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ABSTRACT  

Multiple sclerosis (MS) is the most common non-

traumatic neurodegenerative disease of the 

central nervous system (CNS) in young adults. 

Thus far, there is no curative treatment for MS, 

indicating a clear need for research into the 

pathological mechanisms of MS to provide a 

clear focus for developing novel therapies. The 

glymphatic system is a recently discovered waste 

clearance pathway in the CNS. It comprises a 

network of perivascular channels surrounded by 

astrocytic endfeet that facilitate cerebrospinal 

fluid (CSF) movement throughout the brain. 

Pericytes are mural cells that are in close 

association with these channels. We hypothesize 

that their dysfunction lies at the heart of 

glymphatic system and blood-brain barrier  

(BBB) dysfunction. By means of 

immunohistochemical analysis, we found that 

blood vessel-associated pericyte loss in the 

experimental autoimmune encephalomyelitis 

(EAE) model is accompanied by BBB 

disruption. This was indicated by decreased 

claudin-5 expression and Evans Blue dye 

leakage across the BBB. Furthermore, we find 

that pericytes might play a role in regulating the 

expression of AQP4, a critical regulator of the 

glymphatic system. Lastly, using the novel 

method of whole brain clearing and light sheet 

microscopy, we find that the glymphatic system 

is implicated in the chronic stages of EAE. This 

study is a significant step forward in our 

understanding of the role of pericytes in 

maintaining BBB integrity and glymphatic 

function. By elucidating these mechanisms, we 

deepen our comprehension of MS pathogenesis 

and pave the way for innovative therapeutic 

interventions targeting pericytes. 

 

INTRODUCTION  

Multiple sclerosis (MS) is the most prevalent 

chronic autoimmune neurodegenerative disease of 

the central nervous system (CNS), affecting 2.8 

million people worldwide. MS is most commonly 

diagnosed in young adults and mainly affects 

women (1, 2). In this disease, tolerance for the 

myelin sheath surrounding the axons is lost, 

resulting in widespread demyelination, chronic 

inflammation, and neuronal loss (1, 2). This often 

leads to symptoms such as fatigue, forgetfulness, 

and mobility issues. Various subtypes of MS exist 

based on the progression of the disease. The most 

common disease course follows a remitting-

relapsing pattern (RRMS). However, due to the 

hampered ability of the endogenous repair systems 

to properly remyelinate the damaged myelin sheath, 

neurological and cognitive deterioration will occur 

over time (2). Therefore, many patients ultimately 

develop into a progressive state (PSMS) (2). Lastly, 

primary progressive MS (PPMS) is a rare subtype 

that occurs only in 10-15% of MS patients (1). A 

progressive cognitive decline at the initial onset of 

the disease characterizes this subset. Thus far, there 

is no cure for MS; current therapies focus solely on 
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symptomatic alleviation and stalling cognitive and 

neurological decline (1, 3, 4). There are currently 

disease-modifying therapies available; however, 

they are typically employed as a second line of 

treatment due to the potential for severe side 

effects. For example, alemtuzumab, an antibody 

that targets CD52, has been associated with severe 

adverse reactions in 1-3% of the individuals 

participating in studies, and in some cases, it has 

even resulted in fatalities (5). Therefore, there is a 

clear need for research into the pathological 

mechanisms of MS to provide a clear focus for 

developing novel therapies. 

The most crucial pathological hallmark of MS is the 

disruption of the blood-brain barrier (BBB)(6, 7). 

The BBB represents a cellular barrier between the 

blood and the brain parenchyma. It comprises 

endothelial cells, pericytes, and their basal lamina, 

surrounded and supported by astrocytes and 

perivascular macrophages (6, 7). This heavily 

restrictive barrier allows tight regulation of CNS 

homeostasis and protects against the entry of 

xenobiotics, toxic metabolites, and immune cells 

into the CNS (7, 8). The breakdown of this barrier 

in the MS pathology leads to altered signaling 

homeostasis and increased infiltration of 

neutrophils, macrophages, and toxic metabolites, 

enhancing neuroinflammation and demyelination 

(6, 8). Unfortunately, the exact mechanism and time 

point at which BBB breakdown happens has 

remained unknown. Literature suggests that 

pericytes play a crucial role in maintaining BBB 

Integrity. Pericytes are mural cells embedded 

within the walls of capillaries throughout the body, 

including the brain (9). They are thought to 

maintain BBB integrity by communicating with 

endothelial cells of the cerebral capillaries through 

forming gap- and adherence-junctions (10, 11). 

Additionally, they have been identified to play an 

essential role in regulating cerebral blood flow 

through their contractile properties (9, 10). From 

this, we speculate that neuroinflammation, as seen 

in MS, induces damage to pericytes, reducing their 

function as well as their total numbers. We suspect 

that this in turn is a driving factor in the breakdown 

of the BBB. Subsequently, this may result in the 

leakage of serum proteins into the CNS 

parenchyma, causing edema and compression of 

the cerebral microvasculature (12). Experimental 

autoimmune encephalomyelitis (EAE) is a 

commonly used animal model that mimics features 

of MS, including the breakdown of the BBB and 

infiltration of immune cells into the CNS. 

Interestingly, shrinking of the cerebral and spinal 

vasculature and reduced blood perfusion is often 

described in the EAE mouse model and MS 

patients, especially during BBB breakdown (12, 

13). 

 

 
 

Figure 1: the neurovascular unit. Pial arterioles in the 

subarachnoid space become penetrating arteries upon diving 

into the brain parenchyma. As the penetrating arteries branch 

into arterioles and capillaries, the CSF-containing Virchow-

Robin spaces narrow and finally disappear. However, the 

perivascular space extends to arterioles and capillaries to 

venules, which comprises the basal lamina's extracellular 

matrix that provides a continuity of the fluid space between 

arterioles and venules. Astrocytic vascular endfeet surround the 

entire vasculature and forms the boundary of the perivascular 

spaces — figure from Jessen et al. (14). 

 

As the major arteries of the brain descend into the 

brain parenchyma, they transition into penetrating 

arterioles and develop a perivascular space. This 

space resembles a donut-shaped tunnel surrounding 

the penetrating arteries and is also known as the 

Virchow-Robin space. It transports the cerebral 

spinal fluid (CSF) and is bordered by an outer wall 

comprising perivascular astrocytic end feet, as 

shown in Figure 1 (14). As the penetrating arteries 

transition into cerebral capillaries, the perivascular 

space becomes continuous with the basal lamina. 

https://d.docs.live.net/4a31c5989d2015cb/Bureaublad/Senior%20Internship/Report/Senior%20thesis%20complete%20working%20file.docx#_ENREF_14
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Recent studies have demonstrated that CSF and the 

brain’s interstitial fluid continuously interchange 

(15). Movement of the CSF from the perivascular 

space into the parenchyma drives the interstitial 

fluid containing biological waste toward the 

perivenous spaces surrounding the large deep veins 

(14). Subsequently, the waste-containing interstitial 

fluid may then be discarded. This system is called 

the glymphatic system. It is responsible for the 

clearance of soluble waste proteins and interstitial 

metabolites and is crucial for maintaining proper 

brain function (16). 

