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ABSTRACT 

 

Adaptive immunity against environmental insults relies on sophisticated cellular 

communications that are organised within the microarchitecture of lymph nodes (LNs). 

Despite our growing understanding of immune cell migration and interaction, the means by 

which stromal cells support and shape immune processes and how they adapt to immune 

challenges that cause LNs to increase dramatically in size are still insufficiently defined. We 

therefore aimed to describe the structural framework provided by the stromal compartment of 

LNs comprising vascular channel systems and cellular scaffolds, and to characterise their 

dynamism during immune activation. In this study, we describe a novel method to 

comprehensively image and computationally analyse structural compartments of LN anatomy 

in their entirety. We employed a unique imaging technology referred to as extended-volume 

confocal imaging, which enables the generation of seamless volume images of large tissues at 

subcellular resolution. The acquired 3D imagery provides new insights into the intricate 

organisation of the reticular network and the blood and lymphatic vascular systems in whole 

LNs, which is unprecedented in the current literature. Purpose-designed software tools were 

subsequently used to transfer the generated 3D images into computer representations and 

perform detailed measurements on the extracted networks. This enabled us to describe the 

topology of blood vascular networks in resting and activated LNs. We found the blood 

vasculature significantly expanding two days after endotoxin challenge to reach a higher 

degree of vascularisation compared to nonreactive LNs. This was achieved by generation of 

new vessel segments, accompanied by a substantial volume increase, while the lymphatic 

volume remained stable. Combined 3D imagery of the complex blood and lymphatic vascular 

channels revealed unexpectedly close connections between individual vessels of both systems 

which constitute an interesting study object for future investigation. In seeking to investigate 

the reticular network of LNs we employed a lymphatic tracer and extracted a connected 

paracortical conduit network from 3D images. This revealed distinctive cellular tracer 

depositions within B cell follicles, likely to represent interconnected follicular dendritic cell 

clusters that have not been reported previously. Ultimately, this new methodological approach 

can greatly advance our understanding of LN microanatomy and its contribution to LN 

function. 
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Chapter 1. Introduction 

Lymph nodes (LNs) are important organs for the cell-mediated immune response. Placed 

within cross roads of the blood and lymphatic system, they serve as encapsulated centres of 

lymphocyte differentiation and proliferation (Gray, Williams, & Bannister, 1995). Their 

strategic position within the body along the routes of the lymphatic system prevents the 

systemic spread of pathogens from local infections. LNs can be classified as secondary 

lymphoid organs (SLOs), which together with the spleen contain about 60% of all circulating 

lymphocytes (Ganusov & De Boer, 2007). Although rather inconspicuous at the macroscopic 

level, a highly-structured organisation can be seen at the microscopic level, which proves to 

be a fundamental prerequisite for the efficient establishment of immune responses. Naïve 

lymphocytes transported with the blood stream, alongside with stimulating cells and soluble 

factors carried with the lymph are allowed close contact in the LN’s complex microanatomy 

(Willard-Mack, 2006). Following immune activation, LNs undergo dramatic changes in size 

and composition which challenges their structural elements. Despite extensive research 

during the last decades, the complexity of LNs and their functional implications are still 

insufficiently understood. A current perspective on LN structure, including methods used for 

its analysis, will be discussed in the following paragraphs.  

The majority of the fluid leaking from the blood system into the tissue is absorbed and 

directly recirculated to the heart by veins. However, approximately 10% of the interstitial 

fluid is returned to the blood circulation via the lymphatic system (Gray et al., 1995; von 

Andrian & Mempel, 2003). The lymphatics begin as a plexus of blind ending, permeable 

vessels in the tissue which successively fuse into larger vessels and terminate in the thoracic 

duct, where the lymph is channelled into the left subclavian vein in close proximity to the 

heart. Specialised endothelium at initial lymphatic capillaries has been found to contain 

unique discontinuous button-like cell junctions to facilitate the entry of fluid and cells (Baluk 

et al., 2007). Lymphatic circulation to the thoracic duct is propelled through synergy of active 

and passive mechanisms, while a net unidirectional flow is assured by valves (Gashev, 2010). 

Intrinsic spontaneous contractions of muscle cells in the lymphatic vessel wall actively drive 

lymph flow and are superimposed by contractions of the extrinsic tissues and arterial 

pulsations functioning as a passive pump (Alitalo, 2011). During inflammation, lymphatics 
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have a major role in fluid clearance from the tissue and promote cell traffic involved in 

immune responses (McDonald, Yao, & Baluk, 2011). Together with small colloidal material, 

the lymph carries larger particles like cells, cell debris, and microorganisms, and traverses 

one or more LNs on the route to the thoracic duct (Braun et al., 2011; Forster, Braun, & 

Worbs, 2012). Hence, LNs serve as central stations for immune surveillance within the body.  

In humans, up to 1000 SLOs including about 500-600 LNs (Cupedo, Coles, & Veiga-

Fernandes, 2011; Ludewig et al., 2012) can be found distributed throughout the body, usually 

showing a higher abundance near the main potential entry sites for pathogens. The greatest 

accumulation of these organs can be found in the mesenteries, but large numbers are also 

present in the head and neck, the thorax close to the lungs, and in the pelvis (Gray et al., 

1995). The exact number of LNs in humans is not well investigated but varies between 

individuals and at specific areas (Gray et al., 1995). In contrast, mice have a fixed number of 

LNs in 22 well-defined locations (Van den Broeck, Derore, & Simoens, 2006). LNs can be 

classified as SLOs of small size (from millimetres to few centimetres in humans) and bean-

like shape (Gray et al., 1995). During an immune response, LNs increase dramatically in size 

and also revert to their normal state within only a few days (Herman, Yamamoto, & Mellins, 

1972). The rapid organ swelling is mainly caused by an enhanced influx of lymphocytes into 

the LN and their controlled proliferation, while the exit for these cells is transiently blocked 

(Cyster & Schwab, 2012; von Andrian & Mempel, 2003; Willard-Mack, 2006). The resulting 

increased likelihood of lymphocytes meeting their designated antigen and supportive 

stimulation is a crucial element in the initiation of primary immune responses and highlights 

the importance of LNs as efficient meeting points in vivo. Consequently, the LN architecture 

is designed to facilitate contacts between immune cells and activating molecules, while at the 

same time providing enough flexibility to allow for coordinated expansion and regress of all 

structural components (Sainte-Marie, 2010). During the last decades a substantial body of 

knowledge has been formed trying to explain LN morphology and its functional implications. 

Most experiments concentrate on the identification and tracking of key elements in humans 

and rodents, other studies on lymph passageways have also been carried out in larger animals 

like, pigs, dogs, cats and sheep (Hikage et al., 2010; Schmid-Schonbein, 1990). Although 

there are some significant differences between the immune system in humans and rodents, 

their LN anatomy is regarded as similar for the most part (Belisle & Sainte-Marie, 1981; 

Haley, 2003; Mestas & Hughes, 2004). In the present study, we focus on the description of 

the murine LN anatomy.  
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1.1. Lymph node morphology 

Lymph nodes can be viewed as being composed of two main cell types, haematopoietic cells 

and an underlying stroma containing mesenchymal and endothelial cell networks. Lymphoid 

stromal cells (~5%) build up the main LN corpus which harbours a variety of immune cells 

(~95%), such as antigen presenting cells (APCs) and a variable number of nomadic T and B 

cells, each of which transiently browses through well-defined compartments (Bajenoff, 2012). 

