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A B S T R A C T   

Background: Current treatments for Multiple Sclerosis (MS) poorly address chronic innate neuroinflammation nor 
do they offer effective remyelination. The vagus nerve has a strong regulatory role in inflammation and Vagus 
Nerve Stimulation (VNS) has potential to affect both neuroinflammation and remyelination in MS. 
Objective: This study investigated the effects of VNS on demyelination and innate neuroinflammation in a vali
dated MS rodent model. 
Methods: Lysolecithin (LPC) was injected in the corpus callosum (CC) of 46 Lewis rats, inducing a demyelinated 
lesion. 33/46 rats received continuously-cycled VNS (cVNS) or one-minute per day VNS (1minVNS) or sham VNS 
from 2 days before LPC-injection until perfusion at 3 days post-injection (dpi) (corresponding with a demyeli
nated lesion with peak inflammation). 13/46 rats received cVNS or sham from 2 days before LPC-injection until 
perfusion at 11 dpi (corresponding with a partial remyelinated lesion). Immunohistochemistry and proteomics 
analyses were performed to investigate the extend of demyelination and inflammation. 
Results: Immunohistochemistry showed that cVNS significantly reduced microglial and astrocytic activation in 
the lesion and lesion border, and significantly reduced the Olig2+ cell count at 3 dpi. Furthermore, cVNS 
significantly improved remyelination with 57.4 % versus sham at 11 dpi. Proteomic gene set enrichment analyses 
showed increased activation of (glutamatergic) synapse pathways in cVNS versus sham, most pronounced at 3 
dpi. 
Conclusion: cVNS improved remyelination of an LPC-induced lesion. Possible mechanisms might include mod
ulation of microglia and astrocyte activity, increased (glutamatergic) synapses and enhanced oligodendrocyte 
clearance after initial injury.   

1. Introduction 

Multiple Sclerosis (MS), an inflammatory and degenerative central 
nervous system (CNS) disease, affects around 2.8 million people 
worldwide [1]. MS pathophysiology has been attributed to 
immune-mediated demyelination and axonal transection by 
CNS-infiltrating autoreactive T-and B-lymphocytes [2], along with 
neurodegenerative mechanisms like mitochondrial deficiency, gluta
mate excitotoxicity and oxidative stress [2]. The CNS innate immune 
system, with microglia and astrocytes as main components, also 

contributes to MS pathogenesis through chronic inflammation and 
subsequent disability progression [2–4]. More specifically a close 
astrocyte-microglia interaction may be critical in chronic-active lesions, 
characterized by a rim of activated microglia surrounding lesions, and 
thought to drive disease progression [3]. 

Microglia play various roles in CNS homeostasis, neuroplasticity and 
neuroprotection [5,6]. Different microglial morphologies, indicative for 
their functions, can be distinguished: ramified, transitional/activated, 
and amoeboid microglia [7]. Ramified microglia are considered ho
meostatic [8], but under pathological conditions rapidly become acti
vated [9], transforming into an transitional/activated form and 
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ultimately into a highly proinflammatory, amoeboid form [5,8,10–13]. 
Once activated, microglia can release neurotoxic and inflammatory 
mediators (cytokines, chemokines, reactive oxygen species), activating 
other immune cells, increasing inflammation and promoting neuro
axonal damage and neurodegeneration [9]. 

Similar to microglia, astrocytes have multiple functions, like blood- 
brain-barrier maintenance and supporting neuroplasticity [14,15], 
with both pro- and anti-inflammatory properties [2]. In response to in
flammatory processes, like activated microglia, astrocytes become 
reactive, leading to the release of proinflammatory mediators, increased 
microglia activation and inhibition of mature oligodendrocyte genera
tion, thereby preventing remyelination [2,9,15–18]. 

In MS, immune-mediated demyelination [19] leads to axonal dam
age and eventual clinical disability [20,21]. Remyelination, where 
oligodendrocyte precursor cells (OPCs) generate new oligodendrocytes 
that remyelinate axons, is one of the most important mechanisms to 
protect axonal integrity. Remyelination insulates axons from a hostile 
microenvironment and restores their conductive properties and meta
bolic interaction with oligodendrocytes [22–24]. Although remyelina
tion is oligodendrocyte-driven, it involves complex regulation by 
microglia and astrocytes. Microglia promote remyelination by clearing 
myelin debris and by recruiting and supporting OPCs, while astrocytes 
secrete factors influencing OPC behavior, impact cholesterol meta
bolism and recruit microglia [25,26]. 

Although several disease modifying therapies are currently available 
for MS, there is still no effective treatment for CNS innate immune cell 
and neurodegeneration driven disease progression [4,27,28]. Neither is 
there a therapy that successfully promotes remyelination to restore 
demyelinated lesions and protect against further axonal damage [29, 
30]. Based on prior research, demonstrating anti-inflammatory effects of 
Vagus Nerve Stimulation (VNS) in several inflammatory diseases 
[31–38], and a recent preclinical stroke study, showing positive effect of 
transcutaneous auricular VNS on ischemic white matter damage [39], 
we hypothesized that VNS may have potential as MS treatment. Two 
VNS protocols were tested: 1) a continuously-cycled VNS (cVNS) pro
tocol, based on studies demonstrating a central modulating effect and 
norepinephrine increase in the CNS, without inducing hypothermia 
[40–42]; 2) a one-minute VNS (1minVNS) protocol, based on pre
liminary work of Hamlin et al. describing increased remyelination 
induced by a single, per-operative administration of one minute of VNS, 
aiming to activate the cholinergic anti-inflammatory pathway [43,44]. 

