress of intestinal 
immunocytes in ICH. Vagal innervation could have 
significant implications in promoting immunocyte 
homing and retention in the intestinal tract by 
increasing α4β7 and αEβ7 integrin expression through 
the activation of α7nAChR after ICH. 

As an anti-β7 integrin monoclonal antibody, 
etrolizumab functions to block the activity of integrin 
family members containing the β7 subunit, notably 
the α4β7 and αEβ7 integrins [52]. Its primary intended 
application is directed towards treating inflammatory 
bowel disease, aiming to facilitate the egress of 
intestinal immunocytes [19]. Like SDV, etrolizumab 
also fosters intestinal lymphocyte migration from the 
intestinal tract to the peripheral blood and damaged 
brain of WT mice with ICH. Contradictory to SDV, it 
increases the proportions of α4β7 integrin- or 
CD103-positive immunocyte subpopulations in the 
hemorrhagic brain, peripheral blood, MLNs, and 
Peyer’s patches after ICH. Additionally, it appears 
that the administration of α7nAChR agonists does not 
influence the above changes in ICH mice undergoing 
etrolizumab treatment. In alignment with the adverse 
impact of etrolizumab on neuroinflammation and 
functional outcomes highlighted in this study, we 
further elucidated that vagal innervation restrains 
intestinal immunocyte trafficking through cholinergic 
transmitters-mediated α4β7 and αEβ7 integrin 
expression in ICH. Furthermore, we substantiated 
that vagus nerve-mediated intestinal immunocyte 
trafficking holds pivotal significance in the context of 
ICH. 

The α4β7 and αEβ7 integrins are heterodimers 
composed of the α4 integrin, αE integrin (CD103), and 
β7 integrin subunits. Studies have shown that α4 
integrin expression is upregulated in lymphocytes 
infiltrating the injured brain following stroke [53, 54]. 
Blocking α4 integrin with specific antibodies may 
alleviate brain injury by inhibiting leukocyte 
recruitment after a stroke, including ICH [53, 54]. 
However, our findings regarding the expression and 

efficacy of α4β7 integrin in the immunocytes 
infiltrating the hemorrhagic brain contradict those 
reported for α4 integrin. As α4 integrin forms 
heterodimers with β1 or β7 integrins, the observed 
discrepancies may be attributed to the differential 
expression of α4β1 and α4β7 integrins in various 
immune cell types. There is evidence that α4β1 is 
expressed on leukocytes and microglia, whereas α4β7 
is found on gut-homing T cells and specific vascular 
endothelial cells [49, 53]. When combining this with 
the preferential expression of CD103, the αE integrin 
subunit of αEβ7 integrin, in intestinal intraepithelial 
lymphocytes and the established role of CD103 in 
retaining intestinal lymphocytes [49, 50], the observed 
changes in α4β7 and CD103 integrin expression in this 
study likely reflect the impact of the vagal cholinergic 
nerve system on the migration and retention of 
intestinal immunocytes. These insights offer valuable 
guidance for future research and clinical applications. 

Although vagal innervation was demonstrated 
to be crucial in limiting intestinal immunocyte 
migration, this regulation may not be present in the 
MLNs of mice with ICH. Notably, our study reveals a 
discernible increase in the mean intensity of red 
fluorescence (KikR) in the MLNs of KikGR mice 
following SDV in the acute phase of ICH. 
Furthermore, prior SDV and etrolizumab treatment 
led to an elevated proportion of lymphocytes in the 
MLNs of ICH-afflicted WT mice, contrasting with the 
observed reduction in the Peyer’s patches. Given 
existing evidence indicating the migration of 
lymphocytes through intestinal epithelium or from 
MLNs to Peyer’s patches under stressful conditions 
[19], it is conceivable that vagal innervation may 
facilitate the migration of intestinal lymphocytes to 
Peyer’s patches via α7nAChR after ICH. These 
findings open up a world of potential for further 
research and understanding. 

Aside from neuroinflammation, a contrasting 
immune response occurs in the peripheral blood after 
stroke, potentially exacerbating the individual’s 
susceptibility to infection and negatively impacting 
the stroke prognosis [8, 55]. The potential 
exacerbation of systemic immunosuppression 
through the cholinergic nerve system-mediated 
immunocyte homing is a critical area that remains 
unexplored and could significantly impact patient 
care following ICH. Furthermore, while vagus nerve 
activity may influence the intestinal flora to regulate 
the movement of intestinal immunocytes to the brain 
[12], the potential regulation of α4β7 and αEβ7 
integrin expression by the intestinal flora and its 
subsequent influence on intestinal immunocyte 
movement is a matter of immediate concern that 
warrants further investigation. Additionally, there is a 
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need to explore whether the vagus nerve mediates 
α4β7 and αEβ7 integrin expression in regulatory T 
(Treg) cells and regulates the migration of intestinal 
Treg cells, given the contribution of Tregs to immune 
tolerance in ICH and its potential impact on patient 
care [8]. 

In conclusion, our study represents a potential 
breakthrough: immune cells may migrate from the 
gastrointestinal tract to the brain during ICH. This 
discovery and the identification of the vagus nerve 
and its cholinergic transmitters as potential regulators 
of immune cell mobilization open up exciting 
possibilities. By modulating the expression of α4β7 
and αEβ7 integrins in these cells, we may be able to 
control this migration. We have validated that the 
infiltration of intestinal immune cells into the 
hemorrhagic brain markedly contributes to 
neuroinflammation and brain damage after ICH. 
These findings not only deepen our understanding 
but also pave the way for developing novel 
immunomodulatory therapies targeting the 
trafficking of intestinal immune cells. The potential 
impact of this research on future medical treatments is 
exciting and significant. 
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