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1 INTRODUCTION  

1.1 Major depressive disorder (MDD) 

Mental disorders are a major global health burden, with depressive and anxiety disorders 

ranking among the top 25 health burdens worldwide in 2019 [1]. Furthermore, it was predicted 

that by 2030, major depressive disorder (MDD), the classic, most common form of depression, 

would become the leading cause of disability worldwide [2]. In 2021, 6.4% of the population 

of over 27 European countries reported to be currently suffering from a depressive disorder [3].  

MDD is therefore affecting one out of six adults at some point during their lifetime [4]. MDD 

is characterized by persistent sadness and feelings of hopelessness, worthlessness, or guilt, as 

well as by anhedonia, a reduced ability to experience pleasure [5]. Other common symptoms 

include difficulties in concentrating, disturbed sleep and appetite, low energy levels and 

recurrent thoughts of death and suicide [5, 6]. In addition to the burden of these disease 

symptoms themselves as well as the risk of suicide, MDD is associated with a higher risk for 

the development of other medical conditions such as cardiovascular diseases and stroke [2]. 

The etiology of MDD remains incompletely understood, with genetics being estimated to 

contribute only 35% [4]. Social and environmental factors increase the risk of developing 

depression, among them are e.g., childhood adversity [7], illness or loss of close relatives or 

friends, financial problems and unemployment, low socioeconomic status and low social 

support [8, 9]. It is well established that depressive episodes often occur in the context of 

stressful life events [5]. However, stress alone is not necessarily sufficient to cause MDD, which 

is rather caused by the interplay between environmental factors and genetic predisposition [5]. 

In contrast, post-traumatic stress disorder (PTSD) is directly caused by the exposure to 

extremely stressful life event such as combat, sexual abuse, or natural disasters [10]. 

Nevertheless, also in PTSD, genetic and social factors, previous stressful life events and 

biological processes influence individual disease susceptibility [10].  

Patients suffering from MDD show chronically increased activity in specific brain region such 

as the amygdala, the prefrontal cortex, and the nucleus accumbens, which is restored to normal 

levels upon successful antidepressant treatment [6]. Furthermore, structural and functional 

alterations of the hippocampus and the prefrontal cortex were observed in depressed patients 

[11, 12]. These brain regions have in common that they receive monoamine projections, namely 

dopamine, serotonin and noradrenaline input, which explains why many antidepressants act by 

acutely increasing the availability of monoamines [13]. Another biological mechanism 

associated with depression is a reduction in neurotrophins, growth factors that regulate 



  INTRODUCTION 

 5 

plasticity in the adult brain such as brain-derived neurotrophic factor (BDNF) [14]. 

Interestingly, one of the mechanisms of action of antidepressants is to increase adult 

hippocampal neurogenesis, a process also influenced by BDNF [6]. 

 

1.2 Chronic stress as a major risk factor for depression 

Chronic stress is defined by the National Institute of Mental Health as part of the research 

domain criteria [15] as the “sustained threat” construct [16] which is described as the following: 

“An aversive emotional state caused by prolonged (i.e., weeks to months) exposure to internal 

and/or external condition(s), state(s), or stimuli that are adaptive to escape or avoid. The 

exposure may be actual or anticipated; the changes in affect, cognition, physiology, and 

behavior caused by sustained threat persist in the absence of the threat, and can be differentiated 

from those changes evoked by acute threat.” [17]. As already indicated in this definition, 

exposure to chronic stress often leads to pathological changes in the behavior of an individual 

which persist even after the end of chronic stress exposure.  A substantial body of evidence 

links the onset of MDD to the previous occurrence of major stress events with 80% of 

depression cases being preceded by stressful life events [18]. Furthermore, exposure to chronic 

stress events (ongoing for more than 12 months) was more strongly correlated with the 

development of depression than the exposure to acute stressors [19]. Similarly, chronic adverse 

or challenging situations, such as poverty, medical disabilities or having a disabled child, were 

also linked to an increased risk of developing depression [20, 21]. Along the same lines, the 

exposure to childhood trauma is one of the strongest risk factors for developing MDD, with 

estimations that between 25% to 75% of MDD patients have experienced childhood trauma [22, 

23]. Therefore, exposure to chronic social, psychological, or physical stress is commonly used 

as a model to study the mechanisms underlying depression [24].  

The exact mechanism by which chronic stress leads to the development of depression is not yet 

fully understood. However, it seems to be an interplay of different mechanisms in which the 

sympathetic nervous system (SNS) and the hypothalamic–pituitary–adrenal (HPA) axis play a 

major role (Fig. 1). Exposure to stress activates components of the limbic system such as the 

amygdala, prefrontal cortex, hippocampus, and hypothalamus leading to the activation of the 

SNS [25]. Nerve fibers of the SNS stimulate the medulla of the adrenal gland to release 

adrenaline into the circulation and also directly release noradrenaline into primary and 

secondary lymphoid organs and peripheral tissues [26]. In addition, stress exposure activates 

neurons in the hypothalamus which secrete vasopressin and corticotropin-releasing hormone 
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(CRH), which in turn stimulate the secretion of adrenocorticotropic hormone (ACTH) from the 

pituitary gland [27, 28]. ACTH stimulates the release of glucocorticoid hormones, cortisol in 

humans and corticosterone in rodents, from the adrenal cortex into the circulation [27]. This 

process is known as HPA axis activation. Therefore, the experience of stressful situations has 

two main outcomes: (1) increases in systemic levels of adrenaline and noradrenaline and (2) 

release of glucocorticoid hormones from the adrenal gland into the bloodstream [28] (Fig. 1). 

Glucocorticoids can then bind to glucocorticoid receptors and induce gene expression changes 

important for the stress response, and, in addition, also terminate the stress response by 

initiating a negative feedback loop that inhibits HPA axis activity [29]. However, during 

chronic stress and in stress-induced psychiatric disorders, a glucocorticoid receptor resistance 

develops leading to HPA axis hyperactivity and chronically elevated cortisol levels in the 

majority of MDD patients [30]. Increased glucocorticoid levels affect brain neuroplasticity [29], 

since glucocorticoids are known to be involved in the regulation of neuronal survival, neuronal 

excitability and neurogenesis [31]. Therefore, glucocorticoid receptor antagonists are currently 

being tested as a treatment for MDD patients with childhood trauma [22]. Another potential 

link between stress and depression is BDNF, since BDNF levels are decreased in the 

hippocampus after stress exposure thereby negatively affecting neuroplasticity [14]. 

Interestingly, this stress effect was reversed by antidepressant treatment [14]. Furthermore, 

glucocorticoid resistance also seems to be linked to increased levels of inflammation in 

depressed patients [32]. Signs of glucocorticoid resistance and higher levels of pro-

inflammatory cytokines were found in the blood of depressed patients compared to healthy 

controls [33]. This increased inflammation seems to correlate directly with the exposure to 

chronic stress, e.g., the exposure to early-life adversities leads to a pro-inflammatory state 

during adulthood [34, 35].  
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Figure 1: Stress exposure induces activation of the sympathetic nervous system (SNS) and the hypothalamic-

pituitary-adrenal (HPA) axis 

In stressful situations, brain regions of the limbic system become activated, leading to the activation of the SNS. 

The SNS then induces the release of adrenaline and noradrenaline from the adrenal gland into the circulation. 

Furthermore, stress induces the release of corticotropin-releasing hormone (CRH) from neurons in the 

hypothalamus, which stimulates the release of adrenocorticotropic hormone (ACTH) from the pituitary gland. 

ACTH then induces the release of glucocorticoids (GCs) from the adrenal cortex into the circulation. 

Figure from Schramm & Waisman, 2022 [28] 
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1.3 The link between chronic stress, depression and inflammation 

1.3.1  Mechanisms by which chronic stress induces inflammation 

Direct evidence for the activation of inflammatory pathways in human subjects in stressful 

situations was provided by a study in which the activity of the nuclear factor 'kappa-light-chain-

enhancer' of activated B-cells (NF-κB) was analyzed in the peripheral blood mononuclear cells 

of volunteers that were subjected to a short stress test [36]. In most volunteers, stress exposure 

caused rapid NF-κB activation together with increases in catecholamine and cortisol levels [37]. 

The two neuroendocrine pathways induced by stress, namely the SNS and the HPA axis, both 

have immunomodulatory functions [26] (Fig. 2). Noradrenaline and adrenaline released by the 

SNS can bind to adrenergic receptors on leukocytes, which induces pro-inflammatory programs 

via the NF-κB pathway [26]. Furthermore, noradrenaline released into the bone marrow during 

chronic stress induces hematopoietic stem cell proliferation leading to a higher release of 

neutrophils and inflammatory monocytes into the circulation [38]. Similarly, also 

glucocorticoid signals seem to contribute to the enhanced release of monocytes from the bone 

marrow into the circulation during chronic stress [39]. Glucocorticoids are traditionally 

regarded as anti-inflammatory molecules and have been widely used as treatments for 

inflammatory disorders. However, under steady-state conditions, glucocorticoids also play a 

role in priming the innate immune system to ensure its readiness to respond to pathogens [40]. 

The effects of glucocorticoids therefore seem to be influenced by the duration of exposure and 

basal state of the immune system at the time of exposure [41]. Under physiological conditions, 

glucocorticoids can have pro-inflammatory functions and ensure proper immune system 

function, while during pathological inflammation, they function as anti-inflammatory 

molecules to restrict inflammatory processes [41]. This also seems to explain why 

glucocorticoids can have pro-inflammatory functions in the context of stress [41].  

In addition to the activation of the SNS and the HPA axis, stress can also cause inflammation 

via the activation of the inflammasome pathway by “sterile” stressors, the endogenous damage-

associated molecular patterns (DAMPs), such as ATP, heat shock proteins, uric acid, high 

mobility group box 1 (HMGB1) and molecules linked to oxidative stress [42]. These DAMPs 

are induced by psychological and physiological stressors, e.g., by stressors used in animal 

models of stress [43], which leads to inflammasome activation and cleavage of the precursor 

forms of interleukin (IL)-1β and IL-18 into the active cytokines.  
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1.3.2 Evidence for inflammation in depression  

MDD patients exhibit increased levels of the pro-inflammatory cytokines IL-1β, IL-6 and tumor 

necrosis factor (TNF)-α in the blood, show increases in the relative abundance of innate immune 

cells and exhibit decreased adaptive immune responses [44]. In addition, pro-inflammatory 

cytokines are increased in the cerebrospinal fluid (CSF) of MDD patients, either by penetration 

of cytokines through the blood-brain barrier (BBB) or by direct production from glia cells 

within the brain, and microglia show increased levels of activation [44, 45].  In post-mortem 

brain samples of depressed individuals who committed suicide, elevated levels of IL-1β, IL-6, 

TNF-α, Toll-like receptor (TLR)-3 and TLR-4 were found [42]. Furthermore, several 

longitudinal human studies showed that high levels of inflammation (high IL-6 or C-reactive 

protein (CRP) levels) could predict that these patients were more likely to develop depression 

in the following years [46-48]. Interestingly, patients with the highest IL-6 levels were also 

found to be the least likely to respond to antidepressant treatment [49]. Along the same lines, 

Figure 2: Adrenaline, noradrenaline, and glucocorticoids induce pro-inflammatory responses during stress 

Noradrenaline (NA) and glucocorticoid (GC) signals in the bone marrow induce an enhanced release of monocytes 

and neutrophils into the circulation during chronic stress. Furthermore, noradrenaline and adrenaline can directly 

bind to β-adrenergic receptors (β-AR) on leukocytes which causes an activation of the pro-inflammatory NF-κB 

pathway. Also endogenous damage-associated molecular patterns (DAMPs) contribute to the inflammatory 

response during stress via the activation of pattern-recognition receptors (PRRs) on myeloid cells. Overall, chronic 

stress exposure thereby leads to an increased abundance of monocytes and neutrophils in the circulation, as well 

as to elevated levels of the pro-inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor 

(TNF)-α. The exact cause of neuroinflammation during chronic stress remains incompletely understood. 
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treatment with pro-inflammatory cytokines, such as with interferon-α (IFN-α) for the treatment 

of chronic hepatitis, often causes the development of depressive symptoms [50, 51]. In a 

genome-wide association study, the analysis of single-nucleotide polymorphisms (SNPs) from 

a MDD patient cohort revealed an enrichment of 19 pathways, including genes involved in 

cytokine and immune response [52]. SNPs in the IL-6 receptor promoter region and in P2RX7, 

a mediator of innate immune activation, have been associated with altered susceptibility to the 

development of depression [53, 54]. Nevertheless, up to now, it is still debated whether immune 

system activation is causal for the development of depression, or whether depression rather 

causes impairment of the immune system which in turn leads to an increased vulnerability to 

infectious diseases [55]. Furthermore, only a subgroup of MDD patients shows elevated levels 

of inflammatory markers [56, 57] questioning a general role of the immune system in the 

etiology of depression. 

 

1.3.3 Potential mechanisms by which inflammation could lead to depression 

For peripheral inflammation to influence behavior, it must first be translated into the brain. 

Three pathways of how peripheral inflammatory signals could be transmitted into the brain 

have been described in the literature: (1) Cytokines can pass through leaky regions in the BBB, 

such as the circumventricular organs, or can be transported into the CNS by transporters on the 

BBB. (2) Cytokines can bind to peripheral nerves such as the vagus nerve which causes 

stimulation of catecholaminergic fibers in the brain. (3) Activated immune cells, such as 

monocytes can traffic to the brain vasculature and, potentially, into the brain parenchyma [42]. 

Interestingly, a similar observation was made in post-mortem MDD brain tissue, in which the 

proportion of blood vessels surrounded by a high density of macrophages was much higher in 

the dorsal anterior cingulate cortex of depressed patients who committed suicide than in healthy 

controls [58]. In addition, microglia also get activated during the stress response, probably by 

a combination of direct effects of adrenergic signals, pro-inflammatory cytokines and DAMPs 

released locally within the CNS [28].  

The ability of the immune system to modulate behavior is nicely illustrated by the so-called 

“sickness behavior”, a behavioral response to infection or, as an animal model, to the 

administration of lipopolysaccharide (LPS), leading to behavioral symptoms such as anhedonia, 

decreased activity and social withdrawal caused by pro-inflammatory cytokines such as IL-1β, 

IL-6 and TNF-α [55]. This sickness behavior most likely represents an evolutionary strategy to 

ensure survival, since it ensures saving energy resources for infection and wound healing [42]. 
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Mechanistically, pro-inflammatory cytokines seem to modulate behavior via different 

processes. They can reduce the levels of available monoamines (serotonin, noradrenaline and 

dopamine) by increasing the reuptake of serotonin [59] or by decreasing the synthesis of 

monoamines [60]. Cytokines such as IFN-γ and TNF-α also increase the expression of 

indoleamine 2,3-dioxygenase (IDO) which metabolizes tryptophan to kynurenine at the 

expense of serotonin synthesis leading to an imbalance of these metabolites that is associated 

with depression [44]. Altogether, these mechanisms lead to a reduced availability of serotonin 

which has been linked to the development of depression since the 1960s [61] and constitutes a 

major target of antidepressants. Other mechanisms by which pro-inflammatory cytokines can 

modulate mood and behavior include: (1) influences on neuroplasticity through inhibition of 

neurogenesis and by the induction of neurotoxicity [62-65], (2) the remodeling of dendrites 

[44], and (3) the modulation of neuron-glia cell interactions [44]. 

 

1.4 Immunomodulatory drugs as a treatment option for MDD 

Current treatments for MDD only lead to remission in about one third of patients and to partial 

remission in another third of the patients leaving about one third of the patients unresponsive 

[66, 67]. In general, patients are treated for MDD with psychotherapy, pharmacotherapy, 

lifestyle interventions such as exercise, or brain stimulation through electroconvulsive therapy 

[68, 69]. In many cases, a combination of these approaches leads to a greater treatment efficacy 

than one treatment alone [68]. The most used pharmacological agents to treat depression are 

tricyclic antidepressants and monoamine reuptake inhibitors including selective serotonin 

reuptake inhibitors (SSRIs) and reuptake inhibitors targeting noradrenaline and dopamine, as 

well as second-generation psychotics [68]. SSRIs such as fluoxetine and citalopram remain the 

gold-standard for the treatment of depression and are recommended as the first-line treatment 

for patients with MDD, since they show a high efficacy and fewer side effects than tricyclic 

antidepressants [69]. In addition, neurotransmitter reuptake inhibitors that target not only 

serotonin, but also other monoamines (noradrenaline and dopamine), are commonly prescribed 

to patients who do not respond to SSRIs [69]. For patients suffering from treatment-resistant 

depression, alternative therapies that modulate neuronal activity are available or being tested 

[70]. These include transcranial electrical stimulation and deep brain stimulation, as well as 

magnetic field therapy which often impact the circuitry of the prefrontal cortex [70].  

Several immune system-targeting compounds have been evaluated for their potential 

antidepressant effects; this was often done by analyzing changes in depressive symptoms in 
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patients treated for a primary immunological disorder [44]. Among the immune system targets 

tested to date are prostaglandins, TNF-α, IL-6, IL-12/23, IL-23, p38 mitogen-activated protein 

kinase (MAPK) and B cell-related targets such as CD20 [44]. In a mega-analysis of patient data 

from 18 randomized clinical trials, anti-IL-6 antibodies and an anti-IL-12/23 antibody showed 

a good efficacy for the improvement of depressive symptoms in a cohort of patient with high 

depressive symptoms [71]. Some of the other immunomodulatory drugs have also successfully 

improved depressive symptoms; however, the analysis of comorbid depressive symptoms in 

the presence of a primary immunological disorder in these studies makes it difficult to draw 

clear conclusions [44].  

To avoid these difficulties, studies are needed in which the effects of immunomodulatory drugs 

are directly tested in MDD patients. Unfortunately, to date, these studies have been rather 

scarce. In a clinical trial of a monoclonal anti-TNF-α antibody to treat MDD, the TNF-α 

antibody showed an effect similar to that of standard antidepressants; however, only in a 

subgroup of patients with high levels of inflammation, indicating that immune system-targeting 

compounds will most likely only be effective in MDD patients who exhibit elevated baseline 

inflammatory markers [57]. Similarly, also treatment with an anti-IL-6 antibody slightly 

improved anhedonia symptoms in a MDD patient cohort with high plasma CRP levels [44]. 

Minocycline, a brain-penetrant anti-inflammatory molecule that inhibits the activation of T 

cells, neutrophils and microglia and the release of pro-inflammatory cytokines, has also been 

tested for its potential antidepressant effects in several studies, but with very heterogeneous 

results [44]. Taken together, immunomodulatory treatments are a promising option for MDD 

patients with evidence of immune dysfunction related to the pathway targeted by the 

immunomodulatory drug and for patients suffering from comorbid depressive symptoms [44].  
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1.5 Central nervous system barriers 

1.5.1 The different barriers of the central nervous system 

The CNS has historically been regarded as an “immune-privileged site”, based on early 

observations that tissue grafts implanted in the CNS survive without being rejected by the 

immune system [204]. This immune privilege is attributed to the inability of antigen-presenting 

cells (APCs) to migrate from the CNS parenchyma to local lymph nodes for antigen 

presentation [72], since the complex barrier system of the CNS only allows clearance of small, 

soluble compounds, including small antigens, from the CNS parenchyma into the CSF [73]. 