This study explores the impact of VNS on innate neuroinflammatory 
responses linked to demyelination [45,46] and remyelination in the rat 
lysolecithin (LPC)-induced focal demyelination model, a robust model to 
study remyelinating approaches [47]. LPC acts as a gliotoxin, causing 
dissolution of oligodendrocyte membranes and cell death, leading to 
rapid demyelination and secondary inflammation, mainly involving 
microglia and astrocytes [48–50]. This study focused on two timepoints 
after injecting LPC in the corpus callosum (CC): 3 days post-injection 

(dpi), when demyelination is complete and peak inflammation is 
found [51,52] (demyelination experiment), and 11 dpi, corresponding 
with ongoing remyelination [48,51,52] (remyelination experiment). 

2. Material and methods 

2.1. Animals 

Forty-six female Lewis rats (Janvier, France), aged 7 weeks with 
average body weight of 195.5 ± 13.5 g, were used. Ethical approval was 
obtained by the animal ethics committee of Ghent University’s Faculty 
of Medicine and Health Sciences (ECD 20/22). Animals were kept and 
handled according to European guidelines (Directive 2010/63/EU), 
housed in controlled environmental conditions (12 h light/dark cycle, 
temperature 21–24 ◦C, humidity 55–65 %) with ad libitum access to 
food and water. 

2.2. Experimental timeline 

Two subsequent experiments were performed (Fig. 1). In the first 
performed demyelination experiment, 33 rats were divided into 
1minVNS (n = 10/33), cVNS (n = 12/33) and sham (n = 11/33) groups, 
and perfused at 3 dpi for immunohistochemistry (demyelination and 
peak inflammation). Second, the remyelination experiment was per
formed on a new batch of 13 rats. As immunohistochemistry of the 
demyelination experiment showed efficacy of cVNS, only cVNS was used 
as treatment group (n = 6/13) compared to sham (n = 7/13), followed 
by perfusion at 11 dpi (remyelination). Later, five rats were randomly 
selected from each of the above cVNS and sham groups of the demye
lination and remyelination experiments for proteomics (n = 20). 

2.3. VNS electrode implantation 

Rats were implanted with a custom-made bipolar cuff VNS electrode 
around the left vagal nerve, as described by El Tahry et al. [53]. Elec
trode leads were subcutaneously tunneled towards the scalp and rats 
were transferred into a stereotaxic frame. LPC-injection coordinates 
were marked (1 mm caudal and 2 mm lateral to bregma) and four anchor 
screws were placed epidurally in burr holes in the parietal and occipital 
bone. The 2.54 mm winslow connector pins (RS components, Belgium) 
of the VNS electrode leads were assembled in a connector block and 
fixated to the skull with metabond (Super-Bond C&B, Sunmedical, 
Japan) and dental cement (Simplex Rapid fluid/powder, Kemdent, UK), 
forming a headcap. Headcap positioning ensured accessibility for later 
LPC-injection. The skin was closed and meloxicam (1 mg/kg) was 
administered subcutaneously. 

Abbreviations 

(B&H) Benjamin & Hochberg 
(CNS) Central Nervous System 
(cVNS) Continuously-cycled VNS 
(CC) Corpus callosum 
(CV) Cresyl violet 
(dpi) Days post-injection 
(GSEA) Gene set enrichment analyses 
(GFAP) Glial Fibrillary Acidic Protein 
(Iba1) Ionized Calcium-binding Adapter Molecule 1 
(LMEP) Laryngeal Muscle Evoked Potential 
(LC-MS/MS) Liquid chromatography coupled to tandem mass 

spectrometry 
(LFC) Log fold changes 
(LFB) Luxol fast blue 
(LPC) Lysolecithin 
(MWU) Mann-Whitney U test 
(MGV) Mean gray value 
(MS) Multiple sclerosis 
(Olig2) Oligodendrocyte Lineage Transcription Factor 2 
(OPCs) Oligodendrocyte precursor cells 
(1minVNS) One-minute VNS 
(PBS) Phosphate-buffered saline 
(Pdgfra) Platelet-derived Growth Factor Receptor Alpha 
(VNS) Vagus Nerve Stimulation  

H. Bachmann et al.                                                                                                                                                                                                                             



Brain Stimulation 17 (2024) 575–587

577

2.4. LMEP 

Three weeks after VNS implantation, a Laryngeal Muscle Evoked 
Potential (LMEP) was recorded according to Grimonprez et al. [54], to 
estimate effective VNS per rat. Recording electrodes were custom-made 
from 30 Gauge needles and subcutaneously inserted without cutting the 
skin. One electrode was placed near the left laryngeal muscle (LMEP 
recording), another one in the pectoralis muscle (detection and differ
entiation from non-laryngeal muscle contractions). Recordings were 
referenced to a ground electrode in the right hind paw. Biphasic, 
square-wave pulses (200 μs pulse width, 1 Hz frequency) were delivered 
through the VNS electrode using a constant current stimulator (DS4, 
Digitimer, UK) with intensity increasing in 0.1 mA steps from 0.1 to 1.0 
mA. After tenfold repetition, the average response was used to deter
mine a stimulus-response relationship. LMEP presence indicated correct 
stimulation of the vagal nerve (Table 1). Rats without clear evidence of 
an LMEP at 1.0 mA were reallocated to the sham group. 