Within the supporting tissue, three main elements can be further defined. Lymph vessels enter 

the node at one or more afferent sites, channel through the LN in sinuses, and leave it in one 

efferent vessel at a morphological depression referred to as the hilum (Willard-Mack, 2006). 

Within this plexus, blood vessels form dense arcades of arteries, coming from and returning 

to the hilum in larger vessels (Figure 1.1). In addition, a unique network structure can be 

found in LNs, referred to as the reticular network (Gretz et al., 1996). This finely woven grid 

is composed of extracellular matrix (ECM) components enclosed by fibroblastic reticular 

cells (FRCs) (Sixt et al., 2005). All three structures are not evenly distributed within the LN 

but form dense clusters in some compartments while being sparse or even absent from others. 

A functional correlation of this pattern seems logical and has been defined in part but the 

complete picture is yet to emerge. 

Traditionally, LN microanatomy has been described as follows. The simplest LN might 

consist of only one compartment, or lobule, which is defined by at least one entering afferent 

and one efferent lymphatic vessel and three structural subdivisions, namely the cortex, 

paracortex, and medulla (Figure 1.1) (Haley et al., 2005; Nopajaroonsri, Luk, & Simon, 1971; 

Willard-Mack, 2006). Larger LNs will frequently contain more than one lobule, found side by 

side, with one afferent lymphatic vessel each, and separated by transverse sinuses. In contrast 

to the LNs of larger mammals, murine LNs do not contain transverse sinuses (Kowala & 

Schoefl, 1986). To the outside, LNs are shielded by a protective collagenous capsule 

analogous to that in the spleen (Mueller & Germain, 2009).   

The interior organisation of LNs has been defined based on distinct aggregates of T and B 

lymphocytes within distinguishable regions, which appear discrete but are not strictly 

separated by stromal cell layers and therefore allow cross migration of cells. Dense 

aggregates of B cells in follicles interspersed with interfollicular zones are found within the 

cortex (Batista & Harwood, 2009). B cell follicles can occur in the form of primary follicles 
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or contain centres of high proliferative activity called germinal centres, in which case they are 

referred to as secondary follicles (Grossi & Lydyard, 1998). The paracortex accommodates 

the majority of T cells, which are often found concentrated within a central sphere that is 

referred to as the T cell zone (or deep paracortex, or deep T cell zone) (Girard, Moussion, & 

Forster, 2012). Alternatively, the term ‘cortex’ has been used to define the combined T and B 

cell zones, while the follicles and interfollicular spaces have been referred to as ‘superficial 

cortex’ (Gretz, Anderson, & Shaw, 1997). In the present study, we refer to the follicles and 

interfollicular zones as ‘cortex’, while the term ‘paracortex’ is used to describe the T cell 

area. If both regions need to be addressed, we employ the term ‘parenchyma’ to separate the 

cortex and paracortex from the medulla. Within the paracortical and interfollicular zones, 

specialised venous structures with high cuboidal endothelium (high endothelial venule, HEV) 

can be found that facilitate lymphocyte entry (A. O. Anderson & Anderson, 1976; Gowans, 

1959; Kraal & Mebius, 1997; M. E. Smith & Ford, 1983; Thomé, 1898). The spaces in 

between discrete B cell follicles and the T cell zone are less distinctively defined but have 

been describe as superficial T cell zone or cortical ridge (Forster et al., 2012; Katakai, Hara, 

Lee, et al., 2004). Although these areas cannot easily be separated from adjacent zones, they 

are of significant functional importance as they contain the majority of HEVs and have been 

described as critical meeting zones for T and B cells during immune activation (Bajenoff, 

Granjeaud, & Guerder, 2003). The medulla is a mesh-like space filled with anastomosing 

sinuses and cell-rich medullary cords, which give it an overall medusoid structure (Willard-

Mack, 2006). Afferent lymph empties into the subcapsular sinus underneath the capsule 

which is continuous with the lymphatic sinus system of the medulla. Lymphatic sinuses 

within the medulla are referred to as medullary sinuses, whereas sinuses in the paracortical 

region are defined as cortical sinuses (Cyster & Schwab, 2012). The separation between 

medulla and the paracortex and cortex is not stringently defined but has been referred to as 

the cortex-medulla transition zone previously (Forster et al., 2012). The meshwork of the 

reticular network (not depicted) is most defined in the T cell dependent areas like the 

paracortex, cortical ridge, and the interfollicular zones while being absent from the follicles. 

This highly organised tissue structure of intertwined pathways and specialised cellular 

microdomains is dedicated to facilitating the initiation and maintenance of antigen-specific 

immune responses (Cupedo et al., 2011).  
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Figure 1.1.  General overview of LN architecture (adapted from Malhotra, Fletcher, and Turley (2013) and                             
Forster et al. (2012)) 

 

LN compartmentalisation and its functional implications have been described in a number of 

current reviews (Batista & Harwood, 2009; Gretz et al., 1997; Junt, Scandella, & Ludewig, 

2008; Ohtani & Ohtani, 2008; Sainte-Marie, 2010; von Andrian & Mempel, 2003; Willard-

Mack, 2006). In recent years, the intriguing interaction of the stromal and hematopoietic cell 

compartments in SLOs has been in the focus of investigation (Bajenoff, 2012; Malhotra et al., 

2013; Mueller & Ahmed, 2008; Mueller & Germain, 2009; Roozendaal & Mebius, 2011). 

Advances in tracking the migratory behaviour of immune cells accelerated progress in this 

field (Cahalan & Gutman, 2006; Forster et al., 2012; Miller et al., 2002; Mueller et al., 2013). 

The majority of naïve T and B cells enters the LN parenchyma though extravasation from 

HEVs in a well-described multistep process (Girard et al., 2012; von Andrian & Mempel, 

2003). On this specialised high cuboidal venous endothelium, lymphocytes perform a series 

of manoeuvres including rolling, sticking, crawling, and transmigration which rely on the 
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interaction of a number of adhesion molecules, integrins, and chemokines including the 

chemokine receptor CCR7 on lymphocytes. Within the LN, B and T cells show high motility 

and are guided towards their homing regions by molecular cues (Catron et al., 2004). The 

chemokine CXCL13 is a chemoattractant for B cells expressing CXCR5 and proves to be 

critical for follicular organisation (Ansel, Harris, & Cyster, 2002; Ansel et al., 2000; Cyster et 

al., 2000). B cells migrate into the follicles where a cellular network of follicular dendritic 

cells (FDCs) provides a major source of CXCL13 and the B cell survival factor BAFF 

(Gonzalez et al., 2011). In a similar fashion, T cells orientate on the stromal cell compartment 

of the paracortex, the FRCs, which provide the homeostatic cytokine IL-7 and the 

chemokines CCL21 and CCL19 for regulating T cell motility via CCR7 (Link et al., 2007; 

Okada & Cyster, 2007; Worbs et al., 2007). Antigenic material, either in soluble form or 

carried by APCs, is transported from the tissue to the LN with afferent lymph, and presented 

to naïve lymphocytes to potentially induce activation and proliferation in cognate cells. 