From the CSF, fluid and immune cells can reach deep cervical lymph nodes through CNS-

draining lymphatic vessels, which were rediscovered in recent years [74]. Despite these 

barriers, certain immune surveillance mechanisms are active in the CNS. They are carried out 

at the CNS interfaces by myeloid cells positioned in the meninges, perivascular spaces and the 

choroid plexus, as well as by memory T cells circulating through the CSF [72].  

The CNS is enclosed by three membranous layers called the meninges, which shield the CNS 

parenchyma from the CSF and the surrounding skull (Fig. 3). The outermost layer, the dura 

mater, is a fibrous membrane containing blood vessels and lymphatics. Beneath it lies the 

arachnoid mater, which is impermeable for liquids and interfaces with the CSF in the 

subarachnoid space (SAS). The pia mater, the innermost meningeal layer, lines the other side 

of the SAS and envelops blood vessels that run through the subarachnoid space. Below the pia 

mater, the CNS surface is coated by the glia limitans, a structure composed of astrocyte endfeet 

and a basement membrane. The movement of solutes, molecules and immune cells from blood 

vessels into the CNS parenchyma is tightly regulated by the specialized properties of the BBB. 

In addition, a blood-CSF barrier (BCSFB) regulates the passage of substances and cells between 

the blood and the CSF. 
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Figure 3: Barriers of the CNS  

(a) The dura mater separates the brain from the skull and contains meningeal arteries (MA), meningeal veins (MV) 

and meningeal lymphatics (ML). The arachnoid mater separates the dura from the cerebrospinal fluid (CSF) in the 

subarachnoid space (SAS). The pia mater is the inner border between the SAS and the CNS parenchyma and coats 

the blood vessels in the SAS and the arteries that enter the brain. The glia limitans is as an additional border 

shielding the CNS parenchyma from blood vessels and the surface.  (b)  The blood-brain barrier (BBB) is located 

in capillaries and postcapillary venules and is formed by endothelial cells, an endothelial basement membrane 

containing pericytes, and the glia limitans. (c) The blood-CSF barrier (BCSFB) in the choroid plexus separates the 

CSF-containing brain ventricles from the blood. The BCSFB consist of the choroid plexus epithelium and its 

basement membrane. The choroid plexus stroma contains different myeloid cell populations. (d) Coronal brain 

section shows the image areas that are magnified in a, b, and c. 

Figure from Engelhardt et al., 2017 [75] 

 

1.5.2 The blood-brain barrier (BBB) 

The term “blood-brain barrier” describes the specialized characteristics of CNS blood vessels 

rather than a discrete anatomical structure [76]. It is established by the unique properties of 

BBB endothelial cells in CNS microvessels, which tightly regulate the selective exchange of 

solutes and cells between the blood and the CNS. This regulation protects the CNS from 

harmful substances while ensuring optimal neuronal function.  

Endothelial cells, the most critical cell type of the BBB, interact with mural, glial, neural and 

immune cells within the “neurovascular unit” (NVU). Unlike endothelial cells in other tissues, 
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BBB endothelial cells are tightly interconnected by tight junctions and adherens junctions (Fig. 

4B), strongly restricting paracellular diffusion. Additionally, transcellular transport is minimal 

due to very low rates of transcytosis [77]. BBB endothelial cells also express a unique 

combination of ion channels and transporters, which play a crucial role in maintaining the CNS 

environment essential for optimal synaptic function [78]. 

Adherens junctions are the basic adhesions between endothelial cells and are formed by 

vascular endothelial cadherin (VE-cadherin) and catenins [76]. Platelet endothelial cell 

adhesion molecule (PECAM)-1, also known as CD31, is critical for adherens junction 

formation [79] and BBB integrity, as evidenced by increased BBB leakiness in PECAM-1-

deficient mice in experimental autoimmune encephalomyelitis (EAE), a mouse model for 

Multiple Sclerosis [80]. Tight junctions are cell adhesions formed by multiple transmembrane 

proteins that interact with each other. CNS endothelial cells have a specific combination of tight 

junction proteins that are responsible for the low paracellular permeability of the BBB. Claudins 

are an important family of tight junction proteins, with claudin-5 (CLDN5) being the 

predominant claudin at the BBB [81]. Other key tight junction components are claudin-12, 

occludin and junctional adhesion molecules (JAMs) [76]. Cytoplasmic scaffolding proteins like 

zonula occludens (ZO)-1, ZO-2, ZO-3 and cingulin anchor the tight junction proteins to the 

cytoskeleton, thereby supporting tight junction formation [76].  

The abluminal side of endothelial cells is surrounded by a vascular basement membrane, which 

also contains pericytes arranged in a discontinuous layer. Both endothelial cells and pericytes 

secrete structural proteins such as laminins, fibronectins and collagens that form the basement 

membrane [76]. Beyond the basement membrane, astrocyte endfeet and an astrocyte-secreted 

glial basement membrane form the glia limitans, providing an additional barrier separating the 

blood from the CNS parenchyma (Fig. 4A). While endothelial cells are the most critical 

component for BBB function, pericytes contribute to its integrity by regulating endothelial and 

astrocyte function. Pericyte-deficient mice exhibit increased BBB permeability, underlining the 

importance of this cell type in BBB maintenance [82]. Astrocytes further support BBB stability 

by secreting paracrine mediators. In vitro, astrocyte-conditioned medium induces an increased 

expression of tight junction proteins by brain endothelial cells and decreases paracellular 

permeability [83]. In vivo, astrocyte ablation leads to decreased expression of the tight junction 

protein ZO-1 and compromises BBB integrity [84].  
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Collectively, the CNS barrier system tightly regulates the exchange of substances and cells 

between the blood and the CNS, thereby protecting the neural tissue from the infiltration of 

peripheral substances and immune cells to maintain CNS homeostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure modified from Profaci et al., 2020 [76] 

 

Figure 4: The blood-brain barrier (BBB) 

(A) Endothelial cells in the CNS are surrounded by a pericyte-containing vascular basement membrane. The glia 

limitans, consisting of astrocyte endfeet and a glial basement membrane, forms an additional barrier between the 

CNS parenchyma and the blood. (B) Endothelial cells in the CNS form a monolayer and are tightly stitched together 

by adherens and tight junctions. Adherens junctions are formed by vascular endothelial cadherin (VE-cadherin) 

and supported by platelet endothelial cell adhesion molecule (PECAM). Tight junction proteins include claudins, 

occludins and junctional adhesion molecules (JAMs).  
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1.5.3 Immune cell migration across the CNS barriers 

In the steady state in the absence of neuroinflammation, peripheral immune cells rarely cross 

the CNS barriers and immune cell entry into the CNS is restricted to activated T cells [75]. 

Immune cells that surveil the CNS cross the outer barriers and reach the CSF in the brain 

ventricles, the perivascular spaces and the SAS, but they do not cross the glia limitans and 

therefore remain separated from the CNS parenchyma [85]. Potential entry sites for infiltrating 

immune cells are thus from the SAS across the walls of leptomeningeal venules, across the 

BBB in parenchymal postcapillary venules and across the BCSFB in the choroid plexus [75]. 

These entry points are minimally accessible under normal conditions but become increasingly 

permissive during neuroinflammation, when immune cells cross the glia limitans and enter the 

CNS parenchyma.  

The entry of circulating immune cells into tissues involves a multistep process to traverse the 

endothelial cell barrier [85]. First, selectins on the immune cell interact with their ligands (e.g., 

P-selectin glycoprotein ligand (PSGL-)1) on the endothelial cell, or α4-integrins on the immune 

cell bind to their ligands, such as vascular cell adhesion molecule (VCAM)-1 and mucosal 

addressin cell adhesion molecule (MAdCAM)-1), on the endothelial cell. This initial interaction 

slows the rolling of the immune cell along the vascular wall. Next, chemokines presented on 

the endothelial cell surface bind to G-protein-coupled receptors on the immune cell, inducing 

conformational changes in the immune cell’s integrins. These changes increase integrin affinity, 

enabling binding to VCAM-1, MAdCAM-1, intercellular adhesion molecule (ICAM)-1, and 

ICAM-2 on the endothelial cell.  The immune cell then crawls along the endothelium, a process 

regulated by leukocyte function-associated antigen (LFA)-1 and endothelial ICAM-1 and 

ICAM-2, before crossing the endothelium via either the paracellular or transcellular pathway 

[85]. After reaching the CSF-filled spaces behind the endothelial wall, in MS and EAE, T cells 

need to be reactivated by local APCs presenting the T cell’s antigen in order to cross the glia 

limitans and infiltrate the CNS parenchyma [86, 87]. The reactivation also induces the 

production of pro-inflammatory cytokines by T cells which further promotes immune cell 

infiltration into the CNS. 
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1.5.4 The BBB in chronic stress and depression 

Unlike neuroinflammatory conditions such as MS and EAE, chronic stress does not involve 

adaptive immune responses against a specific antigen, as no such antigens are present. 

However, the BBB and its alterations during chronic stress remain a critical area of research, 

as neurovascular dysfunction is implicated in driving the adverse effects of chronic stress 

exposure [88]. In a seminal study, Menard et al. investigated the effects of chronic social defeat 

(CSD) stress – a mouse model that uses prolonged social stress to induce depression-like 

behavior in mice – on the neurovasculature [89]. Following CSD exposure, stressed mice were 

categorized based on their behavior in a social interaction test, with resilient mice behaving 

similarly to unstressed controls, while susceptible mice exhibited stress-induced social 

avoidance. Notably, the tight junction component claudin-5 was significantly downregulated in 

the nucleus accumbens and hippocampus of susceptible mice compared to resilient mice and 

unstressed controls, which was accompanied by increased BBB permeability and abnormalities 

in blood vessel ultrastructure [89]. In contrast, no differences in claudin-5 expression were 

observed in the prefrontal cortex or hypothalamus of male mice. Furthermore, the expression 

of other tight junction components remained unchanged. Interestingly, Menard et al. could also 

confirm claudin-5 downregulation in the nucleus accumbens in the chronic variable stress 

(CVS) model, another rodent model of chronic stress, as well as in patients with MDD [89]. 

These findings suggest that chronic stress compromises BBB integrity by downregulating 

claudin-5 in specific brain regions, leading to increased BBB permeability and the 

establishment of depression-like behaviors.  

Interestingly, a follow-up study using a modified CSD protocol in female mice revealed sex-

dependent effects. In contrast to males, claudin-5 expression in the nucleus accumbens of stress-

susceptible female mice remained unaltered. Instead, significant downregulation of claudin-5 

was observed in the prefrontal cortex [90]. This sex-specific pattern was further confirmed in 

MDD patients, where claudin-5 mRNA was downregulated in the prefrontal cortex of female 

patients but not males [90]. These results collectively indicate that the downregulation of the 

key BBB tight junction molecule claudin-5 in stress-susceptible mice is not ubiquitous but 

occurs in specific brain regions in a sex-dependent manner. In contrast, increased BBB 

leakiness, indicated by the deposition of blood products such as erythrocytes, IgG and 

fibrinogen in the parenchyma and perivascular spaces, is observed throughout the brain in 

susceptible mice [91-93].  
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Increased BBB permeability may facilitate immune cell infiltration into the CNS parenchyma, 

a process that requires upregulation of adhesion molecules on BBB endothelial cells. Indeed, 

increased expression of ICAM-1, VCAM-1 and E-selectin was reported in various brain regions 

after CSD [94].  Migration of transplanted bone marrow-derived cells into the hippocampal 

parenchyma was initially described in a model of foot shock stress [95]. In subsequent studies, 

increased proportions of CD45high peripheral immune cells were observed in the brains of mice 

exposed to CSD in flow cytometry analyses [96-99]. However, the majority of these cells was 

located in the perivascular spaces, with only few cells infiltrating into the parenchyma of the 

hippocampus, prefrontal cortex and amygdala [96]. In other studies, peripheral immune cell 

infiltration was restricted to the perivascular spaces [89] and the meninges and choroid plexus 

[100], while in a more recent study, immune cells were not even detected at these brain borders 

[93].  

Similar to what was observed in mouse models, alterations of the BBB have also been described 

in MDD. In women with MDD, evidence of increased vascular permeability was reported  

[101]. Furthermore, claudin-5 downregulation seems to occur in specific brain regions in a sex-

dependent manner also in MDD patients. In the study by Menard et al., claudin-5 was 

downregulated in the nucleus accumbens but not in the prefrontal cortex or hippocampus of 

MDD patients [89]. In contrast, another study observed significantly lower claudin-5 levels in 

the prefrontal cortex of an all-female MDD cohort [90]. A third study reported reduced 

claudin‑5 expression in the hippocampal grey matter of MDD patients [102]. These partially 

conflicting findings underscore the need for further research to clarify the role of BBB 

pathology in the context of chronic stress and MDD. 

 

1.6 The pro-inflammatory cytokine interleukin-1 (IL-1) 

1.6.1 Overview of the function of IL-1α and IL-1β 

The interleukin-1 family consists of 11 cytokine members and 10 receptor members [103]. 

IL-1α and IL-1β, which are often referred to in simplified form as IL-1, bind to the cell surface 

receptor interleukin 1 receptor type I (IL-1R1) [104] which associates with the IL-1R accessory 

protein (IL-1RAcP) [105] to induce downstream signaling (Fig. 5). Upon ligand binding to 

IL‑1R1, the adaptor protein MyD88 is recruited which leads to the coupling of downstream 

protein kinases (IRAK and TRAF6), and finally, to the activation of the NF-κB pathway or to 

the activation of MAPK leading to inflammatory responses (Fig. 5) [106]. IL-1ra is a selective, 

competitive receptor antagonist [107] which also binds to IL-1R1 but fails to trigger the 
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association with IL-1RAcP, thereby preventing downstream signaling. An additional receptor, 

the interleukin 1 receptor type II (IL-1R2) [108], can also bind IL-1α, IL-1β and IL-1ra, but 

lacks an intracellular domain, thereby preventing downstream signaling. IL-1R2 can act in a 

membrane-bound form, in a released form and directly in the cytoplasm [109]. The two negative 

regulatory systems are essential for the strict regulation of IL-1 signaling under physiological 

and pathological conditions [109]. Other closely related molecules that belong to the 

interleukin-1 family are other receptor agonists (IL-18, IL-33, IL-36α, IL-36β, and IL-36γ), 

other receptor antagonists (L-36Ra, and IL-38), as well as an anti-inflammatory cytokine 

(IL-37) [103].  

IL-1α and IL-1β are both synthesized as precursor proteins. IL-1α is constitutively expressed 

and stored intracellularly by mesenchymal cells such as keratinocytes and lung epithelial cells, 

as well as by astrocytes and endothelial cells [109]. In contrast, in monocytes and macrophages, 

IL-1α is only produced after stimulation [110]. When cells undergo necrosis, the intracellularly 

stored IL-1α gets released in its precursor form and can act as a DAMP [103]. The IL-1α 

precursor protein is also integrated into the cell membrane of several cell types such as 

monocytes, macrophages and B cells [103, 109], and can bind to IL-1R1 on neighboring cells 

to induce downstream signaling [109]. In addition, cleavage of the IL-1α precursor protein 

liberates a cleavage product that can enter the nucleus and acts as a transcription factor [110]. 

However, even during inflammation, IL-1α is rarely detected in the circulation, indicating that 

IL-1α predominantly acts as local mediator within tissues [109].  

In contrast to IL-1α, IL-1β is not constitutively expressed and is mostly produced by monocytes, 

macrophages and dendritic cells, as well as to some extent by B cells and NK cells, after 

stimulation [111]. Microbial products induce IL-1β expression via the activation of TLRs, in 

addition, also IL-1 itself is a potent inducer of IL-1β expression [111]. The precursor of IL-1β 

requires cleavage by caspase-1 which gets activated in the inflammasome. In a first step, the 

expression of NLRP3 and other inflammasome components is induced upon recognition of 

DAMPs, pathogen-associated molecular patterns (PAMPs) or pro-inflammatory cytokines by 

pattern recognition receptors (PRRs) [112]. In a second step, NLRP3 gets activated by another 

stimulus such as bacterial toxins or ATP leading to the assembly of the NLRP3 inflammasome 

and the activation of caspase-1 which cleaves the IL-1β precursor protein into its mature form 

[112]. The mechanisms underlying IL-1β secretion are not completely understood, and most 

likely, several mechanisms exist that are induced by different stimuli [113].  
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IL-1 cytokines are key regulators of inflammatory reactions by regulating diverse processes and 

are able to activate innate immunity [114]. IL-1β induces fever via the induction of 

cyclooxygenase (COX)-2, prostaglandin-E2, platelet activating factor, and nitric oxide 

production [111]. Furthermore, IL-1β upregulates the expression of the cell adhesion molecules 

ICAM-1 and VCAM-1 on mesenchymal and endothelial cells, thereby promoting the 

infiltration of immune cells from the circulation into tissues and has pro-angiogenic effects on 

blood vessel formation [111]. IL-1α and IL-1β also stimulate T cell function, are important for 

the generation of Th17 cell responses and induce the expression of numerous pro-inflammatory 

cytokines and chemokines [111]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure from Rothwell & Luheshi, 2000 [115]    

Figure 5: The IL-1 signaling pathway 

After being cleaved into their mature form, interleukin (IL)-1α and IL-1β bind to interleukin 1 receptor type I 

(IL-1R1), which associates with an accessory protein (AcP). This interaction recruits the adaptor protein MyD88, 

leading to the activation of the protein kinases IRAK and TRAF-6, thereby triggering downstream signaling 

through the NF-κB and MAPK pathways, ultimately resulting in pro-inflammatory responses. Negative regulation 

of IL-1 signaling occurs through two mechanisms: (1) The interleukin-1 receptor antagonist (IL-1ra) binds to IL-

1R1, blocking downstream signaling, and (2) interleukin 1 receptor type II (IL-1R2) binds IL-1α and IL-1β but 

lacks an intracellular domain, thereby acting as a decoy receptor to inhibit signaling. 
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1.6.2 IL-1 functions in the central nervous system 

In the steady-state brain, IL-1 and IL-1R1 are expressed only at low levels [115-117]. Microglia 

are the main source of IL-1 in the brain in the absence of leukocyte infiltration, but IL-1 can 

also be produced by other CNS-resident cell types such as astrocytes [118]. IL-1 can provide 

feedback on the cell types producing it to further stimulate its own production [118]. However, 

IL-1 does not seem to stimulate microglia directly to produce IL-1, which rather occurs 

indirectly via the engagement of IL-1R1 on brain endothelial cells [114, 119, 120].  

The expression of IL-1R1 in the brain at steady state seems to be restricted to certain brain 

regions and to specific cellular subpopulations, including endothelial, ependymal, and choroid 

plexus cells, as well as some subpopulations of neurons and astrocytes [119].  Lévesque et al. 

described IL-1R1 to be mainly expressed on endothelial cells of venules and veins that extend 

in the direction of the pial venous plexus, while they could not detect IL-1R1 expression on 

pericytes, astrocytes and neuron-glial antigen 2 (NG2)-expressing glia cells [121]. Recently, 

neuronal expression of IL-1R1 has been detected in discrete glutamatergic and serotonergic 

neuronal populations in specific brain regions [122]. Interestingly, in these neurons, IL-1R1 

activation does not induce downstream NF-κB signaling but downregulates, among others, 

genes related to synaptic function via the recruitment of an alternatively spliced isoform of the 

IL-1R accessory protein called IL-1RAcPb [122].  