2.5. VNS stimulation 

After LMEP recording, rats were connected to custom-designed 
constant current stimulators, by attaching the stimulation cable to 
their headcap. For the demyelination experiment (n = 33), VNS was 
initiated 2 days prior to LPC-injection until 3 dpi (briefly interrupted for 
LPC-injection). There were three experimental groups based on VNS 
protocol: 1minVNS, cVNS and sham. In the 1minVNS group, VNS was 
applied daily for 1 min per day (biphasic pulses, 1.0 mA intensity, 10 Hz 
frequency, 250 μs pulse width). In the cVNS group, VNS was applied 
continuously with a 0.5sON/29.5sOFF duty cycle (biphasic pulses, 1.0 

mA intensity, 30 Hz frequency, 250 μs pulse width). The cathodic first 
phase was delivered at the cranial electrode contact. In the sham group, 
rats were connected to the set-up without VNS delivery. For the 
remyelination experiment (n = 13), cVNS was compared to sham. cVNS 
and sham were initiated 2 days before LPC-injection until 11 dpi. During 
cVNS or 1minVNS, the VNS electrode impedance was measured daily to 
ensure correct stimulation. 

2.6. LPC-injection 

After isoflurane anesthesia and subcutaneous buprenorphine injec
tion, rats were fixated in a stereotaxic frame. A craniotomy was per
formed bilaterally above the CC (1 mm caudal and 2 mm lateral to 
bregma). On each side, 1 μl of 0.5 % LPC (Sigma-Aldrich, Belgium) in 
phosphate-buffered saline (PBS) was injected at a flow rate of 0.3 μl/min 
in the CC (2.5 mm ventral to the brain surface) using a 10 μl Hamilton 
Neuros syringe (point style 4) mounted on a Quintessential Stereotaxic 
Injector (Stoelting Co., USA). After injection, the needle was left in place 
for 5 min, before slowly retracting and suturing the skin. 

2.7. Transcardiac perfusion 

Rats were euthanized 3 or 11 dpi in the demyelination or remyeli
nation experiment respectively, by an intraperitoneally administered 
overdose of sodium pentobarbital (600 mg/kg, Vétoquinol, Belgium), 
followed by transcardiac perfusion with room temperature PBS and ice- 
cold PBS, and rapid brain isolation. Isolated brains were fixated in 4 % 
paraformaldehyde for 48 h, followed by cryoprotection with increasing 
sucrose solutions (10%-20%–30 %) at 4 ◦C. Then, they were frozen in 

Fig. 1. Experimental time-line. Schematic representation of experimental time line. A custom-made cuff electrode was surgically implanted around the left vagal 
nerve, with the anode and cathode placed caudally and cranially, respectively (a). The electrode leads were subcutaneously tunneled towards the headcap (b). After 
LMEP recording (c), animals were divided in VNS (cVNS or 1minVNS) or sham groups, and connected to the stimulation cable. VNS or sham treatment was started 
two days before the LPC injection in the CC (d). To study the effect on demyelination, histological evaluation was performed 3 dpi, corresponding with complete 
demyelination and the peak of secondary inflammation (e). For the effect on remyelination histological evaluation was performed 11 dpi, when a partial remye
linated lesion is expected (f). At both timepoints the following outcome parameters were assessed: intensity-corrected demyelination volume (de- and remyelination), 
Olig2+ cell count and Pdgfra intensity within Olig2+ cells (oligodendrocytes and precursors), Iba1 intensity and Iba1+ cell count (microglia activity and mor
photypes, neuroinflammation), and GFAP intensity and GFAP+ cell count (astrocyte activity, neuroinflammation). Proteomics was later performed in a subgroup of 
the cVNS and sham rats at both timepoints. 

Table 1 
Laryngeal Muscle Evoked Potential (LMEP) recording before stimulation.   

Demyelination experiment Remyelination experiment 

Sham (n = 11) cVNS (n = 12) 1minVNS (n = 10) Sham (n = 7) cVNS (n = 6) 

Proportion of rats with LMEP present of LMEPs recorded 7/11 12/12 10/10 2/7 6/6 
Mean±SD of LMEP threshold (mA) 0.33 ± 0.25 0.38 ± 0.26 0.36 ± 0.31 0.35 ± 0.25 0.50 ± 0.26  
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isopentane (2-methylbutane, Sigma-Aldrich) and liquid nitrogen 
(− 196 ◦C) and stored in − 80 ◦C. 

2.8. Immunohistochemistry 

For histology, 30 μm thick coronal sections of the CC were made 
using a cryotome (Leica, Germany). Throughout the complete lesion, 
including a 630 μm thick margin, every third slice was mounted on a 
glass slide and stained by luxol fast blue (LFB) with cresyl violet (CV) 
counterstaining. Slices were scanned with a PANNORAMIC Digital Slide 
Scanner (Panoramic 250, 3×D Histech, 40× magnification). For all sli
ces the demyelination surface was determined using ImageJ (Fig. 2a). 
The mean surface of two subsequent slices (μm2) was multiplied by 90 
μm (30 μm thick slice + 60 μm interslice gap) to calculate the inter-slice 
volume (μm3). The lesion volume (mm3) was then calculated by the total 
sum of these inter-slice volumes. Using the ImageJ color deconvolution 
tool, the LFB and CV staining was virtually split for the slice image 
showing the largest demyelination surface (‘mid-lesion slice’) after 
which the level of myelin loss was calculated as the difference in LFB 
staining intensity (mean gray value (MGV)) between intact and 
demyelinated CC tissue (Fig. 2c). Lesion volume and level of myelin loss 
were then combined into the intensity-corrected demyelination volume 
(mm3*MGV) as the outcome parameter to asses demyelination and 
remyelination. 