Different subsets of APCs either reside within the LN and sample antigen carried with the 

lymph or pick up antigen within the periphery, enter lymphatic vessels at distant locations and 

arrive with the afferent lymph in the LNs, where they access the parenchyma via migration 

through the subcapsular sinus floor or the lymphatic sinuses. As a specialised system for 

antigen delivery, the reticular network has been found to act as a conduit system for small 

soluble molecules, delivering antigens from the subcapsular sinus to tissue-resident DCs 

located on the network fibres and to the HEV endothelium (N. D. Anderson, Anderson, & 

Wyllie, 1975; Gretz et al., 1996). Thereby, immunomodulatory molecules such as 

chemokines and cytokines can be directed to the HEVs and, for example, promote the 

extravasation of immune cells, which led to the ‘remote control’ hypothesis of lymphatic and 

blood endothelial interaction (Stein et al., 2000; von Andrian & Mempel, 2003). In support of 

this theory, a constant supply of afferent lymph has been found crucial for the maintenance of 

the HEV phenotype, as temporary ligation of afferent lymphatics caused the endothelium to 

lose the luminal expression of the central adhesion molecule PNAd and resulted in decreased 

lymphocyte recruitment (Ager, Coles, & Stein, 2011). Furthermore, it was initially assumed 

that the reticular network formed ‘paracortical cords’ around HEVs in analogy to the 

medullary cords and thereby provided corridors to direct lymphocyte migration (A. O. 

Anderson & Anderson, 1975; Gretz et al., 1997; Kaldjian et al., 2001; Kelly, 1975). With the 

help of confocal and two-photon (2P) microscopy, it was later shown to form an open 3-

dimensional (3D) meshwork instead that guides T cell movement by cellular interaction with 
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FDCs (Bajenoff et al., 2006). Because these interactions are believed to influence the 

likelihood of T cells meeting their designated antigen and affect the establishment of an 

immune response, they have been a recent research topic (Bajenoff et al., 2007; Cahalan & 

Parker, 2008). Upon successful stimulation, T and B cells proliferate and differentiate in their 

designated areas, before leaving the LN through migration into the lymphatic sinuses and 

egress via the efferent lymph. The process of lymphocyte egress has been extensively studied 

within the last 10 years and is thought to rely on chemotaxis along a gradient of sphingosine 

1-phosphate (Schwab & Cyster, 2007; Schwab et al., 2005). However, the factors involved in 

egress decision making, enhanced lymphocyte retention after activation, and the precise mode 

of action of immunomodulatory drugs like FTY720 which bind the sphingosine 1-phosphate 

type 1 receptors and efficiently block lymphocyte egress from SLOs are still not well defined 

(Cyster & Schwab, 2012; Wei et al., 2005). Taken together, LNs can be perceived as crucial 

centres for immunity in which immune cell interaction is accommodated and supported by a 

variety of stromal cells comprising FDCs, FRCs, a recently described subset of marginal 

reticular cells (MRCs), as well as blood and lymphatic endothelial cells (Mueller & Germain, 

2009). These interactions provide promising targets for medical intervention, as exemplified 

by FTY720, which has recently been approved for the treatment of multiple sclerosis (Cyster 

& Schwab, 2012).  

Interestingly, the initiation of LN formation itself depends on crosstalk between stromal and 

immune cells, underlining their dependency during ontogeny and adulthood (Roozendaal & 

Mebius, 2011). Furthermore, we can identify parallels between the development of LNs and 

the factors involved in remodelling following activation (Boulianne et al., 2012). Therefore, 

we will discuss the development of stromal cell components that are critically involved in LN 

function and factors participating in LN formation in the next paragraphs. This is followed by 

a description of methods to visualise key structural compartments of LN anatomy, namely the 

blood, lymphatic, and the reticular network systems. Since these stromal structures in LNs 

create a complex 3D space for cellular interaction, there is a growing desire to understand 

critical processes in LNs in the spatial context with the help of multi-colour volume imaging 

(Tang et al., 2013), which will be discussed more in detail below.   



Introduction 
 

8 
 

1.2. Embryonic development of lymphatics and lymph nodes 

The concomitance of a separate blood and lymphatic system is a feature of larger vertebrates, 

beginning with amphibia and reptile (Alitalo, Tammela, & Petrova, 2005). Recently, an 

autonomous lymphatic system was also discovered in zebrafish, which forms under similar 

conditions as in mammalian systems, and is now a popular object of developmental research 

(Kuchler et al., 2006; Yaniv et al., 2006). The establishment of a closed blood circuation can 

be found even earlier in the animal system but is most studied in mammals. Early embryonic 

vasculogenesis and later angiogenesis in humans are complex processes, that involve the 

interplay of integrins, angiopoietins, chemokines, junctional molecules, oxygen sensors, 

endogenous inhibitors and many others, and have been reviewed in great detail elsewhere (P. 

Carmeliet, 2003; Eichmann et al., 2005). The separation process of arteries and veins has long 

been a difficult field of study because of the lethal implications of most related knock-out 

models. While it was initially assumed that arterial-venous differentiation is controlled by 

hemodynamic forces such as flow rate, direction, and pressure within in the early embryonic 

circulation, knockout studies in mice have substantiated the perception that this separation is 

in fact genetically determined (Jain, 2003). Before the heart starts pumping, arteries and veins 

already possess distinct molecular identities and signalling through Notch receptors has been 

identified as an important determinant of arterio-venous fate in this very early state (Swift & 

Weinstein, 2009). Continued growth and vessel maturation involves factors promoting 

branching, remodeling, and pruning of the vasculature. Many of these facors are promising 

targets for the antivascular therapy of a wide number of pathologies including cancer (Jain, 

2003).  