Low physiological concentrations of IL-1 are involved in the regulation of normal brain 

function [123], e.g., IL-1 contributes to temperature regulation by altering neuronal sensitivity 

in the preoptic area of the hypothalamus, which is the temperature control center of the brain 

[114]. IL-1 also contributes to the regulation of neuroendocrine functions by stimulating ACTH 

and glucocorticoid responses [114]. Furthermore, several mechanism by which IL-1 can affect 

neuronal function have been described, such as regulation of synaptic structure, long-term 

potentiation and long-term depression, suggesting that IL-1 is involved in the regulation of 

neuroplasticity [123].  

In disease conditions, such as in animal models of acute brain injury, Alzheimer’s disease, 

Parkinson’s disease, CNS autoimmunity, autism, anxiety disorder and MDD, the expression of 

IL-1 and other pro-inflammatory cytokines is induced [114]. Similarly, also in humans suffering 

from mental health diseases, IL-1 levels are elevated [123]. Increased expression of IL-1β in 

the brain seems to contribute to the progression of CNS diseases such as MS and 

neurodegenerative diseases [124]. For example, in the EAE model, the expression of IL-1R1 

on brain endothelial cells and IL-1β secretion from infiltrating myeloid cells were required for 
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the establishment of disease [125]. Interestingly, even though IL-1 stimulates pro-inflammatory 

responses in astrocytes and microglia at least in vitro [116, 117, 126], the expression of IL-1R1 

on these cell types was redundant for the development of EAE [125], highlighting the 

importance of BBB endothelial IL-1 signaling for the establishment of neuroinflammatory 

disease. Nevertheless, in the neuroinflammatory model of LPS preconditioning, repeated LPS 

injections induced microglial expression of IL-1R1 which contributed to the upregulation of 

IL-1β mRNA in the brain [120]. IL-1 signaling also contributes to the progression of pathology 

in other CNS diseases. For example, interfering with IL-1 signaling by administration of the 

IL-1 antagonist IL-1ra was beneficial in a stroke model [127] and in rodent models of 

depression [128, 129].  

 

1.6.3 The role of IL-1 in BBB endothelial cells (BECs) 

The direct effects of IL-1 on brain endothelial cells were mainly studied in vitro. Treatment of 

brain endothelial cell models with IL-1β induces a strong upregulation of ICAM-1 and 

VCAM-1, as well as the production of pro-inflammatory cytokines including IL-6, IL-8, 

GM-CSF, G-CSF and TNFα [121, 130-132]. In addition, IL-1β treatment reduces the 

expression of tight junction proteins, leading to an increased paracellular permeability [132, 

133].  

Similar to its in vitro effects, also in the EAE model, stimulation of IL-1R1 on endothelial cells 

induces the upregulation of ICAM-1 and VCAM-1 and promotes the subsequent infiltration of 

peripheral immune cells into the CNS [125, 134]. Therefore, mice lacking IL-1R1 in endothelial 

cells of the whole body had a greatly reduced EAE susceptibility [134]. Hauptmann et al. 

showed that IL-1R1 expression specifically on endothelial cells in the BBB is crucial for the 

development of EAE, with greatly reduced disease scores and reduced infiltration of peripheral 

immune cells in mice lacking IL-1R1 specifically in BBB endothelial cells (BECs) [125]. One 

of the mechanisms by which IL-1 signaling in BECs promotes EAE pathogenesis is by 

downregulating heme oxygenase 1 (HO-1) in the endothelial cells [125], a heme-catabolizing 

enzyme that is important for limiting tissue damage [135]. IL-1R1 on endothelial cells is also 

required for the induction of sickness behavior following IL-1β delivery into the brain 

ventricles, with sickness behavior being mediated by the induction of COX-2 in the endothelial 

cells [119]. Furthermore, endothelial IL-1R1 signaling mediates impairments in adult 

neurogenesis in the dentate gyrus following chronic overexpression of IL-1β in the 

hippocampus [119]. One mechanism by which IL-1β can increase BBB permeability in vivo is 
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by inducing the relocation of Cxcl12 from the abluminal to the luminal side of spinal cord 

endothelial cells, reflecting a mechanism that occurs during the induction phase of EAE [136].  

Taken together, IL-1-mediated stimulation of IL-1R1 on BECs activates the downstream 

NF-κB and MAPK signaling pathways leading to the activation of the BECs. The activated 

BECs upregulate cell adhesion molecules and pro-inflammatory response genes such as 

COX-2, while downregulating the anti-inflammatory factor HO-1. In addition, BBB tightness 

is reduced, allowing for the infiltration of peripheral immune cells into the CNS in 

neuroinflammatory diseases such as the EAE model. 

 

1.6.4 The actions of IL-1 in models of chronic stress 

IL-1 is a key cytokine involved in the stress response, contributing to neuroinflammation and 

behavioral changes following chronic stress. Chronic stress induces IL-1β production both in 

the periphery and in the CNS, highlighting its importance in the stress response. IL-1β 

production by bone marrow-derived monocytes is induced during CSD stress [98]. Elevated 

levels of IL-1β were also detected in the spleen after foot shock stress [137] and in the serum 

following chronic restraint or chronic mild stress [138, 139]. Similarly, IL-1β production is 

upregulated in the brain during stress. CSD stress increases IL-1β mRNA across various brain 

regions [96, 140], while in the chronic mild stress model, IL-1β mRNA upregulation was 

observed in the hippocampus [141, 142]. Bone marrow-derived monocytes recruited to the 

brain vasculature during chronic stress may serve as a potential source of brain IL-1β [98]. 

However, they are unlikely to be the major source, as IL-1β mRNA levels remain elevated in 

CC chemokine receptor 2 (CCR2)-deficient mice, in which monocyte recruitment into the brain 

is blocked [96]. Instead, microglia are likely the primary source of brain IL-1β during chronic 

stress. This is supported by the finding that inhibiting microglia with minocycline blocks the 

induction of IL-1β mRNA expression in the hippocampus following foot shock stress [137]. 

Furthermore, multiple studies demonstrate increased IL-1β mRNA levels in microglia isolated 

from the brains of mice subjected to CSD stress [94, 97, 143-147].  

IL-1β plays a crucial role in mediating stress-induced behavioral changes. IL-1R1 deficiency 

protects against certain stress-induced depression-like behaviors; however, different behavioral 

characteristics appear to be regulated differently. For instance, in the chronic mild stress model, 

IL-1R1 deficiency or overexpression of IL-1ra in the CNS prevented stress-induced social 

avoidance and anhedonia (measured by sucrose preference) [141]. In contrast, in CSD stress, 

IL-1R1-deficient mice were protected from stress-induced anxiety, sociability deficits and 
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working memory impairments but still exhibited social avoidance after stress [144, 148, 149].  

The effects of IL-1 signaling on the stress response are mediated by its actions on different cell 

types. For instance, IL-1R1 expression in glutamatergic neurons is required for stress-induced 

sociability deficits and working memory impairments [149]. However, IL-1R1 expression on 

non-neuronal cells is needed for the stress-induced activation of microglia [140, 149]. In 

contrast, it remains controversial whether IL-1R1 is required at all for the stress-induced 

increase in circulating monocytes [97, 149].  

BECs play a critical role in transmitting peripheral signals to the CNS, and endothelial IL-1R1 

is important during the stress response. In CSD stress, IL-1R1 is upregulated on BECs and 

peripheral immune cells adhere to IL-1R1+ blood vessels [98, 149]. This recruitment is absent 

in IL-1R1-deficient animals, likely due to the lack of stress-induced upregulation of ICAM-1 

and VCAM-1 in these animals [149]. Endothelial cell-specific deletion of IL-1R1 using the 

tie2-Cre system protected against stress-induced anxiety and reduced microglial pro-

inflammatory cytokine expression in a model of CSD stress [97]. These findings suggest that 

endothelial IL-1R1 participates in the chronic stress response by transmitting and amplifying 

peripheral signals to the CNS, contributing to neuroinflammation and behavioral changes. 

However, the exact mechanisms by which endothelial cells influence the stress response remain 

unclear. Notably, endothelial IL-1R1 deletion did not prevent peripheral inflammatory 

responses, as stress-induced increases in blood myeloid cells persisted in the absence of 

endothelial IL-1R1 [97].  

In addition to IL-1β, IL-1a is also implicated in the stress response. IL-1a levels were increased 

in the prefrontal cortex and hippocampus of stressed animals [148, 150]. Injection of IL-1a into 

the brain before daily social defeat exacerbated social avoidance and HPA axis activation 

mediated by the stress exposure [150], while infusion of an IL-1a-neutralizing antibody before 

the social defeat blocked the development of social avoidance [148].  

Mechanistically, in addition to promoting microglia activation, IL-1 signaling in the brain 

activates all the components of the HPA axis [151]. However, during severe restraint stress, 

IL-1R1 deficiency does not prevent stress-induced HPA axis activation [152], suggesting that 

additional mediators are involved in HPA axis activation during stress.  Furthermore, IL-1R1 

deficiency or treatment with IL-1ra prevents the stress-induced decrease in hippocampal 

neurogenesis [63, 141, 153], highlighting the role of IL-1 in the regulation of neurogenesis 

during stress. Taken together, IL-1 is a key mediator of the effects of chronic stress on the brain 

linking chronic stress to neuroinflammation and behavioral changes. 
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1.7 Mouse models of chronic stress and depression 

Not all features of human depression can be fully replicated in animal models. While core 

symptoms such as helplessness, anhedonia, and behavioral despair are well-modeled in 

animals, others, like guilt and suicidality, remain uniquely human characteristics [154]. Most 

animal models of depression rely on the induction of a form of defeat or despair. This approach 

often triggers anxiety-like symptoms alongside depression-like behaviors, reflecting the 

frequent co-occurrence of anxiety and depression observed in humans [154]. Acute stress 

paradigms, such as the forced swim test (FST) or the learned helplessness model, are commonly 

used as tools to screen potential antidepressant compounds. However, these acute models do 

not properly reflect the pathology of MDD.  

In contrast, models of chronic stress induce several behavioral abnormalities which reflect the 

behavioral alterations occurring in MDD. Given that exposure to stressful life events is a major 

risk factor for MDD, inducing depression-like behaviors in rodents through chronic stress 

provides a relevant simulation of the disorder’s underlying causes. In the chronic unpredictable 

stress (CUS) or chronic variable stress (CVS) models, rodents are exposed to a variety of 

physical stressors (e.g., water deprivation, constant noise, damp bedding, restraint stress) in an 

unpredictable order over several weeks. However, many of these stressors are artificial and do 

not fully reflect the natural experience of stress as it occurs in rodents. In contrast, psychosocial 

stress models such as the CSD model leverage innate social behaviors to induce stress, offering 

a more etiologically valid approach [154]. Thus, the reliance on chronic stress to model 

depression-like behaviors in animals makes it inherently difficult to independently study stress 

and depression in animal models. 
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1.7.1 The mouse model of Chronic Social Defeat (CSD)  

The CSD model, also known as repeated social defeat (RSD), is commonly used to induce 

depression-like behavior, including social avoidance, anxiety and anhedonia. Golden et al. 

developed a standardized protocol [155] in which C57BL/6 mice undergo repeated social 

defeats by a larger, aggressive CD-1 mouse, followed by psychological stress through visual 

and olfactory interaction with the CD-1 mouse. This protocol induces social avoidance behavior 

in most animals, while approximately one-third to half of the mice remain resilient to the social 

defeat and do not develop social avoidance [156]. Notably, social avoidance behavior induced 

by CSD responds exclusively to chronic, but not acute, antidepressant treatment, making the 

model particularly valuable for testing novel antidepressants [155].  

In Golden et al.’s protocol, each daily defeat session lasts 5-10 minutes. After the defeat, the 

C57BL/6 experimental mouse and the CD-1 aggressor mouse are housed together in the home 

cage of the CD-1 mouse, separated by a divider allowing for visual and olfactory contact. This 

process is repeated daily for 10 consecutive days. Variations of this protocol exist, with defeat 

sessions lasting up to 2 hours per day in some cases. The duration of the overall protocol also 

varies, with some studies employing 6, 10, or 14 days of social defeat. 

To avoid injuries, we consistently used the following protocol (Fig. 6): (1) On the first day of 

social defeat, the experimental C57BL/6 mouse is placed into the home cage of an aggressor 

CD-1 mouse. (2) The mice are closely monitored until 10 seconds of aggressive interaction 

occurs, at which point the mice are separated by a divider allowing for visual and olfactory 

contact. (3) After a 15-minute break, the C57BL/6 mouse is introduced into the home cage of 

a new CD-1 mouse for another 10 seconds of aggressive interaction. (4) A third social defeat 

session follows after another 15-minute break. (5) After the third defeat, the C57BL/6 mouse 

remains in the home cage of the final CD-1 aggressor, separated by the divider for 24 hours. 

This procedure is repeated daily for 10 days. Afterwards, experimental mice are single-housed 

and tested for depression-like behaviors. The classical behavioral test after social stress 

exposure is a social interaction (SI) test, which is used to classify the animals into “stress-

susceptible” and “stress-resilient”. Other behavioral tests commonly used include tests for 

anxiety-like behavior, despair, anhedonia, and cognitive function. In each CSD experiment, 

approximately 15-20 CD-1 mice were used, ensuring that each C57BL/6 mouse encountered 

the same CD-1 mouse no more than twice during the procedure. This rotation of aggressors is 

critical to prevent habituation. 
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Figure 6: Our model of chronic social defeat (CSD) stress  

Experimental C57BL/6 mice are placed into the home cage of an aggressor CD-1 mouse until 10 seconds of 

aggressive interaction occurred, after which they are separated by a divider allowing sensory interaction. After a 

15-minutes break, the C57BL/6 mouse is introduced to a new CD-1 mouse for another 10 seconds of aggressive 

interaction, followed by a third social defeat after another 15-minutes break. After the final defeat, the C57BL/6 

mouse remains in the cage of the last CD-1 aggressor, separated by the divider, for 24 hours. The procedure is 

repeated daily for 10 days. 
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1.8 Rationale of the study 

The BBB, with endothelial cells as a central component, plays a vital role in maintaining CNS 

homeostasis by regulating the exchange of molecules and immune cells between the blood and 

CNS. The pro-inflammatory cytokine IL-1β is a key mediator of inflammatory responses in 

both the periphery and the CNS. Its receptor, IL-1R1, is primarily expressed by BECs in the 

steady-state CNS [119], but its expression is restricted to a small subset of these cells [121]. 

Interestingly, this subset increases under inflammatory conditions such as EAE, where it plays 

a crucial role in disease development [125]. 

Chronic stress is a major risk factor for depression, leading to systemic immune activation and 

neuroinflammation, both of which contribute to the development of depressive symptoms. 

IL-1β is a key mediator of stress-induced depression-like behavior in animal models of chronic 

stress [97, 141, 144, 148, 149]. Studies have shown that CSD stress induces IL-1R1 expression 

on BECs [98, 149], potentially contributing to BBB activation during stress. Interestingly, 

deletion of IL-1R1 on endothelial cells of the whole body was beneficial in CSD stress, where 

it prevented stress-induced anxiety behavior [97]. However, whether IL-1 acts specifically on 

BECs or peripheral endothelial cells during stress remains unclear. 

Therefore, this study aims to investigate the role of IL-1 signaling in BECs during CSD and its 

impact on stress-induced behavioral changes. Using a transgenic mouse model with conditional 

deletion of IL-1R1 in BECs, this study addresses the following key questions: 

1. What are the defining characteristics of IL-1R1⁺ BECs, including their localization 

within the brain and activation status? 

2. Does IL-1 signaling in BECs contribute to depression-like behavior following chronic 

social stress? 

3. What mechanisms underlie the impact of IL-1 signaling in BECs on behavior? 

The findings from this study aim to provide insights into the role of IL-1R1⁺ BECs in BBB 

dysfunction, stress susceptibility versus resilience, as well as neuroinflammation, with the long-

term goal of identifying therapeutic targets for stress-related disorders. 
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2 MATERIAL AND METHODS 

2.1 Reagents, buffers, kits, and antibodies 

Table 1: List of chemicals and reagents 

Reagent Supplier 

Agarose Biozym 

AMPure XP Bead-Based Reagent Beckman Coulter 

BD Pharm Lyse™ Lysing Buffer BD Biosciences 

Bovine Serum Albumin (BSA) PAN-Biotech 

DAPI Fluoromount-G® Thermo Fisher Scientific 

DNase I Sigma-Aldrich 

Dulbecco’s modified PBS (DPBS) Thermo Fisher Scientific 

Ethanol Carl Roth 

Ethylendiaminetetraacetic acid (EDTA) Sigma-Aldrich 

Fetal bovine serum (FBS) Thermo Fisher Scientific 

Gene ruler 100 bp DNA ladder Thermo Fisher Scientific 

Gibcoâ Hank’s buffered saline solution (HBSS) Thermo Fisher Scientific 

Gibcoâ Hank’s buffered saline solution (HBSS) with 

Ca2+ and Mg2+ 
Thermo Fisher Scientific 

GoTaqâ qPCR Master Mix Promega 

Isoflurane Abbvie 

Isopropyl alcohol Hedinger 

Midori Green Advance DNA stain Biozym 

NaCl 0.9% Braun 

Olive oil Sigma-Aldrich 

Papain Sigma-Aldrich 

Paraformaldehyde (PFA) solution 4% in PBS Santa Cruz Biotechnology 

Percoll Cytiva 
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Proteinase K Roche 

REDTaqâ ReadyMixä Sigma-Aldrich 

ROTI® Histofix 4% Carl Roth 

Sucrose Sigma-Aldrich 

Tamoxifen Sigma-Aldrich 

Triton X-100 Sigma-Aldrich 

TRIzolTM Reagent Thermo Fisher Scientific 

Tissue Freezing Medium Jung 

Trypan blue Thermo Fisher Scientific 

Fixable Viability Dye eFluor™ 780 Thermo Fisher Scientific 

 

Table 2: List of buffers 

Buffer Composition 

10x Ammonium-Chloride-Potassium (ACK) lysis 

buffer (pH 7.4) 

150 mM NH4Cl 

100 mM KHCO3 

10 mM EDTA 

50x Tris-acetate-EDTA (TAE) buffer (pH 8.3) 

2 M Tris 

1 M acetic acid 

50 mM EDTA pH 8.0 

FACS buffer 
PBS 

2% FBS 

MACS buffer 

PBS 

0.5% BSA 

2 mM EDTA (pH 8) 

Tails lysis buffer 

10 mM Tris 

5 mM EDTA (pH 8) 

0.2% SDS 

200 mM NaCl 
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Table 3: List of kits 

Kit Supplier 

Agilent High Sensitivity DNA Kit Agilent 

Nextera XT DNA Library Prep Kit Illumina 

QuantiTectâ Reverse Transcription Kit Qiagen 

ReliaPrepTM RNA Cell Miniprep System Promega 

SMART-Seqâ v4 Ultraâ Low Input RNA Kit for 

Sequencing 
Takara Bio 

CD31 MicroBeads Miltenyi Biotec 

CD11b MicroBeads Miltenyi Biotec 

 

Table 4: List of antibodies for different applications 

Antibody Conjugate Clone Host 
Dilu- 

tion 
Supplier 

Applica-

tion 

InVivo MAb 

anti-mouse 

CD16/CD32 
 2.4G2 Rat 1:100 BioXCell Blocking 

CD11b PE-Cy7 M1/70 Rat 1:1000 BioLegend FACS 

CD19 PerCP 6D5 Rat 1:400 BioLegend FACS 

CD31 
PerCP-

Cy5.5 
390 Rat 1:100 BioLegend FACS 

CD31 FITC 
MEC 

13.3 
Rat 1:100 

BD 

Bioscience 
FACS 

CD45 BV510 30-F11 Rat 1:300 BioLegend FACS 

ICAM-1 

(CD54) 
Alexa647 

YN1/1.