Recently it has been discovered that the glymphatic 

system is impaired in MS patients. It has been 

indicated that these patients show lower overall 

diffusion of CSF along the perivascular space, 

especially in the progressive stages of the disease 

(13). Furthermore, decreased CSF flow along the 

perivascular space was associated with increased 

clinical disability and longer relapse duration (13). 

Reduced clearance of biological waste products by 

the glymphatic system might induce the 

inflammation and neurodegeneration seen in these 

MS patients (12). Furthermore, clearance of myelin 

debris is necessary for effective remyelination and 

repair of neuronal circuits to occur (17, 18). This 

leads us to believe that impairment of the 

glymphatic system is a pathological mechanism 

underpinning MS. The main driving factor for CSF 

flow along the perivascular space is the perfusion 

of the cerebral capillaries (19). The cardiac cycle 

generates pulsatile movements along the capillary 

wall, which propels the CSF in the perivascular 

space forward (19). However, as described before, 

the blood flow perfusion is impaired in MS due to 

BBB breakdown, for which we suspect the loss of 

pericyte function to be responsible. In addition to 

this, pericytes have contractile properties; they 

generate pulsatile waves along the length of the 

perivascular space, which aids CSF flow (19, 20). 

Furthermore, recent discoveries have described that 

pericytes form precapillary sphincters that control 

cerebral blood flow (21). We suspect this system to 

be compromised during the onset of MS as well. 

 

Knowledge of how pericytes contribute to vascular 

and glymphatic dysfunction during the 

development of neurodegenerative diseases such as 

MS has remained limited. The aim of this study is 

to provide an understanding of the mechanisms that 

underlie pericyte and glymphatic dysfunction in the 

EAE mouse model which may provide new insights 

into the pathogenesis of MS. We hypothesize that 

early EAE induction will negatively affect pericyte 

function, reducing BBB integrity, resulting in 

glymphatic impairment. In this paper, we use 

immunohistochemical analysis to determine the 

effect of EAE induction on pericyte density and 

coverage of the cerebral in the dorsal cortex and 

spinal cord. Additionally, we sought to determine 

whether these pericyte changes alter BBB 

permeability and expression of proteins necessary 

for the formation of tight junctions and effective 

CSF transport across the perivascular space. Lastly,  

we make use of the novel technique of light-sheet 

microscopy (22). This technique allows us to 

spatially analyze the glymphatic system by 

generating a three-dimensional image of optically 

cleared brains from EAE-induced mice.  

 

EXPERIMENTAL PROCEDURES  

Mice 

Wild-type (WT) C57BL/6 mice were purchased 

from Charles River Laboratories. Animals were 

housed in the animal facility of the BMC 

biomedical center of Lund University. All 

experiments were performed according to 

institutional guidelines and were approved by the 

ethical committee of Lund University.  

 

EAE induction 

To induce EAE, C57BL/6 mice were injected 

subcutaneously at the flank of the back with 200µL 

of emulsion. The emulsions consisted of 50µg 

mouse MOG35-55 peptide and 200µg 

mycobacterium tuberculosis H37RA, emulsified in 

Complete Freund’s Adjuvant (CFA), provided by 

Thomas Bäckström. The emulsion was injected 

under anesthesia, using isoflurane (ISO) (induction 

at 3%, maintained at 2% for the duration of the 

experiment) in atmospheric air (70.9% N2, 20% 

O2, 0.1% CO). Bordella Pertussis toxin (Sigma-

Aldrich) in saline was injected intraperitoneally 2h 

and 24h post-induction. The mice were checked 

daily for symptoms using a scale ranging from 0-5, 

according to Ramos-Vega et al (12). 

 

Evans blue dye and cisternal tracer injections 

EAE-induced mice were sacrificed during the pre-

symptomatic phase (8 days post-induction; DPI), 

the acute phase (16 DPI), and the chronic phase (25-

26 DPI). Prior to sacrifice, all mice were injected 
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intraperitoneally (IP) with 150mg/kg (2% w/v 

solution) Evans Blue (Sigma-Aldrich). The Evans 

Blue dye was allowed to circulate for 2h. One 

mouse per group received a cisterna magna (CM) 

injection. These were performed under general 

anesthesia induced through IP injection of 

ketamine/xylazine (KX), 100 mg/kg/20 mg/kg. 

Next, an incision at the back of the skull was made 

to reveal the cisterna magna. The core temperature 

was kept at 37°C using a heating pad connected to 

a rectal feedback probe. The CM injection was 

carried out with a 30 G dental needle (Carpule, 

Sopira) connected to a 100 µL Hamilton syringe via 

PE10 tubing. 10 µL of 1% AlexaFluor488-

conjugated bovine serum albumin (BSA-488, 

Invitrogen) tracer was injected into the CM at 

1 µL/min using a KDS Legato 100 single infusion 

syringe pump. After injection, the tracer was 

allowed to circulate for 30 min. In vivo imaging was 

performed during the 30-min circulation time using 

a Nikon SMZ25 microscope. Subsequently, all 

mice were intracardially perfused with phosphate-

buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA) for fixation. The 

intracardial injection was performed either 

manually using a 50ml syringe or automatically 

using a peristaltic pump (Watson-Marlow 120 

series) set at 30 RPM. The brain and spinal cord 

were extracted and post-fixed in 4% PFA for 24h. 

The brains and spinal cord were finally imaged 

again with the Nikon SMZ25 microscope. 

 

Tissue processing  

The brain and spinal cord were cut into 100µm 

slices using the Leica VT1000 Vibratome. To this 

end, the spinal cords were embedded into a 2% 

agarose gel (supplier) prepared with Tris-Borate-

EDTA (TBE) buffer. The agarose gel was allowed 

to cool down below 36°C prior to embedding. 

Slicing was performed at a speed of 1mm/s with an 

amplitude of 1mm for both brain and spinal cord 

tissue. The brain and spinal cord slices were stored 

at 4°C in 1xPBS containing 0.1% sodium-azide.  

 

Immunohistochemistry 

For particular antigens (See Suppl. Table 1), 

antigen retrieval was performed. To this end, the 

brain and spinal cord slices were incubated at 60°C 

overnight in 1xPBS containing sodium citrate set to 

a pH of 6. The brain and spinal cord slices were then 

blocked for 3h at room temperature using blocking 

buffer containing 1×PBS, 1% BSA (Sigma-

Aldrich), 5% normal donkey serum (Jackson 

Immunoresearch), 0,5% Tween-20 (Sigma-

Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich). 