On two slices, adjoining the mid-lesion slice, immunohistochemistry 
was performed as described earlier [55,56]. Here, microglia and astro
cytes were stained by an ionized Calcium-binding Adapter Molecule 1 
(Iba1) and Glial Fibrillary Acidic Protein (GFAP) double staining, using 
rabbit anti-Iba1 (1:500, abcam ab178846), mouse anti-GFAP (1:1000, 
Sigma-Aldrich G3893), goat anti-rabbit Alexafluor 594 (1:1000, abcam 
ab150088) and goat anti-mouse Alexafluor 488 (1:1000, abcam 
ab150113). Oligodendrocytes and OPCs were stained by Oligodendro
cyte Lineage Transcription Factor 2 (Olig2) and Platelet-derived Growth 
Factor Receptor Alpha (Pdgfra) double staining, using goat anti-Olig2 
(1:100, Biotechne AF2418), rabbit anti-Pdgfra (1:100, Thermo Fisher, 
PA5-16571), donkey anti-goat Alexafluor 594 (1:1000, Thermo Fisher 
A32758) and donkey anti-rabbit Alexafluor 488 (1:1000, Thermo Fisher, 
A32790). Immunostained slices were imaged on a Nikon A1R HD 

confocal laser scanning microscope (Nikon Benelux, Belgium) using a 
20× Plan APO VC/0.75 Numeric Aperture objective lens. NIS Elements 
was used as acquisition software, ImageJ for further analysis. After 
background correction and delineating the lesion area, the mean 
Iba1-intensity and the mean GFAP-intensity (MGV) were measured 
within the lesion and within the outer border (approximately 50 μm 
border surrounding the lesion) as microglial and astrocytic activation 
markers respectively. For astrocyte and microglia cell counting, a grid of 
5000 μm2 big squares was plotted on the image. Two regions were 
determined: the lesion (all squares that completely lie within the 
delineated lesion) and the outer border (complete squares adjacent to 
the outside border of the lesion) (Fig. 3). For each region, astrocytes and 
microglia were counted (innate neuroinflammation markers) in five 
randomly selected squares and the mean cell count per square was 
calculated. Microglia were morphologically divided into ramified 
microglia (small cell body, long thin processes with branches [8,10,12]), 
transitional microglia (activated microglia with enlarged, often irreg
ular, cell body and thick, short processes [11–13]) and amoeboid 
microglia (round, enlarged cell body without branches [8,10,12]) 
(Fig. 3). The total microglia count was calculated by the summation of 
these microglia subcategories. 

Similarly, background correction and lesion delineation were per
formed on the Olig2/Pdgfra stained slices (Fig. 4). Olig2+ cells (oligo
dendrocyte lineage) were automatically counted within the delineated 
lesion (cells/mm2) by applying the threshold, the watershed, and the 
analyze particles functions of ImageJ. Within each Olig2+ cell area, the 
Pdgfra-intensity was measured (MGV), and the average was used for 
relative OPC abundance within the Olig2+ cell population (OPC 
marker). 

Statistical analysis of immunohistochemistry was performed in SPSS 
version 27 (Chicago, USA) with statistical significance set at p ≤ 0.05. 
Normal distribution was checked by a histogram, QQ-plot and Shapiro- 
Wilk test. If data were normally distributed, an unpaired t-test was used. 
Otherwise, a Mann-Whitney U test (MWU) was used. Two-way ANOVA 
was used on the log-transformed Olig2+ cell count and Pdgfra-intensity 
to evaluate time and treatment interactions. Unless otherwise stated, 
data were expressed as mean ± SD. 

Fig. 2. Demyelination. Demyelination was assessed by the intensity-corrected lesion volume, combining lesion volume and myelin loss within the lesion. An LFB 
staining and CV counterstaining were performed on every third slice throughout the complete lesion and lesion surface was measured on these slices (a). The sum of 
the interslice volumes (product of the mean surface of two subsequent slices (μm2) and 90 μm (space between subsequent slices)) gave the lesion volume. The degree 
of myelin loss within the lesion was calculated by the difference of the myelin intensity of the healthy CC and the myelin intensity of the lesion. As the purple CV 
counterstaining could interfere with the LFB-stained blue-colored myelin, the LFB-CV staining (b) were virtually split in ImageJ, before measuring the myelin in
tensity on the LFB staining alone (c). On 3 dpi, there was no significant reduction of the intensity-corrected lesion volume, indicating that there was no prophylactic 
effect against lesion induction by cVNS or 1minVNS (d). On 11 dpi, there was a significant effect of cVNS on remyelination, as the intensity-corrected demyelination 
volume was 57.4 % reduced compared to sham (MWU: p = 0.046) (e). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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2.9. Proteomics 

Proteomics was performed in five cVNS and sham rats of both 
timepoints (n = 20). For each rat, one slice, adjoining the Iba1/GFAP- 
stained slice, was washed with PBS, and the lesion was cut out and 
prepared for high-performance liquid chromatography coupled to tan
dem mass spectrometry (LC-MS/MS) (described in Supplementary ma
terial). LC-MS/MS runs of all samples were searched using the DiaNN 
algorithm, version 1.8.1. Spectra were searched against the Rattus nor
vegicus (TaxID: 10,116) protein sequences in the Uniprot database 
(06_2023) [57]. Shotgun results were further analyzed in the R pro
gramming language version 4.2.2. Protein expression matrices were 
prepared by filtering the DIA-NN main report output table at a precursor 
and protein library, q-value cut-off of 1 %, and retaining only proteins 
identified by at least one proteotypic peptide. iBAQ intensity columns 
were added to the matrix using DIAgui’s R package get_IBAQ function 
[58]. PG.MaxLFQ intensities were log2-transformed and replicate sam
ples were grouped. Proteins with less than three valid values in at least 
one group were removed and missing values were imputed from a 
normal distribution centered around the detection limit (package DEP) 
leading to a list of 8172 quantified proteins in the experiment. 