In contrast to the blood vasculature, the initiation of the mammalian lymphatic system does 

not rely on vasculogenesis or angiogenesis but has been shown to originate in splitting from 

venous vessels during embryonic development (Alitalo, 2011; Sabin, 1902). In comparison 

with angiogenesis research, studies on lymphatic vessels were long held back by the lack of 

specific markers, endothelial culture cells, and animal models, which are now available and 

widely used (Bruyere & Noel, 2010; Pollmann, Hagerling, & Kiefer, 2014). Knockout models 

have shown impaired lymphatic vessel formation, including genetic ablation of the 

transcription factors PROX1, Sox18, Foxc2 and Foxc1, VEGF-C/D and their receptor 

tyrosine kinase VEGFR-3, Eph receptor tyrosine kinases and their ephrin ligands, 

Angiopoietins and Tie1/Tie2 endothelial specific receptor tyrosine kinases, neuron guidance 
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molecules such as Neuropilin-2, and the small transmembrane mucin-like protein Podoplanin 

(Makinen, Norrmen, & Petrova, 2007). Neuropilin-2, which binds to the lymphangiogenic 

growth factors VEGF-C and VEGF-D and forms a complex with VEGFR-3, together with 

other neuron-guidance signals such as ephrins, indicates a close connection between the 

development of vessels and nerves, in similarity to the development of the blood vasculature 

(Peter Carmeliet, 2005; Makinen et al., 2007). Following arteriovenous differentiation at mid-

gestation, early lymphatic progenitors in the anterior cardinal vein express LYVE1 and the 

transcription factor SOX18 (Tammela & Alitalo, 2010). Sox18-induced expression of 

PROX1 is a master switch of lymphatic commitment and initiates lymphatic endothelial 

differentiation (Pollmann et al., 2014). These early precursors also begin to express 

Neuropilin-2 which makes them succeptible to VEGF-C signals from the mesenchyme and in 

turn leads to vessel sprouting (Tammela & Alitalo, 2010). The separation of blood and lymph 

vessels is a critical step and was shown to be dependend on the tyrosine kinase syk and its 

adaptor protein SLP76 in skin, as well as platelet activation and podoplanin during early 

lymphatic development (Alitalo et al., 2005; Böhmer et al., 2010; Uhrin et al., 2010). Even 

though LYVE1 is one of the first detectable markers in lymphatic endothelium, a functional 

role in lymphatic development can not be identified as yet and it is dispensable for lymphatic 

development (Alitalo et al., 2005; Peter Carmeliet, 2005; Francois et al., 2008; Gale et al., 

2007). Blood-lymphatic shunts occur under pathologic conditions and can be induced and 

studied conveniently in zebrafish (Dahl Ejby Jensen et al., 2009). Moreover, the lymphatic 

system can contribute to the pathogenesis of many inflammatory diseases and has been 

attributed a major role in disseminating tumour cells (Alitalo, 2011).  

The development of LNs is conserved within the mammalian species (Alitalo et al., 2005; 

Coles, Kioussis, & Veiga-Fernandes, 2010). In humans and mice, LNs have been found to 

develop at fixed positions within the body (Cupedo et al., 2011). Peripheral lymph nodes 

often develop at venous branching points, initiated via neural-derived retinoic acid, which 

stimulates the expression of the chemokine CXCL13 and CCL21 by stromal lymphoid-tissue 

organiser cells (LTo) and subsequently attracts lymphoid-tissue inducer (LTi) precursor cells 

to the site of LN formation (Cupedo et al., 2011; van de Pavert & Mebius, 2010). 

Communication in the pre-LTi cluster via lymphotoxin-α1β2 (LTαβ) and its receptor LTβR 

induces the differentiation of pre-LTi cells into mature LTi cells, encourages their interaction 

with stromal LTo cells, and leads to the attraction of more haematopoietic cells followed by 

lymph node growth. Together with natural killer cells, LTi’s are now recognised as being part 
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of a larger cell population referred to as the innate lymphocyte family, a heterogenous group 

of lymphocytes with innate cell characteristics that have been found to play roles in tissue 

formation, remodeling, and protection, in particular at barrier surfaces (Rankin et al., 2013; 

Spits & Cupedo, 2012). It has been suggested that the appearance of LTβR in mammals might 

have inititated the the communication of these cells with LTo’s, which subsequently 

facilitated the formation of LNs (Spits & Di Santo, 2011). Interestingly, a metabolic product 

of nerve fibres, retinoic acid, was shown to induce CXCL13 expression and thereby the early 

steps of LN formation, which is another indication of the close relationship between the 

development of blood, lymph and nervous systems (Peter Carmeliet, 2005; Coles et al., 2010; 

van de Pavert & Mebius, 2010). For the overall ontogeny of LN microanatomy, Sainte-Marie 

(2010) suggested that the sequential postnatal arrival of antigens causing cellular or humoral 

responses shapes the compartments in LN, with the paracortex developing first, and 

peripheral cortex as well as HEVs following later. The factors involved in early LN formation 

seem to further play a role in remodelling processes during adulthood. A crucial role for 

lymphotoxins in the development of LNs became evident in knockout models of  LTα-/-, 

LTβ-/-, and LTβR-/- in which mice lack all or a significant propotion of peripheral LNs 

(Bentley et al., 2011; Onder et al., 2013). In particular, LTβR signalling is crucial for the 

development and maintenance of the HEV-phenotype and the initiation of tertiary lymphoid 

tissue and HEVs at sites of chronic inflammation (Boulianne et al., 2012; Hayasaka et al., 

2010; Onder et al., 2013; Stranford & Ruddle, 2012). Katakai et al. (2004) have shown that 

dual signalling via LTβR and tumour necrosis factor receptors is sufficient to induce reticular 

network construction by FRC cells in vitro and developed a model of reticular network 

formation. Another study supported this trend, showing that after severe pathogen-induced 

FRC network damage, restoration of LN microanatomy is again dependent on the presence of 

LTi cells and their crosstalk with stromal organiser cells involving lymphotoxin signalling 

(Scandella et al., 2008). During inflammation, the rapid increase of lymphocyte numbers in 

the LN requires remodelling of the stromal networks including endothelial cell proliferation 

in which lymphotoxin signalling is critically involved (Boulianne et al., 2012; Zhu & Fu, 

2011). FRCs were found to produce VEGF upon stimulation by DCs via LTαβ/LTβR 

signalling, which promotes endothelial cell proliferation (Chyou et al., 2011; Chyou et al., 

2008). As another source of LTαβ, B cells have been found to play a central role in the 

remodeling processes of HEVs after virus infection (Kumar et al., 2010). Given that LNs 

undergo dramatic changes during activation, requiring the reticular network, the blood, and 
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the lymphatic system to expand without breaking or leaking into each other, the identification 

of factors controlling stromal development, remodeling, and network integrity is of central 

importance if we wish to sufficiently understand immune surveillance and LN pathology.
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1.3. Structural elements in lymph node microanatomy 

LNs are high energy environments in which lymphocytes circulate continuously and undergo 

activation and extensive proliferation in a rapid fashion (Cupedo et al., 2011). These 

processes require the supportive tissue to provide necessary survival factors to specialised 

compartments while allowing for enough flexibility to respond to dramatic changes in the cell 

population. The circulatory systems in LNs constitute tightly juxtaposed information 

channels. Besides meeting the requirement for high oxygen delivery, they allow immune cells 

to enter and exit the LN parenchyma and transport antigen and stimulatory molecules. 

Therefore, the blood and lymphatic systems are integral to understanding LN 

microenvironments and how they facilitate immune processes within LNs (Cupedo et al., 

2011). Investigation of these systems has been largely performed by microscopy studies 

employing specific cellular markers, which will be discussed more in detail here.  