The slices were subsequently stained overnight at 

4°C with the relevant primary antibodies (See 

Suppl. Table 1) diluted in 1:1 PBS and blocking 

buffer. Next, the slices were stained using the 

appropriate secondary antibodies (see Suppl. table 

1) and diluted in PBS. Lastly, brain slices were 

mounted on glass slides with Fluorescence 

Mounting Medium (Invitrogen) and imaged using 

the Nikon A1RHD Confocal Microscope. Finally, 

the results were analyzed using ImageJ software.  

 

Optical tissue clearing and light-sheet imaging 

To optically clear the tissue, the iDISCO+ protocol 

was carried out as described by Renier et al. (23). 

Brain tissue was dehydrated using a methanol/H2O 

series (20%, 40%, 60%, 80%, 100%, 100%, 1 h 

each). The tissue was left in 100% methanol 

overnight. Next, the tissue was delipidated with 

methanol/dichloromethane (DCM) 33%/66% for 

3 h and 100% DCM 2 x 15 min. Finally, the brain 

tissue was optically cleared ethyl-cinnamate (ECi) 

for at least 24h before imaging. The brain samples 

were imaged using an Ultramicroscope II light-

sheet microscope (LaVision Biotech) with a 1.3× 

LaVision LVMI-Fluor lens (0.105 NA) equipped 

with an sCMOS camera (Andor Neo, model 5.5-

CL3). Brains were imaged immersed in ECi in the 

transverse orientation at a z-step size of 5 µm with 

ImspectorPro64 (LaVision Biotec). Several stacks 

(mosaic acquisition) were taken with 10% overlap 

to image the entire brain. 3D renditions and movies 

were created with Arivis Vision 4 D 3.1 (Arivis 

AG). Alternatively, tissues were cleared with the 

CUBIC (clear, unobstructed brain/body imaging 

cocktails and computational analysis) method. 

First, the brain samples were delipidated over 5 

days with CUBIC-L (10%wt N-butyl 

diethanolamine (Sigma-Aldrich), 10% triton X-100 

(Sigma-Aldrich)). Incubation was done shielded 

from light at 36°C while gently shaking. The 

CUBIC-L solution was refreshed every other day. 

Next, the brain samples were incubated in 1:1 

CUBIC-R+ (45%wt antipyrine (Sigma-Aldrich), 

30%wt nicotinamide (Sigma-Aldrich) in water, 

buffered with 0,05% (v/w) N-butyl diethanolamine 

(pH10)) and MilliQ for one day at room 

temperature while gently shaking. Brains were 
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imaged immersed in 1:1 mineral oil (Sigma-

Aldrich) and silicone oil (supplier) in the transverse 

orientation at a z-step size of 5 µm with 

ImspectorPro64 (LaVision Biotec). Several stacks 

(mosaic acquisition) were taken with 10% overlap 

to image the entire brain. 3D renditions and movies 

were created with Arivis Vision 4 D 3.1 (Arivis 

AG). 

  

Statistical analysis  

Statistical analysis of the data was done using 

GraphPad Prism 9. The normality of the data was 

evaluated using the Shapiro-Wilk test. If the data 

exhibited a normal distribution, an ANOVA with 

Tukey’s post hoc analysis was conducted. 

Conversely, of the data did not follow a normal 

distribution either the Mann-Whitney or Kruskal-

Wallis test was performed instead. We considered             

P-values less than 0.05 to indicate a significant 

difference. 

 

RESULTS  

EAE induction leads to decreased pericyte 

density and vessel coverage 

Recent studies have highlighted the occurrence of 

alterations in pericytes under stress conditions, 

leading to structural and functional modifications 

(9, 24, 25). However, the specific nature of pericyte 

alterations in the EAE model has remained unclear. 

To address this knowledge gap, we conducted an 

experiment using C57BL/6 mice, inducing EAE by 

administering CFA/MOG35-55 injections. 

Throughout the experiment, we monitored the mice 

daily and recorded their disease scores to assess the 

progression of EAE. The mice were sacrificed at 

various stages of the disease. This experimental 

design allowed us to investigate the changes 

occurring in pericytes during different phases of 

EAE and gain insights into their role in disease 

pathogenesis. By elucidating the alterations in 

pericytes within the EAE model, this experiment 

aimed to enhance our understanding of the 

underlying mechanisms driving neuroinflammation 

and disease progression. 

In this first experiment, pericytes located in the 

dorsal cortex were subjected to immunostaining for 

CD13 and PDGFRb, as depicted in Figure 1A. 

Simultaneously, blood vessels were stained using 

Lycopersicon esculentum (Tomato) Lectin, 

DyLight 488 to visualize their presence. Notably, 

as the EAE model progressed, a significant 

decrease in the CD13 expression was observed 

(Figure 1B). Conversely, there were no notable 

alterations in the lectin + area (Figure 1C), 

suggesting that there are no evident vascular 

abnormalities in the cortex. However, a reduction 

in both the pericyte count (Figure 1D) and pericyte 

vessel coverage (Figure 1E) was observed, 

suggesting a potential disruption in the pericyte 

population and their association with blood vessels 

in the cortical region. During the quantification 

process, we observed a minor non-specific staining 

by lectin. Nevertheless, this does not impact the 

quantification results since the overlapping signal 

between the background lectin staining and the 

background signal from the CD13 staining does not 

surpass the threshold required for colocalization. 

Pericytes located in the thoracic spinal cord were 

similarly subjected to immunohistochemical 

staining using CD13, as illustrated in Figure 1F. In 

addition, blood vessels were visualized using 

Dylight-488 labeled Tomato Lectin. Unlike in the 

cortex, there was no significant decrease observed 

in the CD13 expression (Figure 1F). However, a 

significant decrease in the pericyte vessel coverage 

was observed (Figure 1I). Interestingly, during the 

acute phase of the EAE model, we noted a 

significant increase in the lectin+ area, indicating 

the presence of vascular abnormalities (Figure 1H). 

To confirm the specificity of lectin staining in the 

spinal cord during the acute phase, we performed 

colocalization analysis with CD31, a marker for 

vascular endothelial cells. Supplementary Figure 1 

shows the colocalization of lectin and CD31 in the 

thoracic spinal cord during the acute phase, 

demonstrating that lectin staining is indeed specific 

in this context. Similar vascular changes were 

observed during the chronic phase, although this  

did not result in a significant increase in the lectin+ 

area (Figure 1F, G).  