4.7 
Rat 1:200 BioLegend FACS 
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IL-1R1 

(CD121a) 
PE 35F5 Rat 1:100 

BD 

Bioscience 
FACS 

Ly6C V450 AL-21 Rat 1:300 
BD 

Bioscience 
FACS 

Ly6C FITC AL-21 Rat 1:300 
BD 

Bioscience 
FACS 

Ly6G PE 1A8 Rat 1:500 BioLegend FACS 

TCRb APC 
H57-

597 

Arm. 

Hamster 
1:500 BioLegend FACS 

VCAM-1 

(CD106) 
PE-Cy7 

429 

(MVC

AM.A) 

Rat 1:200 BioLegend FACS 

Iba-1 - 
Poly- 

clonal 
Rabbit 1:800 WAKO IHC 

GFAP - GA5 Mouse 1:100 

Thermo 

Fisher 

Scientific 

IHC 

Anti-mouse 

IgG (H+L) 
CFTM 488A - Donkey 1:800 Merck IHC 

Anti-rabbit 

IgG (H+L) 
CFTM 594 - Donkey 1:800 Merck IHC 
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2.2 Mouse experiments 

2.2.1 Mouse strains 

Il1r1fl/fl mice [157] were crossed with Slco1c1-CreERT2 mice [158] to obtain IL-1R1ΔBEC mice 

(Cre+/-). Cre-/- littermates were used as wildtype-like controls (IL-1R1WT). For flow cytometry, 

Il1r1-deficient mice (IL-1R1-/-) were used as controls [159]. Transgenic mice were on a 

C57BL/6 background. C57BL/6JRj mice from Janvier labs were used as wildtype mice for the 

RNA sequencing experiment. CD-1 mice as aggressors for the CSD were obtained from Janvier 

labs. Only male mice were used in all experiments. All transgenic mice were bred at the 

Translational Animal Research Center (TARC) of the Johannes Gutenberg-University in 

Mainz. All mice were housed at the TARC under specific pathogen-free (SPF) conditions, with 

a 12 h light/dark cycle and unlimited access to food and water. All animal experiments were 

approved by the local administration (Landesuntersuchungsamt Koblenz; Aktenzeichen: G 20-

1-071; G 20-17-057).  

 

2.2.2 Tamoxifen treatment 

0.4 g tamoxifen powder were added to 1 ml 99% ethanol and 19 ml olive oil to obtain a 

tamoxifen solution with a concentration of 20 mg/ml. Tamoxifen was dissolved by rotation for 

48 h at 4°C. Mice were injected intraperitoneally with 100 µl of the solution (= 0.2 mg 

tamoxifen) at the age of 5-6 weeks on 5 consecutive days. 

 

2.2.3 Chronic Social Defeat (CSD) 

An experimental male C57BL/6 mouse was placed into the home cage of a male CD-1 

aggressor mouse and their interaction was closely monitored. After 10 s of aggressive, physical 

interaction (social defeat of the C57BL/6 male by the CD-1 male), the two mice were physically 

separated by a grid allowing visual and sensory contact for 15 min. The social defeat was 

repeated with a new CD-1 aggressor mouse for 10 s followed by a separation for 15 min. After 

the third and last round of social defeat with the third CD-1 male, the two mice remained in the 

same cage separated by the divider for 24 h. The whole procedure was repeated on 10 

consecutive days (in total, 30 rounds of social defeat). The mice were separated on day 11 and 

were single-housed during the behavioral tests. The behavioral tests were started after one day 

of rest after the end of the CSD. 
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The unstressed control mice were housed together with another C57BL/6 experimental male 

mouse in a cage separated by a divider allowing visual and sensory contact during the whole 

procedure and were handled daily to habituate them to the experimenter. 

 

2.2.4 Behavioral tests 

2.2.4.1 Social Interaction Test 

The test was performed in a square arena with a small net enclosure on one side (diameter 10 

cm, height 20 cm). The test mouse was first placed into the arena for 2.5 min with the net 

enclosure empty. Immediately afterwards, it was again placed into the arena for 2.5 min, now 

with an unknown CD-1 male in the net enclosure. The time the mouse interacted with either the 

empty net enclosure or the CD-1 mouse was recorded using the EthoVision XT software 

(Noldus, Wageningen, Netherlands) and the social interaction preference ("Social Interaction 

(SI) Ratio") was calculated. 

 

2.2.4.2 Open Field Test 

The test mouse was placed in a square arena and its behavior was recorded for 10 min. The total 

running distance of the mouse and its location during the test (center or arena border areas) 

were analyzed using the EthoVision XT software.  

 

2.2.4.3 Elevated Plus Maze Test 

The test mouse was placed into the center of a plus-shaped elevated arena (40 cm above the 

floor) that has two open and two closed arms with an area of 30 x 5 cm, which are connected 

by a central area of 5 x 5 cm. The behavior of the mouse was recorded for 10 min and the time 

the mouse spent in the open and closed arms was analyzed using the EthoVision XT software.   

 

2.2.4.4 Forced Swim Test 

The test mouse was placed into a glass cylinder (height 24 cm, diameter 13 cm) filled with 

water (water temperature 22°C) to a height of 15 cm and its movements were recorded for 6 

min. “Immobility” was defined as a state in which the mouse floated on the water and made 

only minor movements with one paw to stabilize its position. The “immobility time” in the last 

4 min of the 6-min test period was automatically quantified using the EthoVision XT software. 
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2.3 Cell Biology 

2.3.1 Immune cell isolation from spleens for flow cytometry 

Spleens of perfused mice were dissected and mechanically dissociated in FACS buffer by 

forcing the organ to pass through a 40 µm cell strainer. The cell suspension was centrifuged at 

300 x g for 10 min at 4°C, the supernatant was removed and the cell pellet was resuspended in 

1x ACK buffer for 4 min at room temperature to lyse the erythrocytes. The reaction was stopped 

by the addition of FACS buffer, the cells were pelleted by centrifugation at 300 x g for 10 min 

at 4°C and the cell pellet was used for flow cytometry.  

 

2.3.2 BEC isolation for flow cytometry and Fluorescence-Activated Cell Sorting 

(FACS) 

Mice were perfused post-mortem with 0.9% NaCl, the brains were dissected and cut into small 

pieces with a scalpel. The brains were digested with 1 mg/ml Papain and 100 µg/ml DNase I in 

HBSS (with Mg2+ and Ca2+) by performing 3 cycles of mechanical dissociation with the 

GentleMACS homogenizer (Miltenyi, Bergisch Gladbach, Germany) with 10 min incubation 

steps at 37°C between the cycles. The reaction was stopped with FACS buffer, the cell 

suspension was filtered through a 70 µm cell strainer, centrifuged at 300 x g for 10 min at 4°C 

and the supernatant was discarded. The pellet was resuspended in 22% Percoll and transferred 

below a layer of HBSS for gradient centrifugation at 400 x g for 30 min at 15°C with lowest 

possible acceleration and no break. The supernatant was discarded, the cell pellet containing 

the endothelial cells was washed with FACS buffer, centrifuged at 300 x g for 10 min at 4°C, 

the supernatant was discarded and the cell pellet was used for flow cytometry stainings or for 

further preparation for FACS or RNA isolation. 

 

2.3.3 Flow cytometry 

The cell pellets obtained from the spleen or brain were resuspended in anti-mouse CD16/CD32 

(5 µg/ml) in FACS buffer for 10-20 min at 4°C to block Fc receptors, washed with FACS buffer 

and centrifuged at 300 x g for 5 min at 4°C. Cells were stained with a master mix containing 

surface-binding antibodies and a viability dye (Fixable Viability Dye eFluor™ 780, 1:1000) in 

FACS buffer for 20-30 min at 4°C in the dark. Cells were washed with FACS buffer twice and 

were resuspended in 2% Roti Histofix for fixation overnight at 4°C. Samples were acquired at 



  MATERIAL AND METHODS 

 37 

a FACSCanto II (BD Bioscience, Franklin Lakes, USA) and analyzed with FlowJoTM v10 

software (BD Bioscience, Franklin Lakes, USA). 

 

2.3.4 Magnetic-Activated Cell Sorting (MACS) for enrichment of CD31+ BECs 

or CD11b+ microglia 

To enrich for BECs, the cell pellet obtained in 2.3.2 was resuspended in 90 µl MACS buffer 

and 5 µl CD31 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) were added. After 

incubation for 15 min at 4°C, the cells were washed with MACS buffer and centrifuged at 300 

x g for 10 min at 4°C. The supernatant was discarded and the cell pellet was resuspended in 

500 µl MACS buffer. The cell suspension was applied to a MS column in a OctoMACS 

separator (Miltenyi Biotec, Bergisch Gladbach, Germany), washed 2x with 500 µl MACS 

buffer, the MS column was removed from the OctoMACS separator and CD31+ cells were 

eluted with 1 ml MACS buffer. The cell suspension was centrifuged at 300 x g for 10 min at 

4°C, the supernatant was discarded and the cell pellet was further processed for FACS or was 

lysed in lysis buffer for RNA isolation. 

To isolate CD11b+ brain microglia, the flow-through from the BEC isolation was collected, 

centrifuged at 300 x g for 10 min at 4°C, and the cell pellet was resuspended in 90 µl MACS 

buffer and 10 µl CD11b MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The 

same steps as before were performed, until CD11b+ cells were eluted with 1 ml MACS buffer. 

The cell suspension was centrifuged at 300 x g for 10 min at 4°C, the supernatant was discarded 

and the cell pellet was lysed in lysis buffer for RNA isolation. 

 

2.3.5 Fluorescence-Activated Cell Sorting (FACS) of IL-1R1+ BECs 

The enriched CD31+ cells obtained in 2.3.4 were resuspended in anti-mouse CD16/CD32 (5 

µg/ml) in FACS buffer for 10-20 min at 4°C to block Fc receptors, washed with FACS buffer 

and centrifuged at 300 x g for 5 min at 4°C. Cells were stained with a master mix containing 

surface-binding antibodies and a viability dye (Fixable Viability Dye eFluor™ 780, 1:1000) in 

FACS buffer for 30 min at 4°C in the dark. Cells were washed with FACS buffer twice and 

sorted at a FACSAria III (BD Bioscience, Franklin Lakes, USA) with a 100 µm nozzle directly 

into the lysis buffer containing RNase inhibitor from the SMART-Seqâ v4 Ultraâ Low Input 

RNA Kit for Sequencing (Takara, Kusatsu, Japan). 
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2.3.6 Whole blood staining for flow cytometry 

Blood was collected post-mortem from the heart of the mice and mixed with heparin. Anti-

mouse CD16/CD32 (0.5 µg per sample) was added to block Fc receptors and incubated for 20 

min. at 4°C. Samples were washed with FACS buffer, centrifuged at 300 x g for 6 min at 4°C, 

the supernatant was discarded and the cell pellet was vortexed. Cells were stained with a master 

mix containing surface-binding antibodies and a viability dye (Fixable Viability Dye eFluor™ 

780, 1:1000) in FACS buffer for 30 min at 4°C in the dark. Cells were washed twice with FACS 

buffer (centrifugation at 300 x g for 6 min at 4°C, supernatant was discarded, pellet was 

vortexed). The cells were then incubated with 1x BD Pharm Lyse™ Lysing Buffer for 8 min at 

room temperature in the dark to lyse the erythrocytes followed by two washing steps with FACS 

buffer. 

 

2.3.7 Immunohistochemistry on frozen sections 

Mice were perfused post-mortem with 0.9% NaCl, the brains were dissected, post-fixed in 4% 

PFA overnight at 4°C and cryoprotected in 30% sucrose. The tissue was embedded in Tissue 

Freezing Medium and stored at -20°C. Brains were cut with a cryostat into 30 μm-thick sections, 

were washed 3 times for 5 min at room temperature in 0.1% Triton X-100/1x PBS and 

afterwards permeabilized for 30 min in 0.3% Triton X-100/1x PBS at room temperature. After 

washing (3 times, 5 min), the sections were blocked for 1 h in blocking solution (5% BSA/0.1% 

Triton X-100/1x PBS) and then incubated with the primary antibody diluted in 1% BSA/0.1% 

Triton X-100/1x PBS overnight at 4°C. The sections were washed (3 times, 5 min) and 

incubated with the secondary antibody diluted in 1% BSA/0.1% Triton X-100/1x PBS for 1.5 

h at room temperature. The tissue was washed (3 times, 5 min) and mounted with DAPI 

Fluoromount-G®. Images were acquired using a Keyence BZ-X810 fluorescence microscope 

with an objective magnification of 20x. 
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2.4 Molecular Biology 

2.4.1 Genotyping: DNA isolation and Polymerase Chain Reaction (PCR) 

Ear or toe biopsies were collected during marking of the mice at the recommended ages and 

were lysed overnight at 56°C in tail lysis buffer supplemented with 250 µg/ml proteinase K. An 

equal amount of isopropyl alcohol was added and after thorough mixing, the DNA was pelleted 

by centrifugation for 15 min at max. speed and room temperature. The supernatant was 

discarded, the pellet was washed with 70% ethanol and centrifuged for 10 min at max. speed at 

room temperature. The supernatant was again discarded and the DNA was dried at 37°C for 30 

min. The DNA was dissolved in 200 µl distilled water at 56°C for 1-2 h and used for PCR. 

For the PCR master mix, 5 µl of each primer (stock concentration: 100 µM) were added to 500 

µl REDTaqâ ReadyMixä and the mix was filled up with water to a total volume of 950 µl. 1 

µl of genomic DNA was added to 19 µl of this master mix in PCR tubes. PCR reactions were 

performed at annealing temperatures specific for the respective primer pairs. Primer sequences 

are listed in Table 5; 1260.1/2 primers were used to get a control band for the SLC-CreERT2 and 

IL-1R1-KO PCRs. Agarose gels were prepared by dissolving 6 g agarose in 300 ml 1x TAE 

buffer (2%) and 15 µl of Midori Green Advance DNA stain were added.  Amplified DNA 

fragments were separated according to size using agarose gel electrophoresis at 130 V and 

visualized using UV light in the Gel Doc XR+ gel documentation system (Bio-Rad, Hercules, 

USA). 
 

Table 5: List of genotyping primers 

Primer Primer sequence (5’-3’) Direction 

SLC-CreERT2 fwd 

SLC-CreERT2 rev 

GCT ATT CAT GTC TTG GAA GCC 

CAG GTT CTT CTT GAC TTC ATC 

sense 

anti-sense 

1260.1 fwd 

1260.2 rev 

GAG ACT CTG GCT ACT CAT CC 

CCT TCA GCA AGA GCT GGG GAC 

sense 

anti-sense 

IL-1R1fl fwd 

IL-1R1fl rev 

CTA GTC TGG TGG AAC TTA CAT GC 

AAC TGA AAG CTC AGT TGT ATA CAG C 

sense 

anti-sense 

IL-1R1-KO fwd 

IL-1R1-KO rev 

CTA GTC TGG TGG AAC TTA CAT GC 

GTA CTA CTA TCT GGA AAG GTT GTG G 

sense 

anti-sense 
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2.4.2 RNA isolation and quantification 

RNA from whole brain tissue was isolated using Invitrogen™ TRIzol™ Reagent. In brief, 800 

µl of TRIzol™ reagent were added to metal bead lysing matrix tubes (MP Biomedicals, 

Eschwege, Germany) and frozen brains were added. The mix was incubated at room 

temperature for 5 min, followed by homogenization using the FastPrep-24 homogenizer (MP 

Biomedicals, Eschwege, Germany). Tubes were centrifuged at 12,000 × g for 10 min at 4°C, 

the supernatant was transferred to a new tube and mixed with 200 µl of chloroform. After a 2–

3 min incubation at room temperature, the mixture was centrifuged again at 12,000 × g for 15 

minutes at 4°C. RNA was precipitated by mixing the supernatant with 400 µl of isopropyl 

alcohol and centrifuging at maximum speed for 10 min at 4°C. The supernatant was discarded, 

and the pellet was washed twice with 500 µl of 70% ethanol. Finally, the RNA pellet was 

dissolved in 100–150 µl of nuclease-free water by incubation for 10 min at 56°C. 

RNA from MACS-isolated CD31+ BECs and CD11b+ microglia was isolated using the 

ReliaPrepTM RNA Cell Miniprep System (Promega, Madison, USA) following manufacturer’s 

instructions. RNA concentrations were determined by measuring absorbance at 260 nm and 280 

nm using the NanoQuant PlateTM (Tecan, Männedorf, Switzerland) at an Infinite M200 pro 

Tecan plate reader (Tecan, Männedorf, Switzerland). 

 

2.4.3 Reverse transcription and quantitative real-time PCR (qPCR) 

cDNA was synthesized with the QuantiTectâ Reverse Transcription Kit (following 

manufacturers guidelines). cDNA was diluted 1:3 and subsequently used for quantitative real-

time PCR (qPCR). qPCR reactions were performed in a total volume of 10 µl. For this, 1 µl of 

5 µM-concentrated primers were pipetted into a 96-well plate and 1 µl cDNA as well as 8 µl 

GoTaqâ qPCR Master Mix mixed with nuclease-free water and CXR reference dye were added. 

qPCR reactions were performed in the StepOnePlusTM Real-Time system (Thermo Fisher 

Scientific, Waltham, USA). Fold changes were calculated using the delta-delta CT method and 

normalized to controls. Hypoxanthin-Guanin-Phosphoribosyltransferase (Hprt) was used as 

reference housekeeping gene. Primers for Gfap, Cd68, Cldn5, Il1b, Ccl2, Il6 and Tnfa were 

ordered as QuantiTect Primer Assays (Qiagen, Hilden, Germany). Primer sequence for Lrg1 is 

shown in Table 6. 
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Table 6: List of qPCR primers 

Primer Primer sequence (5’-3’) 

Lrg1 fwd CTGGGGTCTTGAGGACAGAC 

Lrg1 rev TTGAGATCCTGGAGGCTTCCTT   

 

2.4.4 Next Generation Sequencing 

For RNA sequencing of brain endothelial cells, 450 IL-1R1+ endothelial cells were sorted into 

lysis buffer containing RNase inhibitor from the SMART-Seqâ v4 Ultraâ Low Input RNA Kit 

for Sequencing (Takara, Kusatsu, Japan). cDNA was synthesized directly from the lysed cells 

and purified using the SMART-Seqâ v4 Ultraâ Low Input RNA Kit for Sequencing and 

AMPure XP Bead-Based Reagent according to the manufacturer’s instructions. cDNA 

concentrations were determined with the Qubit 2.0 fluorometer (Thermo Fisher Scientific, 

Waltham, USA) and quality was assessed on the Bioanalyzer 2100 (Agilent, Santa Clara, USA) 

with the Agilent’s High Sensitivity DNA Kit.  Libraries were prepared with the Nextera XT 

DNA Library Prep Kit from 1 ng cDNA according to the manufacturer’s instructions and 

libraries were cleaned using the AMPure XP Bead-Based Reagent. Concentrations and quality 

were again determined as described before and libraries were sequenced with the NovaSeq™ 

6000 Sequencing System (PE150) (Illumina, San Diego, USA) with reads of 150 nucleotides, 

using a paired-end library preparation. The raw output data was preprocessed according to the 

Illumina standard protocol.  