Statistical analyses were performed on log2-transformed, imputed 
PG.MaxLFQ intensities. Differentially expressed proteins were identified 
using limma [59] with empirical Bayes procedure and p-values cor
rected using Benjamini & Hochberg’s (B&H) procedure (adjusted p ≤
0.05 and |log fold changes (LFC)|≥1). Samples were grouped based on 
treatment and condition and contrasts were defined as follows: 
DE_cVNS_vs_DE_sham = DE.cVNS - DE.sham, and RE_cVNS_vs_RE_sham 
= RE.cVNS - RE.sham (Fig. 5). 

For gene set enrichment analyses (GSEA), proteins were sorted based 
on decreasing limma moderated t-statistics. GSEA were performed 
against a combination of gene sets from databases and literature 
(Table 2) using R packages clusterProfiler [60] and enrichplot [61] with 
nPerm = 1000, minGSSize = 3, maxGSSize = 800 and B&H correction 
(adjusted p ≤ 0.05). For each gene set analysis, the top 10 up- and 
downregulated pathways were visualized, and running enrichment 
score plots were plotted only for literature gene sets with significant 
enrichment. Protein IDs were mapped to gene symbols using UniProt’s 
mapping service if needed [62]. Human gene symbols in the Zhong 
microglia gene set were mapped to mouse gene symbols using the 
mapping table provided by the mouse GEM [63,64]. 

3. Results 

3.1. Demyelination experiment 

3.1.1. VNS effect on demyelination 
At 3 dpi, the intensity-corrected demyelination volume did not differ 

between cVNS (75.6 ± 33.8 MGV × mm3) and sham (76.1 ± 48.0 MGV 
× mm3) (MWU: p = 0.951), or 1minVNS (74.8 ± 30.6 MGV × mm3) and 
sham (Fig. 2d. MWU: p = 0.944). The number of Olig2+ cells in the 
demyelinating lesions was significantly lower for cVNS (1191 ± 224 ×
10− 6 cells/mm2), but not for 1minVNS (1519 ± 645 × 10− 6 cells/mm2) 
compared to sham (1643 ± 482 × 10− 6 cells/mm2) (MWU: resp. p =
0.008 and p = 0.324). Pdgfra-intensity of Olig2+ cells was not signifi
cantly different for cVNS (237.3 ± 100.4 MGV) or 1minVNS (223.6 ±
43.4 MGV) relative to sham (278.8 ± 112.2 MGV) (MWU: resp. p =
0.196 and p = 0.231). 

3.1.2. VNS effect on microglia during demyelination 
Lesion Iba1-intensity was significantly lower for cVNS (96.8 ± 28.4 

MGV) but not for 1minVNS (110.3 ± 36.4 MGV) compared to sham 
(129.6 ± 43.1 MGV) (Fig. 6a. T-test resp. p = 0.042 and 0.284). The 
total microglia count was significantly reduced in cVNS (6.93 ± 1.36 
cells/square) compared to sham lesions (8.85 ± 2.25 cells/square) 
(Table 3. Fig. 6b. T-test: p = 0.021). Further analysis of the microglia 
subtypes, showed that this resulted from the combined reduction of 
amoeboid and transitional microglia in cVNS (6.67 ± 1.46 cells/square) 
compared to sham (8.59 ± 2.37 cells/square) (Fig. 6c. T-test: p =
0.028). For ramified microglia, similar counts were found in cVNS and 
sham lesions (MWU: p = 0.925). Conversely, total, amoeboid, transi
tional and ramified microglia, were not significantly different between 
1minVNS and sham (Table 3). At the outer border, the Iba1-intensity 
was significantly reduced in cVNS (37.4 ± 16.0 MGV) but not in 
1minVNS (42.3 ± 19.9 MGV) compared to sham (55.2 ± 24.0 MGV) 
(Fig. 6d. T-test resp. p = 0.047 and 0.198). Transitional microglia were 
reduced in cVNS (0.51 ± 0.23 cells/square) and 1minVNS (0.44 ± 0.35 
cells/square) compared to sham (1.02 ± 0.73 cells/square) (Fig. 6f. T- 
test resp. p = 0.049 and 0.048). Total, amoeboid and ramified microglia 
at the outer border were not significantly changed (Table 3). 

3.1.3. VNS effect on astrocytes during demyelination 
Lesion GFAP-intensity was significantly reduced for cVNS (50.0 ±

22.9 MGV) and showed a trend towards reduction for 1minVNS (52.6 ±

Fig. 3. Iba1/GFAP staining. An Iba1/GFAP double staining was used to analyze microglia and astrocytes respectively (Iba1 red, GFAP green, DAPI blue). The lesion 
border was delineated (dashed line), and Iba1-and GFAP-intensity were measured within the lesion (a). Additionally, microglia and astrocytes were counted in 5 
random selected squares within the lesion (a), and the outer border surrounding the lesion (b). Based on morphology, microglia were subdivided in ramified (c), 
transitional (d), and amoeboid microglia (e). Astrocytes are shown in (f). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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28.4 MGV) compared to sham (84.9 ± 46.6 MGV) (Fig. 7a. MWU: resp. 
p = 0.027 and p = 0.091). GFAP-intensity at the outer border was also 
significantly reduced for cVNS (55.8 ± 21.5 MGV), but not for 1minVNS 
(65.6 ± 33.7 MGV), compared to sham (85.0 ± 35.4 MGV) (Fig. 7b. T- 
test: resp. p = 0.039 and p = 0.238). Regarding astrocyte counts, there 
were no significant differences between groups (Table 3). 