 

Claudin-5 expression is lost in the progressive 

stages of EAE  

The integrity of the BBB is crucial for maintaining 

the homeostasis of the CNS and protecting it from 

harmful substances (8). One key aspect of BBB 

maintenance is the formation of tight junctions 

between endothelial cells. Alterations in pericyte 

function and communication with endothelial cells 

can lead to compromised tight junction integrity, 

facilitating the infiltration of immune cells into the 

CNS (26). In the context of EAE, the involvement  
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of pericytes in BBB dysfunction and breakdown 

has attracted significant research interest.  

Understanding the mechanisms underlying the 

interplay between pericytes and tight junctions in 

EAE can provide valuable insights into the 

pathogenesis of MS. Therefore, this experiment 

aims to investigate the role of pericytes in EAE-

related BBB disruption, focusing on the expression 

of claudin-5, a critical component of tight junctions, 

and its association with pericytes. By employing 

immunohistochemical techniques and analyzing 

tissue samples from EAE animal models sacrificed 

at different stages of the disease, we aim to 

elucidate the impact of pericyte-mediated changes 

on BBB integrity and their contribution to disease 

progression. 

In Figure 2A, immunohistochemical staining was 

performed to assess claudin-5 expression in the  

 

   
Fig. 1 – EAE induction leads to decreased pericyte density and vessel coverage. A Representative images of lectin (green) staining and 
CD13 (red) immunohistochemical staining for blood vessels and pericytes respectively for the four distinct stages of EAE in the dorsal cortex. 

Scale bar is 100µm. B Quantification of CD13+ area in the dorsal cortex C Quantification of the lectin + area in the dorsal cortex D 

Quantification of the blood vessel pericyte coverage in the dorsal cortex E Number of CD13+ and PDGFRb+ cells in the dorsal cortex F  
Representative images of the lectin (green) staining and CD13 (red) immunohistochemical staining for blood vessels and pericytes respectively 

for the four distinct stages of EAE in the thoracic spinal cord. Scale bar is 100µm G Quantification of CD13+ area in the thoracic spinal cord 

H Quantification of the lectin+ area in the thoracic spinal cord I Quantification of the blood vessel pericyte coverage in the thoracic spinal cord. 

A-I Average N = 9 per group. Each data point represents a different animal. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, **** p < 0.0001  
with one-way and two-way ANOVA and using Tukey’s multiple comparison post hoc analysis.   
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cortex. Additionally, Dylight-488 labeled Tomato 

Lectin was used to visualize blood vessels. A 

significant decrease in total claudin-5 expression 

was observed in mice during the acute and chronic 

stages of the disease, indicating disrupted BBB 

integrity (Figure 2B). To account for potential 

microglia-related parenchymal claudin-5 

expression, claudin-5 expression colocalized with 

lectin was measured. Similarly, a decrease in 

vessel-associated claudin-5 expression was 

observed in the mice that had entered the acute and 

chronic stage of EAE, further indicating 

compromised BBB integrity (Figure 2C). 

Correlating these findings with pericyte vessel 

coverage revealed a positive association between 

claudin-5 expression and pericyte coverage (Figure 

2D). These results suggest the vital role of pericytes 

in maintaining claudin-5 expression and preserving 

BBB integrity. 

 

EAE inductions leads to BBB leakage in the pre-

symptomatic phase, evidenced by EB 

extravasation 

Our findings suggest that pericytes might play a 

pivotal role in maintaining the selective 

permeability of the BBB by maintaining claudin-5 

expression. This loss of BBB integrity may result in 

BBB leakage. Understanding the involvement of 

pericytes in EAE-related BBB leakage is of 

significant interest as this can provide valuable 

insights into the underlying mechanisms of 

neuroinflammation and MS pathogenesis. 

Therefore, we employed the Evans Blue (EB) dye 

extravasation method elucidate the potential 

relationship between pericyte alterations and the 

extent of BBB leakage in EAE.  

Quantification of EB dye in the dorsal cortex using 

ex vivo epifluorescence imaging of the whole brain 

provided valuable insights into BBB permeability 

changes during the different phases of EAE (Figure 

3A). To this end, all brains were imaged 

immediately after perfusion in mice injected with 

Evans Blue dye (Figure 3B). We observed an 

elevation in total EB content both in the dorsal and 

ventral cortex of EAE mice during the pre-

symptomatic phase (Figure 3C). Additionally, we 

performed confocal microscopy to quantify EB dye 

in the dorsal cortex (Figure 3D). Consistent with the 

results from ex vivo fluorescent imaging, we 

observed an increased amount of total EB in the 

dorsal cortex during the pre-symptomatic phase of  

EAE, indicating enhanced BBB permeability 

(Figure 3E). Although there were no significant 

changes in the lectin+ area in the dorsal cortex 

during EAE disease progression. We conducted an 

additional analysis to correct for the effect of  

 

 
Fig. 1 – Claudin-5 expression is lost in the progressive stages of EAE. A Representative images of the lectin (green) staining for blood vessel 

and Claudin-5 (red) immunohistochemical staining for the four distinct stages of EAE in the dorsal cortex. Scale bar is 100µm. B Quantification 

of the Claudin-5+ area C Quantification of the percentage vessel-associated claudin-5 D Linear regression between the blood-vessel associated 
Claudin-5 and blood vessel pericyte coverage. Data points are from different staining, from the same animal. A-D Average N = 9 per group. 

Each data point represents a different animal. Scale bar is 100µm for all representative images. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001 with one-way and two-way ANOVA and using Tukey’s multiple comparison post hoc analysis.  
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possible vascular changes, considering the 

tendency of EB dye to bind to the blood vessel wall. 

This analysis demonstrated an elevated level of EB 

extravasation in both the pre-symptomatic and  

 

 
Fig. 3 – EAE induction leads to BBB leakage in the dorsal cortex, evidenced by EB extravasation. A Representative images of ex vivo 

epifluorescence imaging of the dorsal and ventral regions of whole brains from EB injected EAE mice sacrificed at the pre-symptomatic and 

acute stages. Scale bar 1500µm. N= 4-5 for control groups, N = 10 for Pre-symptomatic groups and N=8 for acute groups. Few controls were 

excluded due to imaging errors resulting in extremely high gray values. B Illustration of experimental setup C Quantification of the mean gray 
value of the dorsal and ventral region after ex vivo epifluorescence imaging. D Representative confocal microscopy images of the lectin (green) 

staining for blood vessel and EB (magenta) in the dorsal cortex of EB-injected EAE mice sacrificed at the four distinct EAE stages. Scale bar 

is 100µm. E Quantification of the EB mean gray value. F Quantification of the EB mean gray value, corrected for differences in blood vessel 
density. G Representative images of widefield fluorescence imaging of EB (magenta) in the dorsal cortex of EB-injected EAE mice sacrificed 

at the four distinct EAE stages. Scale bar is 1000µm. H Linear regression between the EB leakage corrected for blood different densities and 