 

2.5 Bioinformatic analysis  

2.5.1 Statistics  

Statistical analyses were performed with GraphPad Prism v10 software (GraphPad software, 

San Diego, USA). For comparison of four groups with two variables (genotype, stress group), 

two-way ANOVA with Bonferroni’s multiple comparison correction was used. For comparison 

of three groups, one-way ANOVA with Tukey’s multiple comparison correction was used. For 

comparison of two groups, unpaired two-tailed students t-test was used. All values are 

represented as mean ± standard error of the mean (SEM) and p-values were considered as 

significant with * p<0.05, ** p<0.01, *** p< 0.001 and **** p<0.0001. 
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2.5.2 Next Generation Sequencing data analysis 

Quality control on the sequencing data was performed with the FastQC tool (version 0.11.8, 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC (version v1.5). 

Reads were trimmed with the tool trim_galore (version 0.6.2) and aligned to the ENSEMBL 

Mus_musculus.GRCm39 reference genome. The corresponding annotation (ENSEMBL 

Mus_musculus.GRCm39.109) was also retrieved from ENSEMBL FTP website. The STAR 

aligner (version 2.6.1a) was used to perform mapping to the reference genome. Samples were 

quantified with Salmon (v.1.10.1) using the Gencode transcriptome (M27). The Salmon 

quantified output was used for further analysis in R (version 4.1.2). The exploration, modeling, 

and interpretation of the expression data followed the protocols defined by Ludt et al. [160]. 

Exploratory data analysis was performed with the pcaExplorer package (ver+cit). Differential 

expression analysis was performed with DESeq2 package (version 1.34.0), setting the false 

discovery rate (FDR) cutoff to 0.05. Accurate estimation of the effect sizes (described as log2 

fold change) was performed using the apeglm shrinkage estimator (version 1.18.0) [161]. 

Further analyses included Gene Ontology pathway enrichment by goseq (version 1.46.0) and 

topGO (version 2.4.0), setting all expressed genes as background dataset, and were performed 

using the ideal package (version 1.18.1). The enrichment results were further processed with 

the GeneTonic package for visualization and summarizing (version 1.6.4) [162]. Gene 

expression profiles were plotted as heatmaps (color-coded standardized z-scores for the 

expression values, after regularized logarithm transformation) to enable comparison across 

samples. 
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3 RESULTS 

3.1 IL-1R1+ BECs form a small subset with high expression of ICAM-1 and 
VCAM-1 

In the steady-state brain, endothelial cells are one of the primary cell types expressing IL-1R1 

[119]. However, IL-1R1 expression appears to be limited to a subset of endothelial cells, that 

was estimated to comprise only 13% of BECs in the brain [121]. In the spinal cord under steady-

state conditions, IL-1R1 is expressed by approximately 5% of BECs, a proportion that increases 

to approximately 20% shortly after EAE immunization [125].  

Given the limited knowledge about the location and characteristics of IL-1R1-expressing BECs, 

we sought to further characterize this specific cellular subset. To achieve this, we isolated BECs 

from the brains of naïve mice and analyzed them using flow cytometry. BECs were identified 

as CD45- CD11b- CD31+ Ly6C+ cells and were further separated into IL-1R1- and IL-1R1+ 

subsets (Fig. 7A). Consistent with previous findings [125], we found IL-1R1 to be expressed 

on around 5% of BECs. Next, we assessed the expression of the cellular adhesion molecules 

ICAM-1 and VCAM-1, commonly used as markers for BEC activation, in the IL-1R1- and 

IL-1R1+ BEC subsets. A significantly higher proportion of IL-1R1+ BECs expressed these 

markers, with 87.2 ± 7.8% of IL-1R1+ BECs expressing ICAM-1 compared to only 12.8 ± 4.3% 

of IL-1R1- BECs, and 25.4 ± 6.3% of IL-1R1+ BECs expressing VCAM-1 compared to only 

1.2 ± 0.3% of IL-1R1- BECs (Fig. 7B+C). Additionally, the expression levels of these activation 

markers, measured as mean fluorescence intensity (MFI), were significantly higher in the 

IL-1R1+ BEC subset (Fig. 7B+C). 

Having established that IL-1R1+ BECs represent a subset of brain endothelial cells with a 

distinctly activated phenotype, we sought to determine their specific location in the brain. Due 

to the lack of a suitable antibody against IL-1R1, we performed RNA in situ hybridization to 

detect Il1r1 mRNA and found it to be expressed in various brain regions, including the cortex, 

hippocampus, and hypothalamus (data not shown; part of a Master’s thesis). Furthermore, we 

observed Il1r1 mRNA expression in blood vessels of varying sizes, ranging from just a few 

micrometers to approximately 100 micrometers in diameter (data not shown; part of a Master’s 

thesis). 
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Figure 7: IL-1R1+ BECs are a small subset in the brain with high levels of ICAM-1 and VCAM-1 expression 

BECs from the brains of naïve wildtype-like mice were analyzed by flow cytometry. (A) Representative gating 

strategy to identify live CD45- CD11b- CD31+ Ly6C+ BECs. Based on the fluorescence minus one (FMO) control 

for IL-1R1, BECs were separated into IL-1R1- and IL-1R1+ subsets. (B) Histogram showing the expression levels 

of ICAM-1 in IL-1R1- and IL-1R1+ BEC subsets and in the FMO control for ICAM-1 (left). Percentages of 

ICAM-1+ BECs (middle) and mean fluorescence intensity (MFI) for ICAM-1 (right) in IL-1R1- and IL-1R1+ BEC 

subsets. (C) Histogram showing the expression levels of VCAM-1 in IL-1R1- and IL-1R1+ BEC subsets and in the 

FMO control for VCAM-1 (left). Percentages of VCAM-1+ BECs (middle) and MFI for VCAM-1 (right) in 

IL-1R1- and IL-1R1+ BEC subsets. Each circle represents a single mouse. Data is represented as mean ± SEM. 

Statistical significance was determined by two-tailed unpaired Student’s t-test. **** p<0.0001. 
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3.2 CSD drives IL-1R1 expression on BECs which is essential for their stress-
induced activation 

The percentage of IL-1R1-expressing BECs was increased during EAE, and IL-1R1 expression 

by BECs was required for EAE development [125]. Similarly, in a model of CSD involving 

severe 2-hour defeat sessions, upregulation of IL-1R1 in the vasculature was observed [98, 

149]. Based on these findings, we aimed to confirm whether IL-1R1 expression is also 

upregulated on BECs in our CSD model. For this purpose, we subjected wildtype-like mice to 

CSD (Fig. 8A). Interestingly, similar to EAE, the percentage of IL-1R1+ BECs was slightly 

increased by approximately 20% after CSD (Fig. 8B), indicating that IL-1R1 on BECs may 

play a role in the stress response.  

Therefore, we decided to investigate the role of IL-1 signaling in the BBB during CSD by 

deleting IL-1R1 in BECs. We used mice of the Slco1c1-CreERT2 strain [158], in which a 

tamoxifen-inducible Cre recombinase is expressed under the Slco1c1 promotor which is 

specifically expressed by endothelial cells in the BBB. We crossed Slco1c1-CreERT2 mice with 

Il1r1fl/fl mice [157]. After tamoxifen injection, we obtained Cre+/- IL-1R1ΔBEC mice and Cre-/- 

littermates which were used as wildtype-like controls (IL-1R1WT) (Fig. 8C). Flow cytometry 

analysis of BECs confirmed successful deletion of IL-1R1 in BECs with a reduction from 4.6 

± 0.4% IL-1R1+ BECs in IL-1R1WT mice to 1.3 ± 0.2% in IL-1R1ΔBEC mice (Fig. 8D).  

Next, we subjected IL-1R1ΔBEC mice and IL-1R1WT controls to CSD and analyzed their BECs 

by flow cytometry following the same gating strategy as before (Fig. 7A).  Interestingly, the 

percentages of BECs expressing the activation markers ICAM-1 and VCAM-1 were increased 

in IL-1R1WT mice after CSD, compared to unstressed controls of the same genotype (Fig. 

8E+F). Exposure to CSD also induced increased expression levels (MFI) of ICAM-1 and 

VCAM-1 on BECs in IL-1R1WT mice (Fig. 8E+F). These observations indicate that wildtype 

BECs become activated during chronic social stress. Notably, the deletion of IL-1R1 on BECs 

in IL-1R1ΔBEC mice abrogated this CSD-induced BEC activation, with no differences in the 

percentages and MFI of ICAM-1 and VCAM-1 on BECs of IL-1R1ΔBEC mice between 

unstressed controls and the CSD condition (Fig. 8E+F). This indicates that IL-1 signaling in 

BECs during CSD drives stress-induced BEC activation and confirms our previous finding that 

ICAM-1 and VCAM-1 are mainly expressed by IL-1R1+ BECs. This can be explained by the 

fact that IL-1 signaling activates the NF-kB pathway, which directly upregulates the expression 

of ICAM-1 and VCAM-1, as shown in several in vitro studies using brain endothelial cell 

models [130-132]. 
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Figure 8: CSD drives IL-1R1 expression on BECs and IL-1R1 is required for stress-induced BEC activation 

(A) Mice were exposed to 10 consecutive days of social defeat stress, followed by behavioral testing. BECs were 

collected for flow cytometry analysis 6-11 days after the end of CSD. (B) Histogram showing IL-1R1 expression 

measured by flow cytometry in BECs from unstressed and CSD-exposed wildtype-like mice and in the FMO 

control for IL-1R1 (left). Percentages of BECs expressing IL-1R1 normalized to the “No stress” condition (right). 

(C) IL-1R1ΔBEC mice were generated by crossing Slco1c1-CreERT2 mice to Il1r1fl/fl mice. After tamoxifen injection,  

IL-1R1 is deleted specifically in BECs of IL-1R1ΔBEC mice. (D) Histogram showing IL-1R1 expression measured 

by flow cytometry in BECs from unstressed IL-1R1ΔBEC mice and IL-1R1WT controls (left). Percentages of IL-1R1+ 

BECs in IL-1R1ΔBEC mice and IL-1R1WT controls confirming the deletion of IL-1R1 (right). (E) Histogram 

showing ICAM-1 expression measured by flow cytometry in BECs from unstressed and CSD-exposed wildtype-
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like mice and in the FMO control for ICAM-1 (left). Percentages of BECs expressing ICAM-1 normalized to 

unstressed IL-1R1WT controls (middle). MFI of ICAM-1 normalized to unstressed IL-1R1WT controls (right). (F) 

Histogram showing VCAM-1 expression measured by flow cytometry in BECs from unstressed and CSD-exposed 

wildtype-like mice and in the FMO control for VCAM-1 (left). Percentages of BECs expressing VCAM-1 

normalized to unstressed IL-1R1WT controls (middle). MFI of VCAM-1 normalized to unstressed IL-1R1WT 

controls (right). Each circle represents a single mouse. Data is represented as mean ± SEM. Statistical significance 

was determined by two-tailed unpaired Student’s t-test (B, D) or two-way ANOVA with Bonferroni’s multiple 

comparison correction (E, F). ns = non-significant, * p<0.05, ** p<0.01, *** p<0.001. Results in B, E and F are 

pooled from 3 independent experiments. 

 

3.3 IL-1 signaling in BECs regulates CSD-induced depression-like behavior 

The main hypothesis of this study was that IL-1 signaling in endothelial cells of the BBB 

influences the response to chronic social stress. This would be confirmed if IL-1R1ΔBEC mice 

exhibit reduced susceptibility to CSD compared to their IL-1R1WT littermates. CSD induces 

depression-like behavior characterized by the behavioral features of social avoidance, anxiety, 

and despair. To test our hypothesis, we therefore exposed IL-1R1ΔBEC and IL-1R1WT mice to 

CSD and analyzed their behavior in different behavioral tests. The key behavioral test following 

social stress exposure is the social interaction (SI) test, which is used to classify the animals 

into “stress-susceptible” and “stress-resilient”. The SI test consists of two rounds: in the first 

round, the experimental mouse is placed in an empty arena, and in the second round, a novel 

CD-1 mouse is introduced (Fig. 9A). The SI test serves as the primary readout to evaluate the 

effectiveness of the CSD protocol, as it is specifically designed to assess social avoidance, a 

hallmark of the CSD model. The SI ratio is calculated as “time in interaction zone with CD-1 

present divided by time in interaction zone without the CD-1”. All mice with a SI ratio smaller 

than 1 are classified as “susceptible”, since they show social avoidance after the CSD (they 

interacted more with the empty chamber than with the CD-1 mouse). All mice with a SI ratio 

larger than 1 are classified as “resilient”, since, even after the CSD, they show a preference for 

the CD-1 mouse (Fig. 9B).  

In our experiments, both, IL-1R1WT and IL-1R1ΔBEC mice developed social avoidance, with the 

levels of social interaction being markedly reduced in both genotypes after CSD in comparison 

to unstressed controls (Fig. 9B). However, upon separation into susceptible and resilient mice, 

it became apparent that more than half of the IL-1R1ΔBEC mice (56.4 ± 28.8%) were resilient, 

compared to only one-third of the IL-1R1WT mice (32.6 ± 18.7%, Fig. 9C). This indicates that 

IL-1 signaling in endothelial cells of the BBB indeed contributes to the establishment of social 

avoidance after chronic social stress.  
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Next, we assessed anxiety levels using the open field and elevated plus maze test. Surprisingly, 

exposure to CSD did not result in statistically significant anxiety behaviors in either genotype 

across both tests (Fig. 9D+E). Nevertheless, the time spent in the center of the open field tended 

to decrease in stressed IL-1R1WT mice (p = 0.0583) but not in stressed IL-1R1ΔBEC mice (p = 

0.3579, Fig. 9D). In addition, the number of entries into the center zone of the open field tended 

to decrease only in stressed IL-1R1WT mice (p = 0.0745, Fig. 9D) but not in stressed IL-1R1ΔBEC 

mice (p = 0.4246, Fig. 9D).  This indicates that IL-1 signaling in BECs could also play a role 

in the development of anxiety after CSD. Surprisingly, exposure to CSD also influenced the 

walking distance of IL-1R1WT mice in the elevated plus maze with a decreased total distance in 

stressed IL-1R1WT but not in stressed IL-1R1ΔBEC mice (Fig. 9E). This was not observed in the 

open field test, where the distance was similar between genotypes and stress groups (Fig. 9D).  

Finally, we also tested the mice in the forced swim test, a widely used model for assessing 

depression-like behaviors, including despair and anxiety. In this test, mice are placed into a 

water tank for six minutes, and the duration of floating, referred to as “immobility time”, is 

measured. Stressed IL-1R1WT mice exhibited a significantly lower immobility time than 

unstressed IL-1R1WT mice, while IL-1R1ΔBEC mice were protected from this stress effect (Fig. 

9F). Taken together, these findings indicate that IL-1 signaling in BECs plays a key role in 

inducing most stress-induced behavioral disturbances. 
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Figure 9: IL-1 signaling in BECs contributes to CSD-induced depression-like behavior 

IL-1R1WT and IL-1R1ΔBEC mice were exposed to CSD and, after a one-day break, were tested in different 

behavioral tests. (A) In the first 2.5 min of the social interaction (SI) test, the experimental mouse is exposed to an 

empty arena, while in the second 2.5 min, a novel CD-1 mouse is present. The SI ratio is calculated as “time in 

interaction zone with CD-1 present divided by time in interaction zone without the target”. (B) SI ratio of IL‑1R1WT 

and IL-1R1ΔBEC mice without stress and after CSD. Line indicates separation of mice into susceptible (SI ratio < 

1) and resilient (SI ratio > 1) groups. (C) Percentages of susceptible and resilient mice among IL-1R1WT and IL-

1R1ΔBEC mice after CSD exposure. (D) Time in the center of an open field (left), number (no.) of entries into the 

center (middle), and total distance traveled (right) for IL-1R1WT and IL-1R1ΔBEC mice without stress and after 

CSD. (E) Time in the open arms of an elevated plus maze (left) and total distance traveled (right) for IL-1R1WT 

and IL-1R1ΔBEC mice without stress and after CSD. (F) Immobility time in the forced swim test for IL-1R1WT and 

IL-1R1ΔBEC mice without stress and after CSD. Each circle represents a single mouse. Data is represented as mean 

± SEM. Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparison 

correction (B, D, E, F) or paired two-tailed t-test (C). * p<0.05. Results are pooled from 5 independent experiments. 
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3.4 The immune cell composition of spleen and blood is altered after CSD 

Since we observed that IL-1R1 expression by BECs is required for CSD-induced behavioral 

disturbances, we wanted to confirm that peripheral immune activation occurs in our CSD model 

in order to determine potential sources of IL-1b acting on the BBB.  

For this purpose, we isolated immune cells from the spleen and blood of unstressed and CSD-

exposed IL-1R1WT and IL-1R1ΔBEC mice for flow cytometry analysis (Fig. 10A, D). In the 

spleen, the percentages of CD19+ B cells and TCR-b+ T cells were significantly decreased in 

stressed mice of both genotypes (Fig. 10B). In contrast, the percentages of Ly6G+ neutrophils 

were increased after CSD in both IL-1R1WT and IL-1R1ΔBEC mice, while the percentages of 

Ly6Chigh monocytes were unaffected (Fig. 10B). Neutrophils were also significantly increased 

in number after CSD, while the number of B cells was not altered by stress and T cells were 

decreased in number only in stressed IL-1R1ΔBEC mice (Fig. 10C). Taken together, these results 

indicate that CSD mostly induces an increase in neutrophils in the spleen, which leads to 

decreases in the percentages of other immune cells such as T cells and B cells.  

In the blood, we only observed minor alterations in immune cell populations after CSD. Similar 

to the spleen, the percentages of B cells and T cells tended to decrease in stressed mice, while 

the percentages of neutrophils tended to increase after CSD, and the percentages of Ly6Chigh 

monocytes were unaffected (Fig. 10E). However, the only statistically significant difference in 

the blood was the decrease in the percentage of B cells in stressed IL-1R1WT mice compared to 

unstressed controls of the same genotype (Fig. 10E). Since neutrophils are known producers of 

IL-1b, their increase after CSD suggests them as one source of IL-1b acting on the BBB during 

chronic stress. 
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Figure 10: The peripheral immune cell composition is altered after CSD 

IL-1R1WT and IL-1R1ΔBEC mice were exposed to CSD and the immune cells in spleen and blood were analyzed by 

flow cytometry 5-11 days after the end of the CSD (spleen) or 5-6 days after the end of the CSD (blood). (A) 

Gating strategy in the spleen: after gating on single, live, CD45+ immune cells, CD11b+ Ly6Chigh monocytes, 

CD11b+ Ly6G+ neutrophils, CD11b- CD19+ B cells, and CD11b- TCR-b+ T cells were identified. (B) Percentages 

of B cells, T cells, monocytes, and neutrophils in the spleens of IL-1R1WT and IL-1R1ΔBEC mice without stress and 

after CSD. (C) Absolute numbers of B cells, T cells, monocytes, and neutrophils in the spleens of IL-1R1WT and 

IL-1R1ΔBEC mice without stress and after CSD. (D) Gating strategy in the blood: After gating on single, live, 

CD45+ immune cells, CD11b+ Ly6Chigh monocytes, CD11b+ Ly6G+ neutrophils, CD11b- CD19+ B cells, and 

CD11b- TCR-b+ T cells were identified. (E) Percentages of B cells, T cells, monocytes, and neutrophils in the 



  RESULTS 

 52 

blood of IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. Each circle represents a single mouse. Data 

is represented as mean ± SEM. Statistical significance was determined by two-way ANOVA with Bonferroni’s 

multiple comparison correction. ns = non-significant, * p<0.05, ** p<0.01, *** p<0.001. Results are pooled from 

4 independent experiments (B, C) or from 2 independent experiments (E). 