1.3.1 Visualising the blood vasculature 

The cardiovascular system is composed of the aorta, arteries, arterioles and capillaries, which 

coalesce into venules and veins following the route of blood flow from the heart. It supplies 

tissues with oxygen and nutrients, removes most waste products including carbon dioxide, 

and is also the main route for stimulatory molecules and immune factors. The walls of 

capillaries, the most abundant vessel type in the body, consist of endothelial cells surrounded 

by a basement membrane and scattered pericytes, while larger vessels of the arterial and 

venous network also contain smooth muscle cells and can receive further stabilisation via 

additional layers of fibroblasts and ECM components in collecting vessels (Jain, 2003). A 

variety of cell surface markers have been identified that enable the antibody-mediated 

visualisation of blood vessel endothelium in tissue in vivo and in vitro. Widely used markers 

for the human vasculature are CD31 (PECAM-1), CD34, CD105, CD144 (VE-Cadherin), 

CD146, PAL-E (PV-1), and von Willebrand factor (Baluk & McDonald, 2008; Garlanda & 

Dejana, 1997; Hallmann et al., 1995). For the identification of murine endothelium CD31, 

CD105, CD144, CD146, as well as the mouse-specific marker MECA-32 have been 

employed (Baluk & McDonald, 2008). Unfortunately, none of these markers is exclusive as 

they can often be found simultaneously expressed on other cells such as stem cells (CD144), 

or lymphatic endothelium (CD31). Other markers are not equally expressed among all blood 

vessel types in each tissue (Baluk & McDonald, 2008). Histological studies of the blood 
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system have been carried out for decades and have led to crucial insights into the organisation 

of the vascular network in LNs that are still valid today (Elmore, 2006b; Willard-Mack, 

2006). Nevertheless, the possibility of combining multiple markers with different fluorescent 

labelling opened the field for comparative studies of blood vascular pathways together with 

other critical elements in LN such as immune cells and the lymphatic vessels. Endothelial 

cells in blood vessels can also be labelled in vivo to enable studies of their distribution during 

growth and development. Plant-derived lectins which strongly bind to a moiety of 

carbohydrates on endothelium have found broad application because they can easily and cost 

effectively be employed at larger tissues areas and can be applied to a wide range of model 

organisms (Lokmic & Mitchell, 2011). The recent development of transgenic mice 

constitutively expressing fluorescent proteins in a defined genetic environment now further 

facilitates the examination of vascular systems during development and adulthood. Reporter 

mice that express green fluorescent protein (GFP) under the control of the promoter for 

embryonic endothelial marker Tie1 or red fluorescent mCherry driven by Flk1 (VEGFR) 

have been used to study the early development of the blood vasculature (Iljin et al., 2002; 

Larina et al., 2009). Current efforts to develop models that facilitate investigations of the 

adult vasculature involve GFP expression in the mitochondria of endothelial cells (Pickles et 

al., 2013) and genetic ‘bio tagging’ with biotin, which allows subsequent specific labelling 

with a number of streptavidin-conjugated probes to allow near infrared, ultrasound, and 

magnetic resonance imaging (Bartelle et al., 2012). Within the LN context, mice with GFP-

fluorescent HEVs under the control of the HEC-6ST promoter were developed to facilitate 

tracking the changes of this specialised vasculature during development, LN homeostasis, and 

reactivity (Bentley et al., 2011). 

1.3.2 Markers of the lymphatic system 

The lymphatic network encompasses a larger volume than the blood vascular system, does 

not represent a closed circular conduit, and lacks a central pump. Lymphatic vessels are 

supported by only one endothelial layer, lack pericytes, show irregular diameters and start at 

blind-ended capillaries in the tissue (Jain, 2003). They are further characterised by a 

discontinuous basement membrane, button-like endothelial cell junctions at initial vessels, 

and valves that help to assure unidirectional flow (Baluk et al., 2007). Only larger collecting 

vessels are equipped with a smooth muscle layer and a continuous basement membrane (Gray 

et al., 1995). Surprisingly, although lymphatic vessels were first observed a few hundred 
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years ago, specific molecular markers and growth factors have only been known for ten years 

(Alitalo et al., 2005; Jackson, 2003). Widely used markers are LYVE1, podoplanin, PROX1, 

and VEGF-3, although none of them seems to be strictly exclusive for lymphatic endothelium 

in all species (Carreira, Nasser, & diTomaso, 2001; Clasper & Jackson, 2009; Park et al., 

2014; Partanen et al., 2000; Xie et al., 2008). Before these surface markers were employed, 

structural investigations of the lymphatic passageways were usually carried out indirectly by 

injection of tracer molecules, such as fluorescently-labelled dextran, antigen molecules, or 

carbon into tissue distal to a draining LN (A. O. Anderson & Anderson, 1975; Fossum, 1980; 

Gretz et al., 1997; Sixt et al., 2005). Tracking antigens by this technique allowed visualisation 

of the antigen route within LNs, thereby lighting up lymphatic sinuses, APCs, and the conduit 

system of the reticular network (Gretz et al., 2000). Recent efforts to establish transgenic 

reporter mice for the lymphatic vasculature employed the promoters for VEGFR-3 or Prox1 

and can now significantly improve the investigation of these fragile structures (Choi et al., 

2011; Hagerling et al., 2011; Martinez-Corral et al., 2012; Truman et al., 2012).  

1.3.3 The reticular network in lymph nodes 

The reticular network in LNs can be discussed as a separate lymphoid compartment with 

close connection to the lymphatic system. It has been shown to function as a ‘conduit 

system’, relating to its role for the distribution of antigenic material within the LN (Gretz et 

al., 1996). It is built of a central collagen core with associated microfibrils, which are 

surrounded by a basement membrane and enwrapped by a single cell layer of FRCs 

(Roozendaal, Mebius, & Kraal, 2008; Sixt et al., 2005). Visualisation of the reticular network 

can be carried out via detection of one of its ECM components, such as collagen I, III and IV, 

elastin, entactin, fibronectin, laminin-1, tenascin, vitronectin, heparan sulphate, perlecan, 

nidogen-1, fibrillin, or the markers desmin, SMA and gp38 (podoplanin), that are more 

specific for FRCs in the context of LNs (Kaldjian et al., 2001; Sixt et al., 2005). Another 

common marker is ER-TR7, which recognises a yet unidentified antigen potentially located in 

the microfibrillar zone (Katakai, Hara, Sugai, et al., 2004; Sixt et al., 2005). FRCs cover 

approximately 90% of the reticular network surface and have characteristics of both - 

endothelial cells and fibroblasts (Willard-Mack, 2006). It was originally assumed that 

lymphocytes sample information from the 10% free ECM molecules directly, as they were 

known to orientate on collagenous surfaces. However, it is now thought more likely that the 

free reticular network surface is occupied by DCs that collect antigens from the conduit 
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system (Bajenoff et al., 2006; Hayakawa, Kobayashi, & Hoshino, 1988; Sixt et al., 2005). 

The reticular network is a unique ECM structure specific to lymphoid organs, where the ECM 

is produced and enclosed by the FRCs in contrast to many other connective tissues in which 

ECM molecules surround the fibroblastic cells that make them (Roozendaal et al., 2008). 