pericyte density. Data points are from different staining, from the same animal. D-H Average N = 9 per group. Each data point represents a 
different animal. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, **** p < 0.0001 with one-way and two-way ANOVA and using Tukey’s 

multiple comparison post hoc analysis. EB; Evans Blue. A.U.; arbitrary units.  
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acute phases of EAE (Figure 3F). Additionally, to 

exclude the possibility that our fast manual 

perfusion method induces artificial BBB leakage, 

we compared the EB dye signal in healthy control 

mice that were perfused either manually to mice 

that were perfused slowly with a peristaltic pump 

and heparinized PBS. Here we confirmed that our 

manual perfusion method does not induce artificial 

leakage and more effectively removes EB dye 

remaining in the blood vessel (Supplemental figure 

2). By employing widefield fluorescence 

microscopy, we observed focal sites of BBB 

leakage in brain slices obtained from mice in the 

pre-symptomatic and acute phases of EAE (Figure 

3G). To elucidate the potential role of pericyte 

dysfunction in BBB alterations, we correlated these 

findings with immunohistochemical staining for 

CD13, a marker for pericytes in the cortex. Our 

analysis revealed a positive association between 

decreased pericyte coverage and increased EB  

 

      
Fig. 4– EAE inductions results in BBB leakage in the spinal cord. A Representative confocal microscopy images of the lectin (green) staining 

for blood vessel and EB (magenta) in the thoracic spinal cord of EB-injected EAE mice sacrificed at the four distinct EAE stages. Scale bar is 
100µm. B Quantification of the EB mean gray value. C Quantification of the EB mean gray value, corrected for differences in blood vessel 

density. D Linear regression between the EB leakage corrected for blood different densities and pericyte density. Data points are from different 

staining, from the same animal. A-D Each data point represents a different animal. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, **** p < 

0.0001  with one-way and two-way ANOVA and using Tukey’s multiple comparison post hoc analysis. EB; Evans Blue. A.U.; arbitrary units. 
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extravasation, suggesting that pericyte dysfunction 

may contribute to BBB disruption in EAE (Figure 

3H).  

Extending our investigations beyond the dorsal 

cortex, we conducted similar analyses on the 

thoracic spinal cord of mice sacrificed at different 

time points following EAE induction (Figure 4A).  

Interestingly, contrasting the findings in the dorsal 

cortex, we observed an increased total EB dye 

signal in the thoracic spinal cord specifically during  

the acute phase of EAE (Figure 4B). This suggests 

a distinct pattern of BBB permeability dynamics 

between these regions. Furthermore, we observed 

that the total EB signal returned to baseline levels 

in the chronic stage of the EAE model, indicating a 

reduction in BBB leakage at this stage (Figure 4B). 

Given the vascular changes observed in the thoracic 

spinal cord (Figure 1G) we performed an additional 

analysis that takes the total lectin+ area into 

account, to ensure accurate assessment of EB dye 

extravasation, considering the apparent binding of 

EB dye to the blood vessel wall. Following the 

correction for the total vessel signal, we found no 

evidence of ongoing leakage in the thoracic spinal 

cord (Figure 4C). Therefore, the observed increase 

in the EB signal during the acute phase might be 

attributed to these vascular abnormalities rather 

than ongoing BBB leakage. On the contrary, this 

correlation between the increased lectin+ area and 

total EB dye, not seen in the dorsal cortex, might 

suggest that vascular abnormalities contribute to the 

increased EB signal in the thoracic spinal cord. 

Finally, we examined the relationship between the 

total EB dye signal and pericyte vessel coverage in 

the thoracic spinal cord. The observed negative 

correlation suggests that a higher pericyte vessel 

coverage is associated with a lower total EB dye 

signal, indicating reduced BBB permeability and a 

more effective restriction of EB extravasation 

(Figure 4D). This further strengthens the notion that 

pericytes are crucial for the maintenance of BBB 

integrity. In aggregate, these findings underscore 

the importance of considering region- specific and 

temporal factors in studying BBB permeability and 

highlight the critical role of pericytes as key 

regulators of this dynamic process. 

 

 
 

Fig. 5 –  CSF influx appears severely decreased in the chronic stage of EAE. A: schematic representation of experimental setup. B-E light 

sheet microscopy imaging and 3D reconstruction of CM-injected fluorescent tracer (red) influx into the right hhemispherefrom EAE mice 
sacrificed at the four distinct stages of EAE. B Top to bottom: negative control (no CM injection), control, pre-symptomatic right hemisphere. 

C Top to bottom: Acute, chronic right hemisphere. D: Top to bottom: negative control (no CM injection), control, pre-symptomatic right 

hemisphere. Green indicates autofluorescence. E Top to bottom: Acute, chronic right hemisphere. Green indicates autofluorescence. Videos 
available in supplemental.  
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Fig. 6 – AQP4 vessel association is lost in the dorsal cortex, and its expression is upregulated in the thoracic spinal cord following EAE 

induction. A Representative images of lectin (green) staining for blood vessels and AQP4 (red) immunohistochemical staining for the four 
distinct stages of EAE in the dorsal cortex. Scale bar is 100µm. B Quantification of the AQP4 blood vessel association. C Quantification of 

AQP4+ area in the dorsal cortex. D Representative images of lectin (green) staining and AQP4 (red) immunohistochemical staining for blood 

vessels and pericytes respectively for the four distinct stages of EAE in the thoracic spinal cord. Scale bar is 100µm. E Quantification of the 
AQP4 blood vessel association. F Quantification of AQP4+ area in the dorsal cortex. A-F Average N = 9 per group. Each data point represents 

a different animal. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, **** p < 0.0001 with one-way and two-way ANOVA and using Tukey’s 

multiple comparison post hoc analysis.   
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CSF influx appears severely decreased in the 

chronic stage of EAE 

As previously mentioned, dysfunction of the 

glymphatic system has been observed in MS 

patients, however this has not yet been thoroughly  

investigated in the EAE mouse model yet. Given 

our findings of decreased AQP4 vessel 

colocalization in the EAE model, this is worth 

exploring further. In this experiment EAE-induced 

mice at different stages of the disease were CM 

injected with Alexa-488 labeled BSA to investigate 

CSF influx. Here our results show that there 

appears to be large decrease in the CSF influx at the 

chronic stage of the disease compared to the 

control, pre-symptomatic and acute stage of the 

disease (Figure 5A-D, supplemental videos 1-2). 

These findings suggest glymphatic impairment 

specifically at the chronic stage, while this is not yet 

seen in the acute stage of the disease.  