 

3.5 Immune cell infiltration into the brain is almost absent after CSD 

Having established that IL-1 signaling in BECs contributes to stress-induced depression-like 

behavior, we sought to determine the mechanism by which BECs influence this behavior. The 

BEC activation markers ICAM-1 and VCAM-1, which were upregulated in wildtype-like BECs 

after CSD, are cell adhesion molecules that facilitate immune cell adhesion and subsequent 

infiltration into the CNS [85]. Peripheral immune cells entering the brain could influence 

resident CNS cells, such as microglia, astrocytes, and neurons through cytokine secretion. 

While some studies reported increased immune cell infiltration into the brain following CSD 

[96-99], contradictory observations were made in other studies [89, 93, 100]. 

To address these discrepancies, we analyzed immune cell infiltration in the brain after CSD 

using flow cytometry. The percentages of CD11b- CD45high infiltrates among all live brain cells 

were not affected by CSD in both genotypes (Fig. 11A, B). The percentages of CD11b+ 

CD45high myeloid infiltrates tended to slightly increase after CSD in both genotypes, however, 

the increase observed was very minor and not statistically significant (Fig. 11A, B). 

Additionally, the percentages of Ly6Chigh monocytes did not increase after CSD (Fig. 11C, D). 

This indicates that another mechanism apart from immune cell infiltration into the CNS must 

be responsible for the behavioral phenotypes observed after CSD.  
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Figure 11: Infiltration of peripheral immune cells into the brain is almost absent after CSD 

IL-1R1WT and IL-1R1ΔBEC mice were exposed to CSD and brain cells were analyzed by flow cytometry 6-11 days 

after the end of the CSD. (A) After gating on single, live cells, CD11b- CD45high and CD11b+ CD45high infiltrates 

were identified. (B) Percentages of CD11b- CD45high and CD11b+ CD45high infiltrates among all live cells in the 

brains of IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. (C) After gating on single, live CD11b+ 

CD45high cells, Ly6Chigh monocytes were identified. (D) Percentages of Ly6Chigh monocytes among all live cells in 

the brains of IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. Each circle represents a single mouse. 

Data is represented as mean ± SEM. Statistical significance was determined by two-way ANOVA with 

Bonferroni’s multiple comparison correction. ns = non-significant. Results are pooled from 3 independent 

experiments. 
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3.6 CSD does not induce neuroinflammation or altered microglia or astrocyte 
activation  

Since IL-1 signaling in BECs during chronic stress did not affect the recruitment of peripheral 

immune cells into the CNS, we hypothesized that BECs could directly influence surrounding 

CNS cells such as microglia and astrocytes. To determine whether these cells were more 

activated after CSD, we isolated mRNA from the brains of unstressed and stressed IL-1R1WT 

and IL-1R1ΔBEC mice for quantitative PCR analysis. The expression levels of glial fibrillary 

acidic protein (Gfap), an astrocyte marker upregulated in reactive astrocytes [163], were not 

altered by either CSD exposure or genotype (Fig. 12A). Similarly, the expression levels of 

Cd68, a phagocytosis marker upregulated in microglia during inflammation [164], were 

unchanged (Fig. 12A). We confirmed the lack of difference in microglia activation through a 

second experiment, in which we isolated CD11b+ brain microglia from both unstressed and 

stressed IL-1R1WT and IL-1R1ΔBEC mice by magnetic-activated cell sorting (MACS). 

Consistent with our initial findings, no differences in microglial CD68 mRNA were observed 

(Fig. 12B). To further confirm the lack of astrogliosis and microglial activation at the protein 

level, we performed immunohistochemical staining for GFAP and the microglia marker ionized 

calcium-binding adaptor molecule 1 (Iba-1). Again, no evidence of altered astrocyte or 

microglial activation was detected in both the prefrontal cortex and the cortex above the 

hippocampus (Fig. 13A+B), supporting the conclusion that IL-1 signaling in BECs during CSD 

does not affect astrocyte or microglial activation. 

To rule out potential differences in blood-brain barrier integrity, we analyzed the expression 

levels of claudin-5 (Cldn5) mRNA, a key tight junction component, in the brains of both 

unstressed and stressed IL-1R1WT and IL-1R1ΔBEC mice. No differences were observed between 

genotypes or stress groups (Fig. 12C). However, it is important to note that this analysis was 

conducted on whole brain mRNA, which does not allow us to exclude region-specific variations 

in Cldn5 expression, as reported in previous studies [89, 90]. Finally, to exclude potential 

neuroinflammatory changes during CSD, we compared the mRNA levels encoding for the pro-

inflammatory cytokines IL-1b, CCL-2 and IL-6 between genotypes and stress groups. We 

found no significant differences in cytokine expression in total brain mRNA (Fig. 12D). 

Furthermore, no differences were observed in mRNA levels encoding for the pro-inflammatory 

cytokines IL-1b, CCL-2 and TNF-a directly in CD11b+ microglia isolated by MACS (Fig. 

12E). Overall, these data suggest that CSD does not lead to neuroinflammation, significant 

changes in astrocyte or microglia activation, or alterations in the BBB. 
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Figure 12: CSD does not induce neuroinflammation or changes in microglia or astrocyte activation 

(A) Quantitative PCR with full brain mRNA isolated from IL-1R1WT and IL-1R1ΔBEC mice without stress and after 

CSD. (B) Quantitative PCR with mRNA from MACS-isolated CD11b+ brain microglia from IL-1R1WT and 

IL-1R1ΔBEC mice without stress and after CSD. (C) Quantitative PCR with full brain mRNA isolated from IL-

1R1WT and IL-1R1ΔBEC mice without stress and after CSD. (D) Quantitative PCR with full brain mRNA isolated 

from IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. (E) Quantitative PCR with mRNA from 

MACS-isolated CD11b+ brain microglia from IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. All 
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data shown are mRNA levels normalized to Hprt and unstressed IL-1R1WT controls. Samples for full brain mRNA 

were collected 5 days after the end of CSD. Samples for microglia mRNA were collected 4 days after the end of 

CSD. Each circle represents a single mouse. Data is represented as mean ± SEM. Statistical significance was 

determined by two-way ANOVA with Bonferroni’s multiple comparison correction. ns = non-significant.  

 

 

 
Figure 13: CSD does not induce astrogliosis or microglia activation 

IL-1R1WT and IL-1R1ΔBEC mice were exposed to CSD and brain tissue was processed for immunohistochemistry 

8 days after the end of CSD. Representative fluorescence images show staining for microglia (Iba-1, red) and 

astrocytes (GFAP, green) in the prefrontal cortex (A) and the cortex above the hippocampus (B). Images were 

acquired using a Keyence BZ-X810 fluorescence microscope at 20x magnification. Scale bar = 50 µm. 
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3.7 RNA sequencing of IL-1R1+ BECs of unstressed, resilient and susceptible 
mice after CSD 

To determine the mechanism by which BECs influence behavior, we then performed a RNA 

sequencing experiment in which we compared the transcriptomes of IL-1R1+ BECs isolated 

from unstressed, susceptible and resilient mice. This way, we aimed to identify regulators of 

stress resilience versus stress susceptibility in IL-1R1+ BECs. We exposed wildtype mice to 

CSD and identified susceptible and resilient mice in the SI test (Fig. 14A+B). Resilient mice 

had a similar SI ratio as unstressed mice (2.1 ± 0.6 for unstressed; 2.0 ± 0.4 for resilient), while 

the SI ratio of susceptible mice was significantly decreased to 0.6 ± 0.2 (Fig. 14B). We isolated 

brain cells from these mice, followed by MACS of CD31+ cells to enrich for BECs. We then 

used FACS to identify BECs as CD45- CD11b- Ly6C+ CD31+ single live cells (Fig. 14C). We 

also included an IL-1R1 knockout control mouse in the FACS analysis, which we used to 

determine which BECs expressed IL-1R1 (Fig. 14C), and we FACS-isolated 450 IL-1R1+ BECs 

per sample for RNA sequencing.  

We confirmed the purity of BECs in the RNA sequencing samples by plotting the normalized 

counts for endothelial cell markers and markers for other brain-resident cells (pericytes, 

astrocytes, neurons, oligodendrocytes and microglial cells) using markers published by Munji 

et al. [165] (Fig. 14D). 
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Figure 14: IL-1R1+ BECs from the brains of unstressed, susceptible and resilient wildtype mice were FACS-

isolated for transcriptome analysis 

(A) Wildtype C57BL/6JRj mice were exposed to CSD, analyzed in the social interaction (SI) test, and brains were 

collected for BEC isolation. (B) SI ratios of unstressed, susceptible and resilient wildtype mice used for the RNA 

sequencing. (C) Representative gating strategy for the sorting of single, live, CD45- CD11b- Ly6C+ CD31+ IL-

1R1+ BECs. An IL-1R1 knockout (KO) mouse was included to determine the gate for the sorting of IL-1R1+ BECs. 

(D) Normalized counts of marker genes for endothelial, pericyte, astrocyte (astro), neuron, oligodendrocyte (oligo) 

and microglia cell populations in the RNA sequencing data of sorted IL-1R1+ BECs from the brains of unstressed, 

susceptible and resilient wildtype mice. Data in (B) is shown as mean ± SEM and statistical significance was 

determined by one-way ANOVA with Tukey’s multiple comparison correction. ** p<0.01. 
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3.7.1 IL-1R1⁺ BECs seem to be localized at postcapillary venules and venous 

sites of immune cell extravasation 

As described earlier, with our approach of using RNA in situ hybridization to identify the blood 

vessel type and localization of Il1r1 mRNA expression, we observed Il1r1 mRNA across 

different brain regions and in blood vessels of varying sizes. To further define the blood vessel 

type in which IL-1R1+ BECs are located, we plotted the normalized counts for endothelial cell 

genes that are specific for certain types of blood vessel from our transcriptome data. Figure 15A 

shows markers for capillary venular, capillary arteriolar, venous and arterial endothelial cells, 

as well as for interferon-activated endothelial cells. This cell population undergoes high 

transcriptional changes during neuroinflammation, as described by Fournier et al. [166]. Figure 

15B shows markers for capillary venular, capillary arteriolar, venous and arterial endothelial 

cells, as well as for reactive endothelial venules (REVs), as described by Jeong et al. [167]. 

REVs are characterized by expression of adhesion molecules (Icam1, Vcam1) and Vwf and Irf1, 

known as endothelial cell activation/dysfunction markers [167].  

The IL-1R1+ BECs in our analysis mostly expressed markers for capillary venular and venous 

endothelial cells, as well as markers characteristic for REVs (Fig. 15A+B). This seems to be in 

line with the findings by Lévesque et al. who observed IL-1R1 expression mostly on venules 

and veins extending in the direction of the pial venous plexus [121]. Of note, the expression of 

these marker genes did not differ substantially between IL-1R1+ BECs isolated from unstressed, 

susceptible or resilient mice (Fig. 15A+B). Jeong et al. allowed further exploration of their data 

using an online tool available at single-cell.mpi-muenster.mpg.de [167]. In line with our flow 

cytometry data, Il1r1 was mostly co-expressed in endothelial cells expressing Icam1 and Vcam1 

in Jeong et al.’s dataset, with Il1r1 expression being limited to the cell population that was 

defined as REVs (Fig. 15C). Taken together, these results suggest that IL-1R1+ endothelial cells 

are mostly located in smaller veins and postcapillary venules, which are also key sites in the 

vascular tree where immune cell extravasation into the CNS parenchyma occurs [168].  
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Figure 15: IL-1R1+ BECs express capillary venular and venous endothelial cell markers and markers for 

reactive endothelial venules (REVs) 

(A) Normalized counts of marker genes for capillary venular (Cap ven), capillary arteriolar (Cap art), venous, 

arterial and interferon-activated endothelial cells in FACS-isolated IL-1R1+ BECs from unstressed, susceptible 

and resilient wildtype mice according to Fournier et al. [166]. (B) Normalized counts of marker genes for capillary 

venular, capillary arteriolar, venous and arterial endothelial cells, as well as for reactive endothelial venules 

(REVs), in FACS-isolated IL-1R1+ BECs from unstressed, susceptible and resilient wildtype mice according to 

Jeong et al. [167]. (C) Expression of Vcam1, Icam1 and Il1r1 in the endothelial cell populations in the data set 

generated by Jeong et al. Graphs were generated at single-cell.mpi-muenster.mpg.de [167]. 
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3.7.2 The transcriptome of IL-1R1+ BECs differs substantially between 

unstressed, susceptible and resilient wildtype mice 

To identify regulators of stress susceptibility versus stress resilience in BECs, we then 

compared the transcriptomes of IL-1R1+ BECs isolated from unstressed, susceptible and 

resilient mice. Due to the experimental setup with three groups, the comparison of each group 

to the other two groups led to three different comparisons. We observed the largest number of 

differentially expressed genes (DEGs; adjusted p-value < 0.05; log2fold change < -0.6 or > 0.6) 

in the comparison “susceptible vs. no stress” (295 genes; 82 up, 213 down). 203 genes were 

differentially expressed in the comparison “resilient vs. no stress” (149 up, 54 down) and the 

smallest number of DEGs was observed in the comparison “resilient vs. susceptible” (99 genes; 

89 up, 10 down) (Fig. 16A). To identify biological processes that the DEGs could be involved 

in, we performed a gene ontology (GO) term analysis. Figure 16B shows the top five GO terms 

with the lowest p-value for each of the three comparisons. The comparison “resilient vs. 

susceptible” mainly resulted in GO terms regarding the regulation of cell migration and cell 

adhesion. However, when analyzing the DEGs associated with each of these GO terms, the 

DEGs were mainly Cx3cl1, Cx3Cr1 and Trem2 for three out of the five GO terms questioning 

the importance of this observation (Fig. 16B). Since cell migration and cell adhesion are 

important processes during angiogenesis, the formation of new blood vessels, we nevertheless 

wanted to investigate potential differences in angiogenesis between the brains of unstressed, 

susceptible and resilient mice. We quantified the total area of blood vessels and assessed 

endothelial cell proliferation by Ki-67 staining. However, we did not detect differences in these 

two parameters, indicating that angiogenesis is not substantially altered in the brains of 

unstressed compared to susceptible and resilient mice (data not shown; part of a Master’s 

thesis). 
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Figure 16: Transcriptome analysis of IL-1R1+ BECs from unstressed, susceptible and resilient wildtype 

mice 

(A) Numbers of differentially expressed genes (DEGs) for the 3 comparisons with adjusted p-value < 0.05 and 

log2fold change < -0.6 or > 0.6. Venn diagram shows numbers of shared DEGs. (B) Top 5 gene ontology (GO) 

terms with the lowest adjusted p-value for each comparison.  

 

Next, we were interested in the individual DEGs and plotted the top 15 DEGs with the lowest 

adjusted p-value for each comparison in a heatmap (Fig. 17A). Notably, several genes appeared 

in the top 15 DEGs for two comparisons: Fam205a2 was differentially expressed in both 

“resilient vs. no stress” and in “resilient vs. susceptible”, while Cx3cl1, Mfge8, Pfkl, Adgrg1, 

Paqr7, Tap2, Nucb1 and Galnt4 were shared between “susceptible vs. no stress” and “resilient 

vs. susceptible” (Fig. 17A). Plotting the normalized counts for each of these genes revealed that 

Fam205a2 was downregulated in BECs of resilient mice (Fig. 17B). However, its expression 
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levels were very low and varied substantially between individual samples. The other genes were 

all downregulated in BECs of susceptible mice (Fig. 17C). This selective downregulation in 

susceptible mice but not in resilient mice suggests these genes may play a role in mediating 

stress resilience. To explore this further, we examined their known functions. Among these 

genes, Adgrg1, encoding G-protein coupled receptor 56 (GPR56), stood out due to its 

established roles in both neuropsychiatric and vascular processes. For instance, Adgrg1 

knockdown in the mouse prefrontal cortex induced depression-like behaviors and its expression 

was downregulated in the prefrontal cortex of depressed individuals [169]. Additionally, 

GPR56 regulated angiogenesis in diabetic kidney disease together with leucine rich alpha-2-

glycoprotein-1 (LRG1) [170]. Notably, Lrg1 was among the top DEGs upregulated in the 

comparison “resilient vs. no stress” in our data set (adjusted p-value = 0.04). Lrg1 is also 

commonly upregulated in BECs in several rodent models of BBB dysfunction [165] and 

following CSD stress [171, 172], suggesting it as an attractive target for further investigation. 

Unfortunately, since it is only possible to isolate 500-1000 IL-1R1+ BECs from one brain, we 

were not able to verify the differential expression of the genes identified in the RNA sequencing 

in a second cohort of mice with another method, e.g., using quantitative PCR. Because of the 

promising literature about a potential role of LRG1 in BECs during CSD, as well as in other 

BBB dysfunction models, we nevertheless wanted to further investigate Lrg1 expression in 

BECs after chronic stress. Therefore, we isolated total BECs, independent of their IL-1R1 

expression, using MACS for CD31+ cells, and quantified Lrg1 expression by quantitative PCR. 

Comparison of IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD revealed no 

significant differences in Lrg1 expression in BECs (Fig. 18A). Similarly, Lrg1 expression did 

not differ significantly between unstressed, susceptible and resilient wildtype-like mice 

(IL-1R1WT) (Fig. 18B). However, it is important to note that the sample size for wildtype-like 

mice in this experiment was small, and these findings contradict previous studies that reported 

increased Lrg1 expression in BECs after CSD [171, 172]. Therefore, larger sample sizes are 

needed to confirm these results and further investigation into LRG1’s function in BECs during 

CSD stress would be important.  