Besides providing stability to the LN and transducing information within conduits, the 

reticular network provides critical guidance and survival cues to T cells (Girard et al., 2012; 

Gretz et al., 1996). Recently, FRCs together with lymphatic endothelial cells and MRCs were 

attributed a major role in the induction of peripheral tolerance (Fletcher, Malhotra, & Turley, 

2011). The development of reporter mice for FRCs was impeded by the fact that none of the 

associated markers (SMA and gp38) is exclusively expressed on these cells. Given the lack of 

specific markers for FRCs, chimeric mouse models were initially employed, where LNs from 

mice with fluorescent nucleated cells (GFP under the ubiquitin promoter) were irradiated and 

their immune cells reconstituted with non-fluorescent cells from wild-type mice (Schaefer et 

al., 2001). The LNs of these chimeric mice contain constitutively fluorescent stromal cells 

including the FRC network (Bajenoff et al., 2006; Bajenoff & Germain, 2009). Recently, the 

establishment of reporter mice with spatiotemporally controlled expression of fluorescent 

protein under the Ccl19 promoter using the Cre-loxP system enabled the visualisation of 

FRCs and their mesenchymal precursors in developing LNs, providing a valuable tool for 

future studies (Chai et al., 2013).  
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1.4. Imaging lymph node organisation 

During the past decades, significant improvements in the field of microscopy have advanced 

our understanding of complex anatomical structures to the nanomolecular level. Substantial 

technical advances accompanied the investigation of LN microanatomy and have shaped our 

understanding of its compartmentalisation and structural changes during activation and 

disease (Bajenoff & Germain, 2007). Early studies aiming to resolve LN development and 

organisation date back to the turn of the 20th century when pioneering work on larger 

mammals like pig, sheep, rabbit, and human embryos performed by Breschet (1836), Gulland 

(1894), Saxer (1896), Ranvier (1897), Sabin (1905) and Lewis (1909) provided seminal 

observations that set the premise for our modern understanding of LN anatomy. Subsequent 

studies aiming to resolve the LN formation and structure under normal and pathological 

conditions have employed human material or those of higher laboratory animals such as 

rodents (Higgins, 1926; Kling, 1903). An elegant review of this historical literature has 

recently been provided by Coles et al. (2010). Within the rodent system, rats have 

traditionally been more widely used in in vivo experiments analysing the lymphatic system 

than mice, probably because of their significantly larger and therefore more easily accessible 

lymphatic channels and LNs (Harrell, Iritani, & Ruddell, 2008), and led to crucial discoveries 

about the recirculation of lymphocytes (Gowans & Knight, 1964). Moreover, this field has 

benefited greatly from cannulation studies carried out in sheep, revealing the acute effect of 

antigen on lymphocyte output from LNs (Hall & Morris, 1965a, 1965b; J. B. Smith, 

McIntosh, & Morris, 1970). Early vascular investigations were carried out by bright field 

microscopy and injection of visible dyes, for example india ink, china ink, alcian blue, or 

tracer molecules such as horseradish peroxidise and carbon (A. O. Anderson & Anderson, 

1975; Fossum, 1980; Sainte-Marie, Peng, & Belisle, 1982). The reticular network could be 

specifically visualised by staining collagen via silver impregnation, the so called ‘reticulin 

stain’ (Kaldjian et al., 2001; Sainte-Marie et al., 1982). Remarkably, those simple methods 

allowed for respectable structural insights and led to fundamental theories about LN 

organisation (A. O. Anderson & Anderson, 1975; Kelly, 1975; Sainte-Marie et al., 1982). The 

advances of electron microscopy (EM) in the second half of the 20th century soon enabled 

spatial resolution of most parts of the LN ultrastructure (Ohtani & Ohtani, 2008; Ushiki, 

Ohtani, & Abe, 1995; Wenk et al., 1974). Those investigations revealed a skeleton-like 

structure of the collagen bundles in LNs with different branching densities in the follicles, the 
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paracortex, and the medulla, and a physical connection to collagen sheaths around HEVs 

(Ushiki et al., 1995). Furthermore, the extravasation of lymphocytes from HEVs could be 

observed in great detail (N. D. Anderson et al., 1975; Wenk et al., 1974). More recent studies 

proved the close physical interaction between T lymphocytes and FRCs on the reticular 

network (Bajenoff et al., 2006). However, although electron microscopes achieve a more 

powerful resolution than any conventional light microscopes, the identification of structural 

elements and cell subsets relies mainly on morphological discrimination aided by 

immunogold labelling. Detection of specific markers with the help of enzyme-labelled 

antibodies in brightfield microscopy combined with classic histological stains for nuclei and 

cytoplasm enabled investigation of specific structures in relation to healthy or pathological 

tissue, even though at notably lower definition and without significant spatial information 

(Elmore, 2006a). In fluorescence microscopy, multiple fluorescently labelled markers can be 

combined to visualise structural patterns and cell types, but given the limited specificity of 

most surface molecules, a combination of markers is recommended for sufficient 

identification of the particular target (Angel et al., 2009; Huggenberger et al., 2010). With the 

help of fluorescence microscopy, the cellular identity and location of various cell types in 

LNs could be greatly explored and provided information about different stromal cell subsets 

and their role in LN organisation (Roozendaal & Mebius, 2011). The advantages of 

fluorescent microscopy could be further extended to spatial investigations in confocal 

microscopy, where the application of a laser and an adjustable pinhole eliminates out-of-focus 

light, thereby allowing for detection of thin optical slices with subcellular resolution as well 

as the record of time series (Halbhuber & Konig, 2003). Reconstruction of 3D structures from 

the obtained images is widely exploited in biological imaging and has added new quality to 

the structural determination of LNs. In this way, topological insights into the intertwined 

anatomy of vascular channels, the reticular network, and differentally labelled cells could be 

obtained (Ma et al., 2007). Two-photon (2P) microscopy, which operates similarly to 

confocal microscopy but functions by emitting two low energy photons that can be absorbed 

by and subsequently excite fluorescent molecules in the focal plane, allows for time lapse 

imaging of live tissues and achieves a higher penetration depth and lower phototoxicity than 

conventional confocal (1P) imaging systems (Germain et al., 2006). This technique greatly 

advanced the field by permitting the dynamic imaging of migrating cells within LN 

subdomains, across endothelial barriers, and along the reticular network, which can be 

represented through visualisation of collagen by second harmonic generation (Bajenoff et al., 
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2006; Huang, Qi, & Germain, 2004; Mempel, Henrickson, & Von Andrian, 2004; von 

Andrian & Mempel, 2003). Most studies of this kind are now carried out in mice, owing to 

the availability of a variety of established molecular markers, transgenic models, and 

protocols for introduction of labelled cells. 