 

AQP4 vessel association is lost in the dorsal 

cortex, and its expression is upregulated in the 

thoracic spinal cord following EAE induction 

The glymphatic system has emerged as a critical 

player in maintaining CNS homeostasis and waste 

clearance (14). Although glymphatic system 

dysfunction has been observed in MS patients , and 

now the EAE model, its origin remains poorly 

understood (13). Emerging evidence suggests that 

aquaporin-4 (AQP4), a water channel protein 

highly expressed in astrocyte endfeet at the BBB 

interface, plays a significant role in glymphatic 

function (27). Its polarized distribution at astrocyte 

endfeet is crucial for maintaining water 

homeostasis and facilitating glymphatic clearance 

(27, 28). Disruption in AQP4 expression or 

localization has been associated with impaired 

glymphatic function and compromised waste 

clearance mechanisms (16). However, the impact of 

EAE induction on the expression pattern of AQP4 

remains largely unexplored.  

In this experiment, we aimed to investigate the 

vessel association and expression pattern of AQP4 

in the dorsal cortex and thoracic spinal cord of EAE 

mice, sacrificed at different disease stages. To 

assess AQP4 vessel association, we performed 

immunohistochemical staining for AQP4 and 

labeled blood vessels with Dylight-488 labeled 

Tomato Lectin. In the dorsal cortex, we observed a 

decreased colocalization of AQP4 with blood 

 

 

Fig. 7 –  AQP4-pericyte colocalization is unaffected by EAE in the dorsal cortex. A Representative images of AQP4 (green) and CD13 (red) 
immunohistochemical staining for the four distinct stages of EAE in the dorsal cortex. Scale bar is 50µm. B quantification of the association between 

AQP4 and CD13 during EAE progression, corrected for the decreasing CD13 signal observed earlier. N = 3 per group. Each data point represents 

a different animal. Ns p > 0.5, * p < 0.5, ** p < 0.01, *** p < 0.001, **** p < 0.0001 with one-way and two-way ANOVA and using Tukey’s 
multiple comparison post hoc analysis.  
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vessels in the acute and chronic phase compared to 

the pre-symptomatic group, suggesting a slight 

increase in the pre-symptomatic phase, followed by 

a loss of AQP4 (Figure 6B). Interestingly, this loss 

of vessel colocalization was not accompanied by a 

decrease in the overall mean fluorescence intensity 

of AQP4 (Figure 6C), suggesting that while the 

total expression levels remained unchanged, the 

proper distribution of AQP4 at the blood vessels 

was disrupted in the cortex of EAE mice. Moving 

to the thoracic spinal cord, we found no significant 

change in AQP4 vessel colocalization across 

different time points post induction (Figure 6E). 

However, we noted a significant increase in the 

total expression of AQP4 in the progressive stages 

of EAE compared to the control and pre-

symptomatic phase (Figure 6F). This suggests that 

while AQP4 vessel colocalization may remain 

relatively stable in the spinal cord during EAE, 

there is an upregulation of AQP4 expression, 

possibly reflecting an adaptive response to the 

ongoing neuroinflammatory processes.  

 

The association between AQP4 and pericytes 

remains unaffected by EAE induction in the 

dorsal cortex 

Although recent studies have suggested a potential 

role of pericytes in the vessel colocalization of 

AQP4, this aspect has not yet been thoroughly 

explored in the context of EAE (29). Interestingly, 

our preliminary findings indicate the presence of 

pericyte dysfunction and loss of AQP4 vessel 

association in the EAE model, making it relevant to 

further explore the potential connection between 

pericytes and AQP4 expression patterns. In this 

experiment we aimed to investigate the potential 

impact of EAE induction on the regulatory role of 

pericytes in the expression of AQP4 at the 

neurovascular unit. To accomplish this, we 

performed an immunohistochemical staining for 

CD13, a marker for pericytes, as well as AQP4. 

(Figure 7A) Here, we assess the degree of 

colocalization between AQP4 and CD13, which 

serves as an indicator of whether pericytes retain 

their ability to influence local AQP4 expression. 

Important to note is that for this we considered the 

previously established reductions in both the 

overall CD13 expression and pericyte count. Our 

findings revealed no significant differences in the 

percentage of colocalized AQP4 and CD13 

compared to the total CD13 expression (Figure 7B). 

This suggests that the association between AQP4 

and pericytes remains unaffected by the induction 

of EAE. 

 

DISCUSSION 

Pericytes play a crucial role in maintaining the 

integrity and functionality of the neurovascular 

unit, however their specific involvement in EAE 

pathogenesis has remained elusive (9, 30). Limited 

knowledge about pericyte alterations and their 

functional significance in the context of EAE limits 

our understanding of the complex interplay 

between neuroinflammation, vascular dysfunction, 

glymphatic dysfunction and disease progression. 

Therefore, it is evident that further investigation is 

needed to elucidate the role of pericytes in EAE and 

to uncover the underlying mechanisms that drive 

their alterations during disease progression. The 

initial findings of this paper show a significant 

decrease in the expression of the pericyte marker 

CD13 in the dorsal cortex as the EAE model 

progressed, already indicating potential alterations. 

Further examination revealed a reduction in both 

the pericyte count and pericyte blood vessel 

coverage, suggesting a disruption in their total 

population and association with blood vessels. 

Unfortunately it remains unknown what causes this 

pericyte disruption in the dorsal cortex. Several 

factors may be implicated in this. We speculate that 

the secretion of inflammatory mediators released 

during the immune response could impact pericyte 

adhesion and survival. Alternatively, alterations in 

the extracellular matrix (ECM) components of the 

neurovascular unit might contribute to the reduction 

in pericyte coverage (19, 31). The ECM provides 

structural support and facilitates crosstalk between 

the components of the BBB. Disruptions of ECM 

components during EAE could negatively affect 

pericyte adhesion and function. Future research on 

these potential factors could elucidate the 

underlying mechanisms driving pericyte disruption 

in EAE. In contrast to the cortex, we did not observe 

a decrease in CD13 expression or in the spinal cord. 

However, there was a significant decrease in 

pericyte blood vessel coverage. This observed 

decrease in pericyte blood vessel association, 

despite the absence of a decrease in the expression 

of the pericyte marker CD13, suggests the 

possibility of pericyte detachment from the blood 

vessels. Previous studies exploring hypoxic-stress 

and neuroinflammation related conditions have 
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demonstrated that pericytes are capable of 

migrating away from blood vessels (32, 33, 34). 