Interestingly, in the single-cell RNA sequencing data provided by Jeong et al. [167], accessible 

at single-cell.mpi-muenster.mpg.de, Lrg1 expression was also restricted to the cell population 

defined as REVs. This pattern mirrors that of Il1r1, Icam1 and Vcam1, suggesting that Lrg1 

may serve as an additional marker for REVs [167] (Fig. 18C). 
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Figure 17: Differentially expressed genes (DEGs) in the transcriptome analysis of IL-1R1+ BECs from 

unstressed, susceptible and resilient wildtype mice 

(A) Heatmap showing the expression levels of the top 15 DEGs with the lowest adjusted p-value for the 

comparisons “Resilient vs. No stress”, “Resilient vs. Susceptible” and “Susceptible vs. No stress”. Each column 

represents an individual mouse. The colors on the left indicate the comparison(s), in which the gene was 

differentially expressed.  (B) Fam205a2 expression levels plotted as normalized counts in IL-1R1+ BECs from 

unstressed, susceptible and resilient wildtype-like mice. (C) Normalized counts for genes downregulated in 

IL-1R1+ BECs of susceptible mice compared to BECs of unstressed and resilient mice. Each circle represents a 

single mouse (B, C). Data is represented as mean ± SEM. Statistical significance was determined by one-way 

ANOVA with Tukey’s multiple comparison correction. ns = non-significant, * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001. 
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Figure 18: Lrg1 expression in BECs at steady state and after CSD 

(A) Quantitative PCR with mRNA from MACS-isolated CD31+ BECs from IL-1R1WT and IL-1R1ΔBEC mice 

without stress and after CSD. (B) Quantitative PCR with mRNA from MACS-isolated CD31+ BECs from 

unstressed, susceptible and resilient wildtype-like mice. (C) Expression of Lrg1 in the endothelial cell populations 

in the data set generated by Jeong et al. Graphs were generated at single-cell.mpi-muenster.mpg.de [167]. Data in 

(A) are mRNA levels normalized to Hprt and unstressed IL-1R1WT controls. Data in (B) are mRNA levels 

normalized to Hprt and unstressed controls.  Each circle represents a single mouse. Data is represented as mean ± 

SEM. Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparison 

correction (A) or by one-way ANOVA with Tukey’s multiple comparison correction (B). ns = non-significant.  
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4 DISCUSSION 

IL-1R1 is expressed by only a small subset of BECs under steady-state conditions, but its 

expression increases significantly during neuroinflammation [125]. Similarly, CSD stress 

induces the upregulation of IL-1R1 on BECs [98, 149], contributing to BBB activation. While 

global deletion of IL-1R1 in endothelial cells alleviated stress-induced behavioral symptoms 

[97], it remains unclear to which extent IL-1 signaling specifically in BECs mediates these 

effects. Therefore, the main aim of this study was to investigate the role of IL-1 signaling in 

BECs during CSD and its contribution to depression-like behavior using the BEC-specific 

Slco1c1-CreERT2 mouse strain. 

In this study, we showed that IL-1R1⁺ BECs are a small BEC subset with a distinctly activated 

phenotype, that is mainly localized in postcapillary venules and small veins. CSD stress induced 

IL-1R1 expression on BECs, which was essential for their activation. Conditional deletion of 

IL-1R1 in BECs mitigated CSD-induced behavioral changes, suggesting a key role for IL-1 

signaling in mediating these stress effects. Further, IL-1 signaling in BECs influenced behavior 

independently of peripheral immune cell infiltration or neuroinflammation, suggesting 

alternative mechanisms are involved. 

 

4.1 IL-1 signaling in BECs regulates CSD-induced depression-like behavior 

4.1.1 IL-1 signaling in BECs contributes to CSD-induced social avoidance 

It was previously shown that IL-1 signaling plays an important role in the development of 

stress-induced behavioral disturbances in several stress models. The effects of IL-1b are 

mediated through its actions on various cell types, including glutamatergic neurons as well as 

non-neuronal cells [149].  Interestingly, global IL-1R1 deficiency was shown to ameliorate 

certain stress-induced behaviors while having no effect on others. Furthermore, this seems to 

depend on the specific stress model used. For instance, IL-1R1 deficiency blocked stress-

induced social avoidance after CMS [141], but not after CSD [148, 149]. In a study using the 

tie2-Cre system to delete IL-1R1 in endothelial cells throughout the body, IL-1R1 deletion 

prevented CSD-induced anxiety behavior, while social avoidance was not assessed in that study 

[97]. Since the tie2-Cre is expressed in endothelial cells of the whole body, we wanted to 

investigate the role of IL-1 signaling specifically in BECs in the context of CSD, a question that 

had not yet been addressed. 
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The SI test is the most critical tool for assessing stress susceptibility in the CSD model, as it 

allows to classify the mice into stress-susceptible and stress-resilient subgroups. In our study, 

when analyzing the SI ratio of the entire cohort of mice, CSD increased social avoidance in 

both IL-1R1WT and IL-1R1ΔBEC mice. However, upon separation of stressed mice into 

susceptible and resilient subgroups, we noticed that a significantly larger proportion of 

IL-1R1ΔBEC mice was resilient to CSD-induced social avoidance compared to IL-1R1WT mice. 

Notably, this phenotype differs from what was observed in the CMS model, where the whole 

group of IL-1R1 knockout animals tested showed higher levels of social interaction after stress 

compared to wildtype controls [141]. The phenotype observed in our study suggests that IL-1 

signaling in BECs contributes to the development of social avoidance after CSD. However, it 

is likely that IL-1R1-mediated signaling in BECs represents only one of several mechanisms 

driving this behavior. This could explain why IL-1R1 deletion in BECs was only sufficient to 

prevent social avoidance in some, but not all, mice, as additional pathways and factors appear 

to be involved.  

 

4.1.2 IL-1 signaling in BECs regulates CSD-induced behavioral dysfunction in 

the forced swim test 

The strongest behavioral phenotype observed in our study was in the forced swim test. While 

IL-1R1WT controls exhibited strongly reduced immobility after CSD, this stress-induced 

phenotype was blocked in IL-1R1ΔBEC mice. This observation suggests that IL-1R1-mediated 

signaling in BECs is critical for the stress-induced behavioral abnormalities observed in the 

forced swim test. However, interpreting this reduction in immobility time is not straightforward. 

The forced swim test was originally developed by Porsolt et al. in rats, and consisted of a 

15-minute training session followed by a five-minute test session 24 hours later [173]. The 

adoption of immobility was interpreted as behavioral despair, since it reflects the animal’s 

learned helplessness when escape is impossible. This interpretation was further supported by 

the observation that antidepressant treatments reduced immobility time, suggesting the forced 

swim test could be used as a tool to study despair or depression-like behavior [173]. 

Consequently, the forced swim test has been widely used to screen for antidepressant 

compounds, with immobility often described as “behavioral despair” or “depression-like 

behavior” [174].  

However, this interpretation is the subject of significant debate, as the forced swim test lacks 

both face and construct validity to justify interpreting immobility as depression-like behavior 
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[175, 176]. Face validity assesses how well the neuropathological and behavioral traits of the 

human condition are mirrored in the animal model, while construct validity evaluates whether 

the methods used to induce the disease state accurately reflect its underlying mechanisms [155]. 

Given this limitation, alternative interpretations have been proposed in the literature. One 

suggestion is that the progressive immobility observed in the forced swim test is an adaptive 

coping strategy. The rodent transitions from active swimming to passive immobility in response 

to an inescapable situation, which might represent an evolutionarily advantageous strategy for 

saving energy [174, 175]. Another interpretation is that escape behavior in the forced swim test 

may be driven by anxiety [177]. Anyan and Amir [177] proposed this view based on their own 

findings, as well as those of Estanislau et al. [178], which demonstrated that rodents often 

exhibit an inverse correlation between depression-like and anxiety-like behaviors. Specifically, 

rodents that show depression-like behavior, as indicated by high immobility, exhibit low levels 

of anxiety. This inverse correlation is surprising, given that depression and anxiety frequently 

co-occur in human patients. Thus, it might be plausible that low immobility, indicated by high 

escape-directed behavior, reflects high levels of anxiety rather than reduced despair. 

In summary, the interpretation of immobility time in the forced swim test remains highly 

debated. It is unclear whether high immobility represents behavioral despair, an energy-saving 

coping strategy, or low anxiety levels. Recognizing the complexity of the behavior assessed by 

the forced swim test, we therefore refrain from providing a definitive interpretation of our 

results. Instead, our main conclusion is that IL-1R1 deletion in BECs protects mice from the 

CSD-induced decrease in immobility time in the forced swim test, highlighting the role of IL-1 

signaling in stress-induced behavioral changes. 

 

4.1.3 Limitation of our CSD model for investigating stress-induced anxiety-like 

behavior 

To assess anxiety-like behavior, we used the open field and the elevated plus maze test. Both 

tests rely on the innate aversion of mice to bright, open, and unfamiliar areas, which are 

perceived as dangerous [179, 180]. In the open field test, time spent in the center tended to 

decrease after CSD in both genotypes, although this effect did not reach statistical significance. 

Similarly, in the elevated plus maze, time spent in the open arms showed a trend toward 

reduction after CSD in both genotypes, again without reaching statistical significance. These 

results suggest that anxiety levels are only mildly elevated after CSD, if at all, which is 

somewhat unexpected given that CSD is generally known to induce anxiety-like behaviors. Of 
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note, some groups mainly used the light-dark preference test (LDPT) to measure anxiety-like 

behavior, a test that we did not use in our analysis. For instance, CSD induced anxiety-like 

behavior in the LDPT in wildtype-like controls, but not in IL-1R1-deficient animals [97, 144]. 

However, also in the open field test, anxiety-like behavior was observed after CSD [97]. 

Notably, these studies employed a more severe CSD protocol, with two-hour defeat sessions 

on six consecutive days [97, 144]. This protocol is substantially more severe than the one used 

in our study, which may account for the discrepancies between our results and theirs.  

However, also a milder version of the CSD protocol, with defeats lasting five minutes daily, 

induced anxiety-like behavior in the LDPT [92, 181]. Similarly, in the elevated plus maze, 

anxiety-like behavior was observed in studies using CSD protocols with defeat sessions lasting 

5 or 10 minutes per day [148, 156]. Nonetheless, these protocols may still be more severe than 

the one used in our study, which limited aggressive interactions to just 30 seconds per day.  

Though not statistically significant, our data hint at a potential role of IL-1 signaling in BECs 

in the development of anxiety-like behaviors following CSD. Both, time spent in the center and 

the number of entries into the center of the open field tended to decrease mostly in IL-1R1WT 

controls but not in IL-1R1ΔBEC mice. This aligns with the previous finding that  endothelial cell-

specific deletion of IL-1R1 using the tie2-Cre system protected against stress-induced anxiety 

in both the open field test and the LDPT [97]. However, the tie2-Cre system was described to 

show minimal recombination in the brain [158], questioning whether the effects observed by 

Wohleb et al. using the tie2-Cre system [97] can be attributed specifically to the loss of IL-1R1 

in BECs. To definitely clarify the role of IL-1 signaling in BECs for the development of anxiety 

after CSD, further studies using a more severe CSD protocol would therefore be necessary to 

ensure reliable induction of statistically significant anxiety-like behaviors. 
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4.2 CSD drives IL-1R1 expression on BECs which is essential for their stress-
induced activation 

Exposure to CSD induced the upregulation of IL-1R1 on BECs in our study, with approximately 

20% more BECs expressing IL-1R1 after CSD compared to the unstressed condition. This 

aligns with previous studies, where IL-1R1 was upregulated across different brain regions after 

CSD, with this increased expression of IL-1R1 being limited to blood vessels [98, 149]. 

However, earlier studies did not clarify whether all BECs upregulate IL-1R1 expression levels 

after CSD or whether only a subset of BECs starts expressing the receptor. Using single-cell 

flow cytometry, we addressed this question and found that the proportion of IL-1R1+ BECs 

among all BECs was increased after CSD, while the expression levels of IL-1R1 in the total 

BEC population remained unchanged (MFI data not shown). This suggests that more BECs 

start expressing the IL-1R1 after CSD, rather than an overall increase in expression on the whole 

BEC population. It would be interesting to understand why only a subset of BECs starts 

expressing the IL-1R1 during CSD and what differentiates them from the cells which already 

express it at steady state and from the cells which remain IL-1R1⁻ even after CSD. 

BECs were activated during the CSD exposure, indicated by the observed upregulation of the 

cell adhesion molecules ICAM-1 and VCAM-1 in wildtype-like BECs after CSD. A similar 

upregulation of ICAM-1 and VCAM-1 was already shown in a previous study, in which 

ICAM-1 expression was increased in some brain regions as early as one day after the first social 

defeat, while VCAM-1 upregulation was only observed after 6 days of social defeat [94]. We 

assessed the expression of the activation markers after completing both 10 days of CSD, as well 

as the behavioral tests. Our data show that BEC activation persists for at least 6 to 11 days after 

the end of CSD, suggesting that CSD exposure is indeed a strong and long-lasting stimulus for 

BEC activation.  

Of note, stress-induced BEC activation was absent in IL-1R1ΔBEC mice. This observation is 

consistent with in vitro studies showing that IL-1β is a strong inducer of ICAM-1 and VCAM-1 

expression in BECs [121, 130-132]. This strongly suggests that increased IL-1 signaling during 

CSD is responsible for the phenotype observed. A similar observation was made in the EAE 

model, where endothelial IL-1R1 deletion abrogated ICAM-1 and VCAM-1 upregulation at 

disease onset [125, 134]. These findings highlight the important role of IL-1 signaling in driving 

BEC activation during chronic stress and suggest the interference with this pathway as a 

potential strategy to mitigate stress-induced neurovascular dysfunction. 
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4.3 Mechanisms by which IL-1R1+ BECs could contribute to CSD-induced 
depression-like behavior  

Having established that IL-1 signaling in BECs leads to their activation during CSD and that 

this contributes to CSD-induced behavioral disturbances, we aimed to identify the mechanisms 

behind this phenotype. Our RNA sequencing analysis identified the largest number of DEGs in 

the comparison between BECs from “susceptible vs. no stress” mice. This is consistent with the 

idea that susceptible mice experience greater stress-induced changes compared to resilient mice, 

because they were more affected by the stress exposure. However, we also identified 99 DEGs 

in the comparison of BECs from “resilient vs. susceptible” mice, which may include key 

regulators determining resilience versus susceptibility.  

 

4.3.1 Angiogenesis as a potential mechanism for resilience 

Among the top GO terms in the “resilient vs. susceptible” comparison were terms regarding the 

regulation of glia cell migration, smooth muscle cell migration and cell adhesion, all processes 

associated with angiogenesis. Furthermore, IL-1β is known to have pro-angiogenic effects on 

blood vessel formation [111]. However, our initial assessment of angiogenesis, based on 

quantification of blood vessel area and assessment of endothelial cell proliferation by Ki-67 

staining (not shown here), did not reveal differences between unstressed, susceptible and 

resilient mice.  

Interestingly, a study by Lehmann et al. identified angiogenesis as the dominant GO term in the 

gene expression analysis of BECs after 14 days of CSD [92]. The localization of angiogenesis 

markers overlapped with sites of vascular damage, where blood products had been deposited in 

the brain parenchyma [92]. Since angiogenesis is necessary for wound healing, enhanced 

angiogenesis after CSD could facilitate vascular repair [92], potentially contributing to better 

recovery in resilient mice and preventing the establishment of behavioral disturbances.  

Several angiogenesis-associated genes were identified among the top DEGs in our analysis, 

namely Lrg1, Adgrg1, and Mfge8. Notably, Lrg1 and Adgrg1 were also among the genes 

associated with angiogenesis in Lehmann et al.’s data, where they were upregulated after 1, 7 

and 14 days of CSD [92]. In our study, Lrg1 was specifically upregulated in IL-1R1+ BECs of 

resilient mice, while its expression levels were very low in BECs of unstressed and susceptible 

mice. Lrg1 encodes LRG1, a multi-functional modulator of multiple signaling pathways [182]. 

LRG1 regulates TGF-b signaling by binding to endoglin, thereby promoting endothelial cell 

proliferation, migration and invasion [183]. Interestingly, endoglin (Eng), encoding a co-
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receptor for TGF-b signaling, was also upregulated in IL-1R1+ BECs of resilient mice. 

However,  LRG1-induced neovascularization often results in disorganized and dysfunctional 

blood vessels [183], possibly due to disrupted interactions between endothelial cells and 

pericytes [184]. Additionally, LRG1 has anti-inflammatory effects in endothelial cells in vitro 

by negatively regulating TNF-a receptor signaling [185]. On the other hand, increased 

expression of Lrg1 was implicated in several autoinflammatory disorders, though its specific 

function in these diseases remains unclear [182].  

Upregulation of Lrg1 in BECs was observed in various animal models of BBB disruption, 

namely in models of stroke, multiple sclerosis, traumatic brain injury and seizure [165]. We 

also confirmed Lrg1 upregulation in BECs at the onset of EAE in an RNA sequencing data set 

previously published by our lab [186]. Interestingly, Lrg1 was also upregulated in BECs from 

the prefrontal cortex and in whole-brain mRNA after CSD, though this study did not 

differentiate between susceptible and resilient mice [171]. In contrast, a separate study found 

Lrg1 specifically upregulated in BECs from the nucleus accumbens of susceptible mice after 

CSD [172], contradicting our observation of its upregulation in resilient mice. To further 

validate our results, we performed a follow-up experiment in which we isolated CD31+ BECs 

from the brains of unstressed, susceptible and resilient mice without distinguishing between 

IL-1R1+ and IL-1R1- BECs. However, we could not detect significant differences in Lrg1 

expression in this analysis, likely also due to the small sample size. Whether this absence of a 

difference was due to the different cell population analyzed, namely all BECs versus only 

IL-1R1+ BECs, needs to be further clarified. Therefore, future studies are needed to investigate 

the role of LRG1 in BECs, particularly in the context of chronic stress and neuroinflammatory 

diseases with BBB disruption. A conditional mouse model for targeted deletion of Lrg1 in 

BECs could provide important insights and help to identify new promising therapeutic 

approaches. 

Another angiogenesis-associated gene, Adgrg1, was one of the top downregulated genes in 

IL-1R1+ BECs of susceptible mice.  It encodes G-protein coupled receptor 56 (GPR56), a 

protein implicated in both vascular and neuropsychiatric processes. GPR56 inhibits 

angiogenesis in melanomas [187] and downregulates endothelial nitric oxide synthase in kidney 

endothelial cells [188]. Adgrg1 downregulation in the prefrontal cortex was implicated in the 

pathogenesis of depression [169], and knockdown of Adgrg1 in the prefrontal cortex induced 

depression-like behaviors in mice. Conversely, treatment with a GPR56 agonist alleviated 

stress-induced depression-like behaviors [169], underscoring its potential as a therapeutic target 

for neuropsychiatric disorders [189]. Given its dual roles in vascular function and depression, 
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and its downregulation specifically in IL-1R1+ BECs of susceptible mice, further investigations 

into the role of GPR56 in BECs during chronic stress could be highly relevant.  

Similarly, Mfge8 was downregulated in IL-1R1+ BECs of susceptible mice. Mfge8 encodes milk 

fat globule-EGF factor 8 protein (MFG-E8), an integrin-binding protein localized in blood 

vessels. MFG-E8 supports VEGF-driven angiogenesis in adult mice and supports 

neovascularization following ischemia  [190]. Moreover, MFG-E8 seems to contribute to 

vascular integrity by linking smooth muscle cells to elastic fibers in arteries [191]. Its 

downregulation in IL-1R1+ BECs of susceptible mice suggests potential impairments in 

angiogenesis, further supporting the link between angiogenesis, vascular repair and resilience. 

 

4.3.2 Genes with less characterized roles in BECs and stress resilience 

In addition to angiogenesis-associated genes, other genes were also selectively downregulated 

in IL-1R1+ BECs of susceptible mice. The function of these genes during CSD could be of great 

interest, since they might encode for potential mediators of stress resilience.  

Cx3cl1 encodes CX3CL1, a chemokine that binds to its receptor CX3CR1 on monocytes and 

lymphocytes. Endothelial cells produce both a secreted form, which acts as a chemoattractant 

for immune cells, and a membrane-bound form, which facilitates immune cell adhesion. 

Importantly, IL-1 signaling induces CX3CL1 production in endothelial cells [192]. While 

Cx3cl1 downregulation in IL-1R1+ BECs of susceptible mice suggests reduced immune cell 

recruitment, we did not observe changes in immune cell infiltration in our analysis. 