1.4.1 Possibilities for volume imaging 

The complex organisation of LN microanatomy has led to a growing desire to capture 

structural and cellular patterns on a tissue-wide scale. The intricate channels of the blood and 

lymphatic passageways can only be insufficiently understood in the limited field of view of 

most optical imaging systems. As both vascular system are critically involved in cell traffic 

and information distribution, their spatial organisation is integral to understanding LN 

function (Cupedo et al., 2011). How individual cell subsets change with respect to cell 

numbers and distribution within LNs in the course of immune activation is one of many 

questions that cannot adequately be answered by means of 2-dimensional (2D) microscopy 

(Bajenoff, 2012). Cut 2D sections can only provide an estimate of cell or vessel densities 

which in inhomogenous tissues can easily be misleading. Moreover, isolated events of 

cognate lymphocyte activation and lymphocyte migration are unfeasible to study within the 

2D context. As a consequence, volume imaging has gained more importance within the field. 

The 3D visualisation of blood vessels has a long history and relies mainly on the vascular 

injection of space-occupying material, such as corrosion casts. In this approach, the 

vasculature is filled with a resin and analysed by electron microscopy (EM) or optical 

techniques after chemically dissolving the interstitial tissue (Hossler & Douglas, 2001). While 

this technique provided valuable insights into the 3D organisation of the gross blood vascular 

anatomy of LNs, it does not capture truly 3D datasets for quantification of the cast structure 

(Belisle & Sainte-Marie, 1990; Heath & Brandon, 1983; Herman et al., 1972; Steeber et al., 

1987). Current systems for volume imaging can be classified as microscopic, mesoscopic and 

macroscopic technologies (Figure 1.2). In addition to typical microscopic (involving 2P and 

confocal microscopy) and non-optical macroscopic approaches such as X-ray computed 

tomography (CT), magnetic resonance imaging (MRI), ultrasound and positron emission 

tomography, or single-photon emission tomography, the emerging field of mesoscopic 

imaging is providing novel insights into the organisation of whole organs to small organisms 

(Mertz, 2011; Ntziachristos, 2010).  
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Figure 1.2.  Working range of modern photonic imaging techniques (adapted from Ntziachristos (2010)) 

Penetration depth and resolution in these techniques are generally limited by light scattering and light 
attenuation. For detailed description see Ntziachristos (2010). OPT, Optical projection tomography; SPIM, 
Selective plane illumination microscopy; 2P/MP, two- or multiphoton microscopy; MFT, mesoscopic 
fluorescence tomography; fPAM, functional photoacoustic microscopy; hFMT, Hybrid fluorescence molecular 
tomography; MSOT, Multispectral optoacoustic tomography. 
 

As a general trend, increased volume imaging is performed at the cost of a lower image 

resolution, which limits the amount of information that can be gained from each method. For 

example, imaging of entire LNs in 3D for medical purposes has been employed using several 

non-invasive imaging protocols including near-infrared imaging, CT, nuclear imaging, MRI, 

and ultrasound imaging (Sharma et al., 2008). These methods allow for investigations of 

normal LN function and pathology, such as the detection of LN metastasis, but the resolution 

is unable to disclose fine anatomical details. Within the field of microscopic imaging, several 

attempts have been made to extend the imaged volume by serial sectioning and individial 

labelling of numerous individual sections for microscopic imaging and 3D reconstruction 

during post-processing (Grigorova, Panteleev, & Cyster, 2010; Irla et al., 2013). This 

procedure has been imployed for fluorescent and also brightfield imaging, but it does not 

preserve the continous structure of the imaged tissue (Ma et al., 2008). The very recent 

adoption of mesoscopic imaging methods in studies of LN anatomy involving optical 

projection tomography (OPT) and selective plane illumination microscopy (SPIM) provided 

quantifiable information about the number of HEVs and their relationship to B cell follicles 
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and DCs across whole LNs (Kumar et al., 2010; Mayer et al., 2012). In addition, a 

synchrotron radiation-based microCT technology has been used to scan vascular casts at 

higher resolution and reconstruct the vascular volume computationally (Krucker, Lang, & 

Meyer, 2006). Even though these techniques do not provide detailed subcellular information 

they allow comprehensive insights into the overall anatomy of vascular systems and large 

cells or cell domains. A novel imaging technology employs confocal imaging in combination 

with automated sample milling, which allows the acquisition of confocal images over the 

scale of small organs, while being able to resolve the fine anatomical detail of collagenous 

structures (Sands et al., 2005). Thereby, it has great potential to capturing multiple subcellular 

structures at the scale of entire murine LNs, which cannot  easily be achieved with alternative 

volume imaging devices.  

1.4.2 Challenges and perspective for volume imaging 

Together with 2P imgaing these techniques mark a new era of immunological imaging that 

aims to resolve spatially and spatiotemporally the cellular organisation and interactions within 

LNs. They further signify a current trend in immunology to gain global insights into the 

immune processes rather than molecular shapshots (Ludewig et al., 2012). The new 

technologies provide challenges for experimentation as they require new protocols for volume 

labelling of cellular compartments and sophisticated methods for adequate analysis of the 

large volume data (Tang et al., 2013). Commonly used organ-wide stains involve labelling 

with gelatin, dextran, or lectins to visualise vascular systems in a range of model organisms 

but the continuous staining of other stromal or immune cell compartments requires different 

approaches such as the generation of specific reporter mice (Ohtani & Ohtani, 2008). 

Previous attempts to make optical information accessible for computer analysis include 

stereology, where 2D tissue information is interpolated into a 3D space (Garcia et al., 2007; 

Lokmic & Mitchell, 2011). Other methods employ volume imaging over limited areas and 

convert the 3D image data into 2D projections to assess vascular patterns of blood and lymph 

pathways (Shayan et al., 2007; Vickerman et al., 2009). In general, more advanced techniques 

are available for the topological analysis of blood vascular systems, owing to its history in 

medical imaging, but much more is required, not at least because of the increased availability 

of multiplex data (Lesage et al., 2009). The comprehensive visualisation and computational 

translation of complex 3D data is a challenge for future research, which will benefit many 

disciplines (Walter et al., 2010). Ultimately, large-scale analysis can help to better capture 
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fundamental mechanisms in immunity in a ‘systems biology’ approach (Ludewig et al., 2012; 

Mirsky et al., 2011). The acquired information can be described computationally and 

integrated with other models of immune processes, thereby facilitating ‘in silico’ 

experimentation (Bogle & Dunbar, 2008, 2010a, 2010b, 2012). Global and dynamic imaging 

aided by appropriate analysis has the potential to substantially advance the current ways of 

studying complex anatomical settings and will help us to arrive at a better understanding of 

immunity in the future. 
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1.5. Study aims 

Lymph nodes are vital organs in mammalian immune systems and are equipped with a 

complex anatomy that enables their crucial function as control centres for immune 

surveillance. They are understood as discrete meeting points between immune cells, antigenic 

material, and inflammatory factors. The scientific understanding of LN development, their 

microanatomy, and the cellular processes carried out within them has increased during the 

last decades, providing valuable insights into immune function in general. Research on the 

cellular framework provided by stromal cells within LNs has benefited greatly from the 

discovery of new specific cell markers and the establishment of laboratory models. Although 

a reasonable amount of knowledge has been gained from in vitro experiments on cell 

interaction and structural compartmentalisation in 2D, there is a significant demand for 

understanding the spatial coordination of immune processes globally. New technical advances 

in microscopy provide powerful tools to explore cell traffic and the interactions between cells 

and structural elements. Current imaging techniques do not provide enough resolution to 

assess fine subcellular structures at an organ-wide scale and lack sophisticated tools for 

quantification of large image data.  