Our research group has uncovered significant 

hypoxia within the spinal cord in the context of the 

EAE model (12). Considering these findings, it is 

plausible that pericytes undergo detachment from 

blood vessels in response to the hypoxic 

microenvironment within the spinal cord during 

EAE. Moving on, during the acute phase of the 

EAE model, there was a large increase in the 

vascular density, suggesting vascular 

abnormalities. Similar vascular changes were seen 

during the chronic phase, although this was not 

significant following quantification. These findings 

diverge from our research group's previous results, 

which demonstrated reduced vascular length, 

radius, and bifurcations in the spinal cord following 

EAE induction (12). It is important to note that 

these findings were based on lectin perfusion rather 

than lectin staining, which only stains blood vessels 

that are still actively perfused while previous 

studies have shown that the spinal cord is hypo 

perfused during the acute and chronic phases of 

EAE (35). In addition to this, while lectins are 

commonly used to stain blood vessels, they can also 

stain microglia. This is known to be intensified 

during neuroinflammation, which is attributed to 

the upregulation of galactin-1 and other 

carbohydrate structures on the surface of activated 

microglia in MS lesions (36). However, this fails to 

explain the significant co-localization between 

CD31 staining and the lectin staining we conducted 

to validate the lectin's specificity during the acute 

stage of in the spinal cord. Furthermore, 

considering the critical role of pericytes in 

regulating angiogenesis and vascular stability, it is 

possible that altered expression or activity of 

angiogenic factors, such as vascular endothelial 

growth factor (VEGF) or platelet-derived growth 

factor (PDGF), might disturb angiogenesis. 

Therefore, it is important to consider that in the 

thoracic spinal cord, the observed decrease in 

pericyte vessel coverage might be attributed to 

vascular alterations rather than pericyte migration.  

To investigate how these pericyte changes affect 

the BBB, we focus on the involvement of pericytes 

in the regulation of claudin-5, a key tight junction 

protein for the maintenance of BBB integrity (11, 

37). Our results show that claudin-5 expression is 

lost at the blood vessels during EAE disease 

progression. This was seen in conjunction with the 

loss of pericyte blood vessel coverage. These data 

provide evidence that pericytes play a role in 

maintaining claudin-5 expression at the BBB 

interface, and that EAE induction negatively affects 

their function in this regard. Not much is known 

about how pericytes regulate claudin-5 expression. 

A recent study by Grygorowycz et al. (38) has 

shown that after EAE induction, pericytes increase 

their expression of P2XR7 (ATP-gated P2X 

receptor cation channel), which in turn correlated 

with decreased expression of claudin-5 (10, 38). 

They subsequently found that this loss of claudin-5 

expression could be rescued with the administration 

of a P2XR7 agonist. A different study conducted by 

Shimizu et al. (39) revealed that glial cell line-

derived neurotrophic factor (GDNF) and basic 

fibroblast growth factor (bFGF) are capable of 

enhancing the integrity of the BBB by promoting 

the expression of claudin-5 on endothelial cells. 

Interestingly, they found that pericytes are 

responsible for secreting these factors. 

Furthermore, they found that inhibition of the 

secretion of GDNF and bFGF by pericytes resulted 

in a decrease in claudin-5 expression. These studies 

suggest that P2XR7 activation in pericytes and 

GDNF and bFGF secretion by pericytes may play a 

role in modulating claudin-5 expression during 

EAE. However, further research is needed to fully 

understand the underlying mechanism between 

claudin-5 expression and pericytes in EAE and to 

validate these findings. 

Our results already indicate impairment of the BBB 

due to pericyte lost and subsequent downregulation 

of the most crucial tight-junction protein, claudin-

5. Next, we investigated the function impact of 

pericyte dysfunction on the BBB by examining the 

extravasation of EB dye, as a marker of BBB 

disruption. To this end, we administered IP 

injections of EB dye, after which we studied the 

fluorescence intensity of the EB dye in the brain 

and the spinal cord of EAE mice at different stages 

in the disease. It is worth noting that the EB 

extravasation method has been used in previous 

studies to measure BBB disruption in EAE. For 

instance, studies by Hamana and Wang et al. (40, 

41) use EB dye to measure the effectivity of BBB 

enhancing treatments by comparing the EB dye 

intensity between control and treatment groups. 

However, our study aims to expand upon the 

existing literature by examining BBB leakage at 

different time points following EAE induction, to 
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identify the stage at which BBB integrity is 

significantly disrupted. Additionally, we will 

correlate these measurements of EB dye leakage 

with assessments of pericyte dysfunction to 

elucidate the role of pericytes in BBB integrity loss. 

To the best of our knowledge, no prior studies have 

employed this methodology to investigate the 

temporal dynamics of BBB leakage in EAE or 

explored its connection with pericyte dysfunction. 

Our findings indicate that in the dorsal cortex, most 

EB dye leakage can be found during the pre-

symptomatic phase of EAE. This indicates that the 

loss of BBB integrity occurs early in the disease 

progression, even before the onset of any 

observable motor deficits. Furthermore, when we 

accounted for any vascular changes, we observed 

significant EB dye leakage during the acute phase 

in addition to the pre-symptomatic phase. However, 

as the disease progressed to the chronic phase, we 

noted a return to baseline levels of EB dye leakage. 

This suggests that the BBB recovers its integrity 

following the resolution of the acute phase of 

neuroinflammation. Interestingly, other studies 

have similarly found that the infiltration of immune 

cells into the CNS start from the pre-symptomatic 

phase (42). However, these studies also 

demonstrated an ongoing presence of immune cell 

infiltration in the CNS during the chronic phase of 

EAE, indicating that the relative amount of immune 

cells in the CNS continues to increase over time, 

despite our findings of apparent recovery of the 

BBB. Additionally, we discovered a significant 

negative correlation between the intensity of the EB 

dye in the cortex and the coverage of pericytes on 

the blood vessels. This correlation highlights the 

crucial role played by pericytes in maintaining BBB 

integrity. It suggests that the loss of pericyte 

association with blood vessels may lead to BBB 

leakage. We speculate that this might aggravate 

disease progression via immune cell infiltration, 

resulting in subsequent neuroinflammation, and 

edema. In regards to this, a very recent study has 

found that pericytes are also able to directly 

regulate infiltration of immune cells into the CNS.  

This was established by quantifying the total 

amount of immune cells in the brain parenchyma of 

pericyte-deficient EAE mice. This shows that 

pericytes are also capable of directly regulating 

endothelial transcytosis, emphasizing their 

significance in maintaining BBB integrity and 

regulating immune responses within the CNS (43). 

Moving on to the thoracic spinal cord, we notice a 

significant increase in the EB dye extravasation 

only during the acute phase of EAE. Similarly as in 

the dorsal cortex, we notice that the EB dye in the 

spinal cord during the chronic phase returned to 

baseline. Given that EB dye seems to bind to the 

blood vessel wall, which has not been described in 

literature before, we corrected for changes in the 

vascular density. Here we noticed that after 

correction, no more significant changes in the EB 

dye signal remained. This indicates that in the 

thoracic spinal cord, the noticeable increase in EB 

dye extravasation might be attributed to an increase 

in the vessel density, This finding contrasts with our 

research groups current understanding, which 

suggests a decrease in vessel diameter and length 

following EAE induction (12). However, it is worth 

noting that different studies have reported 

conflicting results regarding vascular changes in the 

EAE model. A study conducted by Seabrook et al. 