Furthermore, if anything, we would expect increased immune cell infiltration in susceptible 

mice, making the effect of Cx3cl1 downregulation unclear in this context.  

Other downregulated DEGs in IL-1R1⁺ BECs of susceptible mice included Paqr7, Tap2, Pfkl, 

Nucb1, and Galnt4, which have diverse roles. Paqr7 encodes the membrane progesterone 

receptor alpha (mPRα), which has important functions in various reproductive tissues [193]. 

While its specific function in endothelial cells remains unclear, progesterone treatment induced 

mPRα-mediated relaxation of vascular smooth muscle cells in vitro [194]. Tap2 encodes the 

transporter associated with antigen processing (TAP) 2, which forms a heterodimer with TAP1 

to transport peptides into the endoplasmic reticulum during antigen presentation [195]. Pfkl 

encodes 6-phospho-fructokinase, liver type, the primary phosphofructokinase-1 isoform in 

immune cells, which participates in glycolysis [196]. Nucb1 encodes nucleobindin-1, a secreted 

protein that regulates inflammation through interaction with COX-1 and COX-2 [197]. Lastly, 

Galnt4 encodes N-acetylgalactosaminyl-transferase 4, an enzyme implicated in monocyte 
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adhesion and transmigration through the vascular wall [198]. While these genes have known 

functions in immunity and metabolism, their specific role in BECs during chronic stress remain 

unclear. Future studies should focus on unraveling their contributions to stress resilience and 

susceptibility. 

Taken together, our findings identify Lrg1, Adgrg1, and potentially Mfge8 as promising 

candidate genes for understanding the regulation of stress susceptibility versus resilience. All 

three genes are linked to endothelial cell function and angiogenesis, suggesting vascular repair 

as a potential mechanism contributing to stress resilience. Furthermore, dysregulation of Lrg1 

and Adgrg1 was implicated in chronic stress, depression and BBB dysfunction, making them 

particularly relevant for further study. Investigating the function of these genes in BECs during 

chronic stress using conditional knockout models, along with more detailed analyses of their 

downstream mechanisms, could provide valuable insights into the interplay between vascular 

repair, inflammation, and stress resilience. 

 

4.4 Characterization of IL-1R1+ BECs in the steady-state brain 

Since IL-1R1 is expressed by only a subset of BECs under steady-state conditions, we sought 

to further characterize these BECs regarding their marker expression and the type of blood 

vessel they are localized in. Our results showed that ICAM-1 and VCAM-1 expression was 

largely restricted to IL-1R1+ BECs at steady state, while only a very small proportion of IL-1R1- 

BECs expressed these markers. Furthermore, the expression levels of ICAM-1 and VCAM-1 

were substantially higher in IL-1R1+ BECs compared to IL-1R1- BECs. This finding is 

consistent with data from a previous single-cell RNA sequencing study of BECs performed by 

Jeong et al., which found that Il1r1, Icam1 and Vcam1 were all co-expressed by the same BEC 

population, namely by reactive endothelial venules (REVs) [167]. REVs were described as a 

small, distinct BEC population characterized by the expression of Icam1, Vcam1, Vwf and Irf1, 

and were present in the brain both at steady state and at the peak of EAE [167]. GO term analysis 

of genes enriched in REVs identified processes involving inflammatory/immune responses, cell 

adhesion, and leukocyte migration and adhesion [167].  

Conversely, Jeong et al. found that during LPS-induced inflammation, T cells first accumulated 

at ICAM-1+ REVs before ICAM-1 was subsequently upregulated in other endothelial cells, 

suggesting that REVs may function as the initial entry point for immune cells during 

neuroinflammation [167]. This aligns with the established concept that immune cell infiltration 

into the CNS occurs predominantly at the level of postcapillary venules [75] and with the 
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observation that high levels of ICAM-1 on BECs are required for T cells to cross the BBB by 

transcellular diapedesis [199]. The strong co-expression of IL-1R1 with ICAM-1 and VCAM-1 

in BECs in our study supports the hypothesis that IL-1R1 could serve as an additional REV 

marker and that IL-1R1+ blood vessels likely act as key sites for immune cell entry during 

neuroinflammation. Further supporting this hypothesis, the deletion of IL-1R1 in BECs prior to 

EAE induction was shown to block immune cell infiltration and prevented disease onset [125]. 

Interestingly, IL-1 signaling in BECs not only induces Icam1 and Vcam1 expression in vitro 

[130-132], but also upregulates Irf1 [200], another key REV marker. These findings suggest 

that IL-1R1 signaling may not only activate BECs during neuroinflammation but could also 

serve as a key upstream regulator of REV identity.  

Interestingly, in addition to Il1r1, Jeong et al. also identified Lrg1 as a REV marker, with its 

expression increasing in inflammatory BECs at the peak of EAE [167]. These observations 

further support the hypothesis that LRG1 in BECs could play a critical role in 

neuroinflammation, highlighting the need for further investigation into its function in BECs 

during chronic stress and BBB dysfunction.  

Having characterized IL-1R1+ BECs in terms of their marker expression, we next wanted to 

determine their precise localization within the vascular tree, as their position may provide 

further insights into their role during steady state and neuroinflammation. Endothelial cells 

exhibit a gradual change in marker expression along the vascular continuum, with distinct 

marker profiles distinguishing arterial, capillary, and venous subtypes [201]. To determine the 

vascular localization of IL-1R1+ BECs, we analyzed their gene expression patterns and 

compared them to established markers for different blood vessel types identified in single-cell 

RNA sequencing studies of BECs [166, 167]. Our results revealed that IL-1R1+ BECs 

predominantly expressed markers for capillary venular and venous endothelial cells, as well as 

for REVs. This localization pattern aligns with findings from Lévesque et al., who observed 

IL-1R1 expression mostly on venules and veins extending in the direction of the pial venous 

plexus [121]. Consistently, Jeong et al. identified ICAM-1+ REVs as a subset of venules ranging 

from 8 to 50 micrometers in diameter, representing a subpopulation of smaller venules, 

potentially postcapillary venules [167]. Further supporting this, Lévesque et al. observed that 

vessels smaller than 10 micrometers in diameter lacked IL-1R1 expression [121]. Additionally, 

IL-1R1 expression did not co-localize with α-smooth muscle actin [121], a marker of arterial 

and arteriolar smooth muscle cells, which are absent in veins, venules and capillaries [202].  



  DISCUSSION 

 76 

Taken together, our findings, along with data from previous studies, strongly indicates that 

IL-1R1+ BECs are predominantly localized in smaller veins and venules, most likely 

postcapillary venules. These vessels are key sites for immune cell infiltration into the CNS 

during neuroinflammation, reinforcing the idea that IL-1R1⁺ BECs may play a crucial role in 

regulating neuroinflammatory processes.  

 

4.5 Influence of CSD on neuroinflammation and microglia and astrocyte 
activation 

One possible consequence of stress exposure is increased BBB permeability, allowing 

peripheral immune cells to enter the CNS. These cells could secrete cytokines and contribute 

to an inflammatory CNS milieu that may affect neuronal function. However, in this study, we 

found no statistically significant differences in immune cell infiltrates in the brains of IL-1R1WT 

and IL-1R1ΔBEC mice without stress and after CSD. This finding contradicts some previous 

studies in which increased proportions of infiltrating CD45high peripheral immune cells were 

observed in the brain following CSD [96-99]. These studies, like ours, used flow cytometry to 

assess immune infiltration. However, this method does not allow to distinguish “real” infiltrates 

located in the CNS parenchyma from immune cells that perform immunosurveillance in the 

perivascular spaces and in the brain ventricles. Other studies found immune cells only in these 

border regions, namely in the perivascular spaces [89] and in the meninges and choroid plexus 

[100] following CSD, and a recent study even questioned whether CSD increases immune cell 

numbers in these areas at all [93]. These inconsistencies between studies raise the possibility 

that time point of analysis and differences in CSD severity may influence whether immune 

infiltration after CSD can be observed.  

We assessed immune cell infiltration 6 to 11 days after the end of CSD. Furthermore, our CSD 

protocol includes 10 days of social defeat, while the protocol by the lab that consistently 

observed increased proportions of infiltrating CD45high immune cells only involves 6 days of 

social defeat [96-98]. If infiltration occurs early during the stress response, the immune cells 

may have already left the brain or undergone apoptosis by the time of our analysis. Indeed, 

studies that observed increased immune infiltration after CSD reported that infiltrating 

monocytes persisted only for 8 to 10 days after the end of CSD [203].  

In addition, we used a milder CSD protocol, with a total of 30-second defeat interactions per 

day, whereas studies consistently reporting immune infiltration used a much more severe 

protocol, involving 2-hour daily co-housing of three C57BL/6 mice with a CD-1 aggressor [96-
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98]. This protocol not only induced immune infiltration into the CNS but also led to strong 

peripheral immune activation and splenomegaly, suggesting a much stronger systemic immune 

response [96-98]. Thus, it might be possible that injuries are required to induce strong peripheral 

inflammation to promote immune cell infiltration in the CSD model. Future studies should 

therefore clarify whether our less severe protocol was insufficient to induce immune cell 

infiltration into the CNS or whether the delay between the CSD and brain infiltrates analysis 

prevented detection of a potentially transient infiltration.  

In line with our findings on the absence of immune infiltration into the CNS, we also observed 

only mild peripheral immune activation after CSD. The proportions and absolute numbers of 

Ly6G+ neutrophils were increased in the spleens of both genotypes after CSD, while Ly6Chigh 

monocytes were not altered. This relatively weak immune response may again be due to the 

mild CSD protocol used or to the delayed timepoint of analysis 5 to 12 days after the end of 

CSD, as previous studies suggested that peripheral immune activation is rather transient. 

BBB permeability is a key factor influencing immune cell infiltration into the CNS. Previous 

studies reported slight increases in BBB permeability after CSD, leading to the deposition of 

blood products in the brain parenchyma, which seemed to contribute to microglia activation 

during CSD [91-93]. We did not directly assess BBB permeability, but we measured mRNA 

levels of Cldn5, a critical tight junction molecule of the BBB. Cldn5 expression did not differ 

between IL-1R1WT and IL-1R1ΔBEC mice without stress and after CSD. However, this analysis 

was performed using full-brain mRNA, whereas previous studies described Cldn5 

downregulation in a brain-region and sex-specific manner after CSD. In male mice, Cldn5 

expression was decreased in the nucleus accumbens and hippocampus of susceptible mice [89], 

while in female mice, it was decreased in the prefrontal cortex [90]. Therefore, in order to detect 

substantial differences in BBB permeability and tight junction molecule expression, a detailed 

analysis of separate stress-responsive brain regions would be required.  

We also investigated the activation of CNS-resident cells during CSD by analyzing microglia 

and astrocyte responses. Immunohistochemical staining for Iba-1 and GFAP revealed no 

obvious signs of microglia or astrocyte activation in IL-1R1WT or IL-1R1ΔBEC mice after CSD. 

Additionally, mRNA levels of Gfap and Cd68, as well as pro-inflammatory cytokines in 

microglia, did not differ between groups. This contrasts with previous studies that reported 

increased microglia activation, indicated by increased Iba-1+ area, in different brain regions 

including the amygdala, prefrontal cortex, and hippocampus after CSD [144, 145]. However, 

the kinetics and duration of microglia activation during CSD are incompletely understood. In 
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one study, Iba-1 and CD68 signals were elevated in the prefrontal cortex 1.5 hours after CSD 

but returned to baseline within 4 hours [148]. Since we analyzed the brains several days after 

stress exposure, we cannot exclude the possibility that microglia and astrocytes were transiently 

activated and had already returned to a homeostatic state at the time of our analysis. An 

objective quantification of Iba-1 and GFAP signals in different brain regions, as well as an 

analysis at earlier timepoints, would help characterize the dynamics of CNS-resident immune 

activation following CSD. 

Taken together, our findings suggest that the milder CSD protocol used in this study did not 

induce immune cell infiltration into the CNS, strong peripheral immune activation, or prolonged 

neuroinflammatory responses. However, the delayed timepoint of analysis may have prevented 

detection of transient inflammatory changes. Future studies should therefore investigate 

whether microglia activation and elevated levels of pro-inflammatory cytokines can be detected 

after CSD, as seen in patients with MDD [42, 44, 45]. This would help determine how well the 

CSD model replicates the neuroimmune alterations observed in MDD.  

 

4.6 Conclusions and Outlook 

This study highlights the critical role of IL-1 signaling in BECs in driving stress-induced 

behavioral changes and BBB activation during chronic stress. While our CSD model had 

limitations for assessing anxiety-like behavior, we showed that IL-1 signaling in BECs 

contributes to other stress-induced behavioral dysfunctions. Our RNA sequencing results 

suggest that angiogenesis and vascular repair could play a role in regulating stress susceptibility 

versus resilience, and identified LRG1, GPR56, and MFG-E8 as potential candidates for future 

research. Additionally, our findings propose IL-1R1 as a marker for REVs, and encourage 

future research into whether IL-1 signaling may help to regulate REV identity. Furthermore, 

IL-1R1 expression appears to define a subset of BECs with key roles in neuroinflammation. 

Since IL-1a has also been implicated in the stress response, further studies should investigate 

the distinct roles of IL-1α and IL-1β in chronic stress and depression. Targeting IL-1 signaling 

in BECs may offer a promising approach to mitigate stress-induced neurovascular dysfunction. 

However, in this context, personalized strategies may be necessary, since this approach may 

only be beneficial for patients with elevated IL-1b levels. A deeper understanding of how 

inflammation contributes to depression could help guide the development of novel and effective 

immunotherapy-based treatments tailored to specific patient subgroups. 
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5 SUMMARY 

Chronic stress is a major risk factor for depression, leading to systemic immune activation and 

neuroinflammation, both of which contribute to the development of depressive symptoms. The 

blood-brain barrier (BBB), with endothelial cells as a central component, plays a crucial role in 

maintaining central nervous system (CNS) homeostasis by regulating the exchange of 

molecules and immune cells between the blood and CNS. However, the precise impact of 

chronic stress on BBB function and whether BBB components contribute to the establishment 

of depression-like behavior following stress remain unclear. Interleukin-1 (IL-1), a key pro-

inflammatory cytokine, plays a central role in the development of stress-induced behavioral 

changes. Its receptor, IL-1R1, is primarily expressed by BBB endothelial cells (BECs) in the 

CNS, but its expression is restricted to a small subset of these cells under steady-state 

conditions. Chronic social defeat (CSD) stress has been shown to upregulate IL-1R1 expression 

on BECs, potentially driving BBB activation during stress. Although systemic endothelial 

IL-1R1 deletion has been shown to alleviate stress-induced behavioral symptoms, it remains 

unclear whether IL-1 signaling specifically in BECs mediates these effects. 

Using the Slco1c1-CreERT2 mouse strain to delete IL-1R1 selectively in BECs, this study 

aimed to investigate the role of IL-1 signaling in BECs during CSD and its contribution to 

depression-like behavior. Here, we show that IL-1 signaling in BECs is critical for mediating 

stress-induced behavioral dysfunction, as conditional deletion of IL-1R1 in BECs increased 

stress resilience and ameliorated behavioral changes following CSD. We found that IL-1R1⁺ 

BECs constitute a small, distinctly activated BEC subset under steady-state conditions. CSD 

stress further increased IL-1R1 expression on BECs, which was essential for their activation 

during stress. Notably, IL-1 signaling in BECs influenced behavior independently of peripheral 

immune cell infiltration or neuroinflammation, suggesting that alternative mechanisms are 

involved.  

While IL-1 signaling is a well-established key regulator of chronic stress responses, our results 

demonstrate that this effect is specifically mediated through BECs, highlighting the importance 

of the BBB in the chronic stress response. Taken together, our findings suggest that targeting 

IL-1 signaling in BECs could be a promising strategy for mitigating stress-induced 

neurovascular dysfunction and its associated behavioral consequences. 



  ZUSAMMENFASSUNG 

 80 

6 ZUSAMMENFASSUNG 

Chronischer Stress ist ein wichtiger Risikofaktor für die Entwicklung von Depressionen. Er 

bewirkt eine anhaltende Aktivierung des Immunsystems sowie Neuroinflammation, wodurch 

die Entstehung depressiver Symptome begünstigt wird. Die Blut-Hirn-Schranke (BHS) mit 

ihren Endothelzellen als zentralem Bestandteil steuert den Austausch von Molekülen und 

Immunzellen zwischen Blut und Zentralnervensystem (ZNS) und trägt somit maßgeblich zur 

Aufrechterhaltung des Gleichgewichts im ZNS bei. Allerdings ist bislang ungeklärt, wie 

chronischer Stress die Funktion der BHS beeinflusst und inwieweit ihre Bestandteile zur 

Entstehung depressiven Verhaltens nach Stress beitragen. Interleukin-1 (IL-1) ist ein wichtiges 

pro-entzündliches Zytokin mit einer zentralen Rolle in der Entstehung stressinduzierter 

Verhaltensstörungen. Sein Rezeptor, IL-1R1, wird im ZNS unter homöostatischen 

Bedingungen hauptsächlich von Endothelzellen der BHS exprimiert, jedoch nur von einem 

kleinen Anteil dieser Zellen. Es wurde gezeigt, dass „chronischer sozialer Niederlage“ (CSD)-

Stress die IL-1R1-Expression in den BHS-Endothelzellen erhöht, was zur Aktivierung der BHS 

während Stress beitragen könnte. Die Deletion des IL-1R1 in Endothelzellen des gesamten 

Körpers konnte stressinduzierte Verhaltensstörungen teilweise verhindern. Allerdings ist 

bislang unklar, ob dieser Effekt durch IL-1-Signale speziell in Endothelzellen der BHS 

vermittelt wird. 

Zur Klärung dieser Frage verwendeten wir das Slco1c1-CreERT2-Mausmodell, das die gezielte 

Deletion von IL-1R1 in BHS-Endothelzellen ermöglicht. Unsere Ergebnisse zeigen, dass IL-1-

Signale in den Endothelzellen der BHS eine zentrale Rolle in der Entwicklung stressinduzierter 

Verhaltensstörungen spielen, denn die Deletion von IL-1R1 in diesen Zellen verringerte die 

CSD-induzierten Verhaltensstörungen signifikant. IL-1R1⁺ Endothelzellen bildeten unter 

homöostatischen Bedingungen eine kleine Zellpopulation mit aktiviertem Phänotyp. CSD 

führte zu einer verstärkten IL-1R1-Expression in diesen Zellen, die essenziell für ihre 

Aktivierung während CSD-Stress war. Interessanterweise beeinflusste der IL-1-Signalweg in 

BHS-Endothelzellen das Verhalten unabhängig von der Infiltration peripherer Immunzellen 

oder einer generellen Neuroinflammation, was auf andere involvierte Mechanismen hindeutet. 

Während die Rolle des IL-1-Signalwegs in chronischem Stress bereits etabliert war, zeigen 

unsere Ergebnisse, dass diese Effekte unter anderem über BHS-Endothelzellen vermittelt 

werden und unterstreichen die Bedeutung der BHS in der Regulation der Stressantwort. Unsere 

Ergebnisse legen nahe, dass die gezielte Modulation von IL-1-Signalen in BHS-Endothelzellen 

eine vielversprechende Strategie zur Verhinderung stressinduzierter BHS-Dysfunktionen und 

der damit verbundenen Verhaltensveränderungen darstellen könnte. 
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