3.2. Remyelination experiment 

3.2.1. VNS effect on remyelination 
At 11dpi, intensity-corrected demyelination volume was signifi

cantly reduced with 57.4 % in the cVNS group (10.1 ± 8.4 MGV × mm3) 
compared to sham (23.7 ± 14.4 MGV × mm3) (Fig. 2e. MWU: p =
0.046). Compared to 3 dpi, Olig2+ cells were significantly increased at 
11 dpi for cVNS and sham (MWU: p = 0.001 and p < 0.001 resp.), with 
cVNS reaching similar Olig2+ cell count (2993 ± 760 × 10− 6 cells/ 
mm2) as sham (2909 ± 563 × 10− 6 cells/mm2) (MWU: p = 1.000). 

Pdgfra-intensity of Olig2+ cells was not significantly different between 
3dpi and 11dpi for cVNS or sham (MWU: p = 0.261 and p = 0.258 resp.), 
nor between cVNS (273.5 ± 88.9 MGV) and sham (223.3 ± 57.8 MGV) 
(T-test: p = 0.245) at 11dpi. Two-way ANOVA showed a trend of sig
nificant interaction between timepoint and treatment for Olig2+ cell 
count, but not for Pdgfra-intensity (Fig. 4 p = 0.054 and p = 0.142 
resp.). 

3.2.2. VNS effect on microglia during remyelination 
Lesion Iba1-intensity showed a trend towards reduction in cVNS 

(185.0 ± 57.7 MGV) compared to sham (268.0 ± 80.5 MGV) (T-test: p 
= 0.060). Iba1-intensity at the lesion border was significantly reduced 
(T-test: p = 0.027) in cVNS (59.3 ± 20.9 MGV) compared to sham (97.3 
± 30.9 MGV). There was no significant difference of amoeboid, transi
tional, ramified or total microglia counts in the lesion or outer border 
(Table 3). 

Fig. 4. Olig2/Pdgfra staining. An Olig2/Pdgfra double immunostaining was used to analyze oligodendrocytes and OPCs. Within the lesion (a), the Olig2+ cells 
(red) were selected and counted by the automatic cell count function in ImageJ. Within the area of each Olig2+ cell, the mean Pdgfra-intensity (green) was measured 
for that Olig2+ cell (b). Next, the mean of the Pdgfra-intensities of all Olig2+ cells within the lesion was calculated, indicating the relative OPC abundance within the 
Olig2+ cell population (OPC marker). (c) Olig2+ cell counts were significantly increased from 3 dpi to 11 dpi in both cVNS and sham (MWU: p = 0.001 and p <
0.001 resp.). While at 3 dpi, Olig2+ cells were significantly lower in cVNS compared to sham (MWU: p = 0.008), cVNS reached similar Olig2+ cell counts to sham at 
11 dpi (MWU: p = 1.000). Two-way ANOVA showed a trend of significant interaction between timing and treatment concerning Olig2+ cells (p = 0.054). (d) Pdgfra- 
intensity of Olig2+ cells was not significantly different between 3dpi and 11dpi in cVNS or sham (MWU: p = 0.261 and p = 0.258 resp.), or between cVNS and sham 
compared at 3dpi (MWU: p = 0.196) or 11 dpi (T-test: p = 0.245). Two-way ANOVA did not show significant interaction between timing and treatment for Pdgfra- 
intensity (p = 0.142). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.2.3. VNS effect on astrocytes during remyelination 
Lesion GFAP-intensity showed a trend towards reduction in cVNS 

(98.0 ± 27.0 MGV) compared to sham (147.4 ± 55.7 MGV) (T-test: p =
0.068). At the lesion border, GFAP-intensity was significantly reduced 
(T-test: p = 0.027) in cVNS (56.0 ± 24.5 MGV) compared to sham 
(103.9 ± 39.7 MGV). Astrocyte counts were not significantly different in 
the lesion or outer border (Table 3). 

3.3. Proteomics analysis 

No differentially expressed proteins were demonstrated in cVNS 
versus sham during demyelination (3 dpi), or between cVNS or sham 
during remyelination (11 dpi). Since zero differentially expressed pro
teins were identified at both timepoints, GSEA was performed, avoiding 
hard LFC or adjusted p-value cut-off when biological differences are too 
modest to meet significance [65]. GSEA using GO showed significant 
activation of synapse-related pathways (like post-synapse organization) 
in cVNS compared to sham, and more specifically activation of the 
glutamatergic synapse pathway, at 3 dpi (Fig. 8a). Similarly, GSEA using 
Reactome showed significant activation of synapse-related pathways 
(most interestingly: neurexins and neuroligins, playing a role in synapse 
formation and neuroplasticity), and of glutamate-related pathways (like 
unblocking of NMDA receptors, glutamate binding and activation) in 
cVNS at 3 dpi (Fig. 8b). GSEA using GO and Reactome showed signifi
cant activation of membrane- and synapse-associated pathways (neu
rexins and neuroligins) in cVNS at 11 dpi (Fig. 8c and d). GSEA using 
literature based gene sets (Fig. 8e and f), showed a significant reduction 
of astrocyte secreted proteins, as reported by Dowell et al. [66], in cVNS 
at 3 dpi. GSEA using proteins of mature rat oligodendrocytes reported by 
Dumont et al. [67], showed a significant downregulation of mature ol
igodendrocytes proteins in cVNS at both timepoints. Based on the gene 
set of Santiago et al. [68], no significant changes in inflammatory, 
anti-inflammatory or protective state of microglia were found. However, 
GSEA using the microglia gene set of Zhong et al. showed upregulation 
of microglia proteins of developing prefrontal cortex, thought to 
modulate neuronal apoptosis, neurogenesis and synaptic pruning, in 
cVNS at 3 dpi [69]. 