(44) proposes that there is an increase in vessel 

density specifically during the chronic phase of 

EAE, while no observable changes occur during the 

acute phase. Conversely, Boroujerdi et al. (45) 

suggest that vascular remodelling already takes 

place in the spinal cord during the pre-symptomatic 

phase. They observed a significant increase in 

CD31+ blood vessels at this stage, which continued 

to rise as the disease model progressed. These 

contradictory findings show the complexity and 

variability of vascular changes within the spinal 

cord during EAE. It is evident that further research 

is needed to shed some light on these conflicting 

reports and gain a better understanding of the 

vascular changes occurring in the spinal cord at the 

various stages of EAE. 

Finally, we aimed to explore the involvement of 

pericytes in the functioning of the glymphatic 

system within the EAE mouse model. Previous 

research by Carotenuto et al. (13) has indicated 

impaired glymphatic system function in MS 

patients. However, there has only been one 

investigation in EAE mouse model prior to our 

study, which is by Fournier et al(46). Our findings 

reveal a significant impairment of the glymphatic 

system in EAE, as indicated by a decrease influx of 

a fluorescent tracer, injected into the cisterna 

magna, during the chronic phase of the disease. 

These findings align with the decrease in pericyte 

coverage we notice in the chronic phase, however 

this was also present in the acute phase already. On 
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the contrary, there seems to be a slight increase in 

CSF influx in the acute phase, however we cannot 

confirm the significance of this as we lack sample 

size for this experiment. These findings are 

consistent with previous findings of Fournier et al, 

they found no significant decrease in CSF influx in 

the brain of EAE mice in the acute phase, however 

they unfortunately did not assess CSF influx at 

other stages of the disease, such as the chronic 

phase (46). Moving on, the underlying mechanisms 

contributing to this impairment have remained 

elusive. One crucial component of the glymphatic 

system is AQP4. It has been hypothesized that 

disturbances in cerebrospinal fluid circulation 

occur due to reduced AQP4 delocalization from the 

blood vessels (27)(14). To investigate this further, 

we first examined the total expression of total 

AQP4 in the dorsal cortex of the brain and found no 

significant changes during disease progression. 

However, we did observe a loss of AQP4 

association with blood vessels, which correlated 

with a decrease in pericyte coverage. This 

observation aligns with existing literature 

suggesting that pericytes play a role in regulating 

AQP4 polarization on astrocyte endfeet. For 

instance, Gundersen et al. (29) revealed strong 

AQP4 signal in astrocytic processes adjacent to 

pericytes. However this has not been studied in the 

context of EAE. These results of diffuse AQP4 

expression in EAE also corroborate the similar 

previous findings from Rohr et al. (47) However, it 

is not in line with previous findings from Fournier 

et al. who found no delocalization of AQP4 in the 

brain of EAE mice (46). To further investigate this 

connection between pericytes and AQP4, we 

performed colocalization analysis. Our results 

demonstrate that, considering the decreased 

pericyte count, pericytes display equal 

colocalization with AQP4 during the progression of 

EAE. This suggests that pericytes retain their ability 

to regulate AQP4 vessel association. Therefore, the 

decrease in their total number might be the driving 

force behind the reduction in AQP4 vessel 

association. 

Similar analyses were conducted on the thoracic 

spinal cord,. Contrary to our findings in the dorsal 

cortex, we here found a large increase in AQP4 

expression. In addition to this, there was no loss of 

AQP4 blood vessel association, likely due to their 

upregulation. Notably, this upregulation of AQP4 

in the spinal cord in the EAE model has been 

described before by Fournier et al (46). On the other 

hand, they found a decrease in AQP4 blood vessel 

association in the spinal cord of EAE mice (46). 

What leads to this upregulation of AQP4 in EAE 

remains unknown, however, studies of AQP4 in 

other neuroinflammatory disease provide some 

insight. Li et al. (48) has found AQP4 expression is 

highly linked to neuroinflammation, showcasing in 

their study that knockout of AQP4 led to reduced 

neuroinflammation in EAE mice that were 

passively induced. Furthermore, in spinal cord 

injury it is known that loss of AQP-4 has been 

associated with reduced spinal edema and improved 

prognosis (49). This increase in AQP4 falls in line 

with the highly increased EB dye extravasation that 

we observed in the thoracic spinal cord, both 

indicating acute neuroinflammation. Unfortunately, 

the mechanism whereby AQP4 becomes 

upregulated in the spinal cord, and how this 

contributes to neuroinflammation apart from likely 

enhancing edema and cytokine release has 

remained elusive and indicates a clear need for 

more research on this topic.   

 

CONCLUSION 

Our study reveals significant alterations in three 

key aspects related to neurovascular function in 

EAE. Firstly, we observed a notable decrease in 

pericyte blood vessel coverage, suggesting EAE 

negatively impacts pericyte viability, which could 

result in neurovascular instability. This was paired 

with a marked increase of BBB leakage, indicating 

the role of pericyte dysfunction in compromised 

barrier integrity and enhanced permeability in EAE. 

Lastly, a decrease in glymphatic function was 

observed, suggesting impaired clearance of waste 

metabolites and potential disruption of interstitial 

fluid dynamics in the brain. The findings provide 

valuable insights into the pathophysiological 

mechanisms underlying this MS. Further 

investigations are warranted to further explore the 

causal relationships and potential therapeutic 

interventions targeting these pericyte-related 

alterations. 
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Supplemental fig. 1 – Lectin colocalizes with CD31 in the spinal cord of the acute phase of EAE, indicating vessel specificity at this stage. 

Representative images of lectin (green) staining for blood vessel and CD31 (red) immunohistochemical staining for vascular endothelial cells 

in the thoracic spinal cord from EAE mice sacrificed at the acute stage. Scale bar is 100µm.  

 

 
 

Supplemental fig. 2 – Manual transcardial perfusion more effectively removes remaining EB dye and does not induce artificial BBB 

leakage. A representative confocal microscopy images of the dorsal cortex of mice injected with EB, comparing the fast manual method to the 

slow peristaltic pump transcardial perfusion. B Visual representation of the manual method and the peristaltic pump transcardial perfusion 

method. 
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SUPPLEMENTAL VIDEOS: 

Supplemental video 1:  

https://drive.google.com/file/d/1gcTpBYQ8PYdJ

YGC7rcdtNPqxiBSqcEg6/view?usp=sharing  

 

Supplemental video 2: 

https://drive.google.com/file/d/1IC-

JdfXEtqeUD4rL003XVUgZ9eDluK7B/view?usp=

sharing  
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