Fig. 5. Proteomics. Between-sample correlation heatmaps were constructed using hierarchical clustering of Spearman correlation coefficients between protein 
expression values of all pairs of samples in demyelination (a) and remyelination (b). There was no significant effect of cVNS on differential protein expression on 
either demyelination or remyelination (p-adjusted ≤0.05 & |LFC| ≥1) (not shown). 

Table 2 
Databases and Gene sets used for Gene set enrichment analysis.  

Databases Accessed through 

Gene Ontology (GO) Biological Processes ClusterProfiler [55] 
GO Cellular Component ClusterProfiler [55] 
GO Molecular Function ClusterProfiler [55] 
Reactome [60] ReactomePA [61]  

Gene sets from literaturea Reference 

Dowell 2009 (astrocyte-secreted proteins) Dowel et al., 2009 
[62] 

Dumont 2007 (mature rat oligodendrocytes) Dumont et al., 
2007 [63] 

Zhong_microglia (gene set downloaded from https://www.gse 
a-msigdb.org/gsea/msigdb/human/geneset/ZHONG_P 
FC_MAJOR_TYPES_MICROGLIA.html (2023/12/12)) 

Zhong et al., 2018 
[64] 

Santiago_microglia (three separate protein lists were created 
for protective microglia (IL10-Control), homeostatic 
microglia (TGFB-Control) and inflammatory microglia (LPS- 
Control) using the following cut-offs: adjusted p ≤ 0.05 & 
diff >0 (upregulated) or diff <0 (downregulated)) 

Santiago et al., 
2023 [65]  

a Lists given in supplementary material. 
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4. Discussion 

In this study, VNS therapy was tested in an LPC-induced demyelin
ation rat model, demonstrating reduced microglial and astrocytic 
inflammation, as well as improved remyelination. In the first performed 
demyelination experiment, the clearest effect was found in cVNS, and 
only minimal changes were found in 1minVNS. 

We found that cVNS reduced demyelination with 57.4 % versus sham 
at the remyelination timepoint (11 dpi), indicating improved remyeli
nation. At the demyelination timepoint (3 dpi), there was no difference 
in level of demyelination, indicating no (preventive) effect of VNS 
against the direct, membrane-disrupting effect of LPC causing initial 
demyelination [50]. Investigation of the oligodendrocyte markers 

showed significantly lower Olig2+ cell counts in cVNS at demyelination, 
that significantly increased and reached similar levels between cVNS 
and sham during remyelination. Relative OPC abundance within the 
Olig2+ cells did not differ between cVNS and sham, nor between 
timepoints. In the LPC model, remyelination generally starts around 7 
dpi [48,51], with Olig2+/Pdgfra + OPC recruitment starting from 3 dpi, 
followed by proliferation and differentiation of these OPCs into 
remyelinating Olig2+ oligodendrocytes [70–72]. The early Olig2+ cells 
(3 dpi) thus probably represent mature oligodendrocytes that survived 
initial injury. Proteomics GSEA further supported our oligodendrocyte 
effect, showing downregulated mature oligodendrocyte proteins in 
cVNS at both timepoints [67]. Remyelination is mainly driven by newly 
differentiated oligodendrocytes, generated from infiltrating OPCs [73]. 

Fig. 6. Effect on microglia during demyelination. At 3 dpi, cVNS significantly reduced the Iba1-intensity in the lesion (a) and the lesion’s total microglia count 
(b), resulting from a combined amoeboid and transitional microglia reduction (c), indicating reduced activated microglia by cVNS. At the outer border, cVNS 
significantly reduced the Iba1-intensity (d). Total microglia count at the outer border was not significantly different (e). However, both cVNS and 1minVNS sig
nifcantly reduced the transitional microglia count at the outer border (f). Homeostatic ramified microglia were not reduced by VNS at the lesion or outer border. 

Table 3 
Overview of microglia and astrocyte cell counts (cells/square) at the lesion and the outer border.    

Demyelination experiment Remyelination experiment 

Sham (n = 11) cVNS (n = 12) 1minVNS (n = 10) Sham (n = 7) cVNS (n = 6)  

Lesion Microglia 8.85 ± 2.25 6.93 ± 1.36c b 8.12 ± 1.88b 25.74 ± 3.64 26.47 ± 6.41a 

Transitional microglia 4.25 ± 1.21 3.61 ± 1.41b 3.94 ± 1.28b 12.24 ± 1.59 13.12 ± 2.11b 

Amoeboid microglia 4.35 ± 2.24 3.06 ± 1.42a 3.67 ± 1.50b 12.63 ± 4.48 12.50 ± 5.80a 

Ramified microglia 0.26 ± 0.23 0.27 ± 0.21a 0.51 ± 0.33a 0.87 ± 0.59 0.85 ± 0.68a 

Astrocytes 0.25 ± 0.17 0.25 ± 0.19b 0.32 ± 0.22a 4.41 ± 0.89 4.40 ± 1.29a  

Outer border Microglia 2.54 ± 0.81 2.24 ± 0.65b 2.08 ± 0.54b 4.66 ± 0.49 6.17 ± 2.63a 

Transitional microglia 1.02 ± 0.73 0.51 ± 0.23c b 0.35 ± 0.60c a 0.54 ± 0.44 0.30 ± 0.28b 

Amoeboid microglia 0.26 ± 0.26 0.53 ± 0.50a 0.33 ± 0.47a 0.00 ± 0.00 0.00 ± 0.00 
Ramified microglia 1.26 ± 0.43 1.20 ± 0.34a 1.31 ± 0.45b 4.11 ± 0.40 5.87 ± 2.76a 

Astrocytes 1.35 ± 0.74 1.38 ± 0.57b 1.52 ± 0.48b 4.20 ± 0.75 4.40 ± 0.36b 

Mean ± SD of the cell counts. 
a Non-continuous data, MWU was used. 
b Continuous data, unpaired t-test was used. 
c Significant difference (p ≤ 0.05) of cVNS or 1minVNS compared to sham. 
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Surviving mature oligodendrocytes that stay in place after initial injury 
are unable to efficiently remyelinate axons [73,74], and can even 
counteract repair and OPC-driven remyelination [75–78]. It is possible 
that VNS enhances microglial clearance of injured oligodendrocytes and 
myelin debris, which favors remyelination [79]. In addition, GSEA 
showed significant upregulation of synapse- and glutamate-related 
pathways in cVNS at demyelination. Stimulation of neuronal activity 
and release of glutamate can improve remyelination, by stimulating 
OPCs to differentiate into new myelinating oligodendrocytes [80–82]. 
Indeed, Etxeberria et al. found that demyelinated axons form functional 
glutamatergic synapses onto migrating OPCs at 2–3 days 
post-LPC-injection [83]. One week after lesioning, this glutamatergic 
input was significantly reduced in the differentiated oligodendrocytes, 
indicating that it is lost upon oligodendrocyte differentiation and this 
axon-oligodendrocyte synapse formation is a transient, regulated step 
during axonal remyelination [83]. Newly-generated OPCs do not receive 
synaptic inputs during active proliferation after demyelination, but gain 
synapses during remyelination, meaning that glutamatergic synaptic 
inputs may contribute to inhibit OPC proliferation and instruct OPCs to 
differentiate into new myelinating oligodendrocytes [81,82]. The 
remyelination effect of cVNS might thus also be exerted through 
increasing neuronal activity and glutamatergic synapses, improving 
OPC-driven remyelination. Possibly, VNS influences transient OPC 
changes between 3dpi and 11dpi, such as enhanced infiltration, prolif
eration, or differentiation, potentially overlooked at our timepoints. 

Our study showed that cVNS reduced microglia and astrocyte acti
vation, indicating a possibly novel treatment strategy to tackle CNS 
innate neuroinflammation. Microglia and astrocytes contribute to MS 
pathogenesis through chronic inflammation, impeding myelin repair. 
They are involved in ‘smoldering’ chronic-active lesions known to be 
strong predictors of MS progression [2–4,84–86]. The effects of cVNS on 
microglia were most pronounced at 3 dpi, when inflammation peaks 
[51,52], with reduced Iba1-expression and microglia cell count, both 
sensitive markers of microglia activation [87], in the demyelinated 
lesion. The reduced microglia number was due to a decrease in amoe
boid and transitional microglia, both morphologies that appear upon 
stress-induced microglial activation and linked to pro-inflammatory 
functions [5,11–13]. cVNS also reduced Iba1-expression and transi
tional microglia count at the outer border. Conversely, the homeostatic, 

ramified microglia were not reduced by cVNS, suggesting that cVNS 
reduced activated microglia, without reducing microglia with possible 
neuroprotective and restorative roles [79]. Proteomics GSEA showed 
increased proteins linked to microglia of developing prefrontal cortex, 
associated with homeostatic functions in neurogenesis and synaptic 
pruning [69]. Furthermore, at 3 dpi, cVNS significantly reduced 
GFAP-expression at the lesion and outer border, indicating reduced 
astroglial activation [16], and proteomics GSEA showed reduced 
astrocyte-secreted proteins [66]. At 11 dpi, the effects of cVNS on 
microglia and astrocytes were less pronounced: showing only a signifi
cant reduction of Iba1-and GFAP-expression in the outer border and a 
trend towards less Iba1-and GFAP-expression in the lesions [16,87]. 

The regulatory role of the vagus nerve in inflammation and the anti- 
inflammatory effects of VNS have been demonstrated in several in
flammatory diseases [31–38]. For CNS inflammation specifically, it was 
already shown that VNS reduced lipopolysaccharide induced neuro
inflammation and ischemic induced inflammation [39,88]. Regarding 
its central effects, the locus coeruleus, the brain’s main source of 
norepinephrine, is thought to be crucial [34,54,89]. Through activation 
of β2-adrenoreceptors of microglia, astrocytes and neurons, 
VNS-induced NE release reduces neuroinflammatory and neurodegen
erative processes [34,89–92]. Another potential effect of increased NE 
signaling involves modulation of excitatory synapses and synaptic 
plasticity [93–100]. Alexander et al. found that VNS modulates excit
atory synapses through upregulation of postsynaptic density proteins 
like neurexin 1α, and pathway analysis suggested that glutamate re
ceptor signaling is a primary target [93], which is consistent with our 
GSEA findings. 

Future research should assess clinical impact by neurobehavioral 
testing, probably more applicable at other injection sites (e.g. internal 
capsule) [101–103]. Oligodendrocytes, microglia and astrocytes, should 
be further investigated, using single-cell techniques and additional 
timepoints (e.g. 7 dpi to assess transient OPC changes during early 
remyelination). 

5. Conclusion 

Our study showed that VNS improved remyelination and modulated 
microglia and astrocyte activation, indicating its potential to treat 
dysfunctional remyelination and innate immune cell activation in MS. 
GSEA on proteomics showed upregulation of (glutamatergic) synapse- 
related pathways in VNS, possibly involved in activating synaptic 
signaling between neurons and OPCs, supporting OPC-driven remyeli
nation. Other working mechanisms might include reduced microglia and 
astrocyte inflammation, and enhanced oligodendrocyte clearance after 
initial injury. The effect was protocol dependent, showing optimal re
sults by cVNS, indicating that parameters should be chosen carefully. 
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