Therefore, the aim of the present study was to investigate the structural anatomy of LNs more 

comprehensively by employing a unique imaging technology available at the University of 

Auckland. With the help of extended-volume confocal imaging, we intended to capture 

critical structural features of LN organisation and quantify the image data with the help of 

computer-aided analysis. In particular, we aimed to 

 establish protocols for the fluorescent labelling of whole blood, lymphatic, and 

reticular network systems in murine LNs  

 prepare single and multi-labelled samples for extended-volume confocal imaging, 

involving the embedding in a stable resin 

 acquire extended confocal 3D images of single and multi-labelled whole LNs  

 employ computer tools to investigate the topology of complex network structures such 

as the blood vasculature within entire LNs, and 

 assess topological changes of structural features in LNs during immune activation 

with the help of computer analysis. 
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Chapter 2. Materials & Methods 

2.1. Materials 

Table 2.1.  Reagents for immunohistochemistry and whole-mount staining 

Cryomold® Intermediate Tissue-Tek®, Sakura Finetek (US), Cat # 4566 

O.C.T. compound  Tissue-Tek®, Sakura Finetek (US), Cat # 4583 

Menzel Glaser Superfrost PLUS slides Menzel (DE), Cat # SF41296SP 

Mini PAP pen Invitrogen (NZ), Cat # 008877 

Tris buffered saline (TBS) 10x 80g NaCl (Merck, Germany) / 2g KCl (Merck, 

DE) / 30g Ultra Pure™ Tris (Invitrogen, US) / 

pH 8 

Blocking buffer 5% goat serum (Gibco, NZ) in 1x TBS 

Dilution buffer 1% goat serum (Gibco, NZ) in 1x TBS 

Washing buffer  

 

PBS (Sigma-Aldrich, US) / 0.1% Triton X100 

(Sigma-Aldrich, US) / 0.05% sodium azide (BDH 

Laboratory Supplies, UK) 

Collagenase type I Gibco® (NZ), Cat # 17100-017 

Fetal bovine serum (FBS) Gibco® (NZ), Cat # 10091-148 

Low melting point (L.M.P.) agarose Invitrogen (NZ), Cat # 15517-014 

ProLong® Gold antifade reagent Life technologies (US), Cat # P36930 

Paraformaldehyde (PFA), 8%, EM grade ProSciTech (AU), Cat # C006 

4% PFA fixative 4% PFA (ProSciTech, AU) / 3% sucrose (Sigma-

Aldrich, US) / PBS (Sigma-Aldrich, US) 

4´,6-diamidino-2-phenylindole (DAPI) Molecular Probes®, Cat # D3571 
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Table 2.2.  Primary antibodies for immunohistochemistry and whole-mount staining 

Primary 

antibody 

Label Isotype Clone Catalogue 

number 

Supplier 

CD3e unconjugated syrian hamster 

IgG2, κ 

500A2 550277 BD Pharmingen 

CD4 R-PE rat IgG2b, κ GK1.5 557308 BD Pharmingen 

CD21/CD35  Biotin rat IgG2a, κ 7E9 123405 Biolegend 

CD31  Biotin rat IgG2a, κ MEC13.3 553371 BD Pharmingen 

CD45R/B220  Alexa Fluor® 

647 

rat IgG2a, κ RA3-6B2 557683 BD Pharmingen 

Collagen I unconjugated rabbit IgG N/A ab34710 Abcam 

Ki-67 unconjugated rat IgG2a, κ 16A8 652401 Biolegend 

LYVE1 unconjugated rabbit IgG N/A ab14917 Abcam 

LYVE1 unconjugated rat IgG2a, κ 223322 MAB2125 R&D Systems 

LYVE1 * Alexa Fluor® 

488 

rat IgG2a, κ 223322 MAB2125 R&D Systems 

PNAd Biotin rat IgM, κ MECA-79 120804 Biolegend 

R-PE = R-Phycoerythrin; *Antibody was labelled using the Alexa Fluor® 488 Monoclonal Antibody Labelling 

Kit (Molecular Probes®).  

 

Table 2.3.  Secondary antibodies for immunohistochemistry 

Secondary 

antibody 

Label Isotype Catalogue 

number 

Supplier 

Anti-hamster  Alexa Fluor® 488 goat IgG A21110 Molecular Probes® 

Anti-hamster Alexa Fluor® 568 goat IgG A21112 Molecular Probes® 

Anti-rabbit Alexa Fluor® 488 goat IgG (H+L) A11008 Molecular Probes® 

Anti-rabbit Alexa Fluor® 555 goat IgG (H+L) A21428 Molecular Probes® 

Anti-rat Alexa Fluor® 488 goat IgG A11006 Molecular Probes® 

Anti-rat Alexa Fluor® 555 goat IgG A21434 Molecular Probes® 

Streptavidin Alexa Fluor® 647     / S-21374 Molecular Probes® 
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Table 2.4.  Reagents and kits for whole lymph node staining in mice 

Lipopolysaccharide (LPS) 0111:B4,  

gel-extracted 

Sigma-Aldrich (US), Cat # L4391 

Heparin sodium injection BP Mayne Pharma Limited (AU), 1000 I.U./ml 

B Braun Silkam® 4/0, DS19, 45cm, black Aesculap (DE), Cat # C0762202 

Single lumen Polyethylene tube, 

nonsterile (cannula) 

Critchley Tyco Electronics Pty limited (AU) 

Precision needle tip 23G ¾  (cannula) Becton Dickinson (SG), Cat # 305143 

Precision needle tip 25G 1 ½  Becton Dickinson (SG), Cat # 305127 

Syringe, 5 ml, latex-free Becton Dickinson (SG), Cat # W12058 

Isoflurane Lunar better Pharmaceuticals (CN) 

Phosphomolybdic acid (PMA) 

 

2,5% in aqueous solution (Santa Cruz 

Biotechnology, US) 

4% PFA fixative 4% PFA (ProSciTech, AU) / 3% sucrose (Sigma-

Aldrich, US) / PBS (Sigma-Aldrich, US) 

Bouin’s fixative 75 ml saturated picric acid / 5 ml acetic acid 

(Scharlau, ES) / 25 ml 37% formaldehyde 

(Scharlau, ES) 

Glutaraldehyde, 25 % ultra-pure Scharlau (ES), Cat # GL0170 

Direct Red 80 (Sirius Red) Aldrich (US), Cat # 365548-5G 

Picrosirius red solution 0.1% Direct Red 80 (Scharlau, ES) in saturated 

picric acid  

Sirius red solution (low acidity) 0.1% Direct Red 80 (Scharlau, ES) / 90% saline / 

10% saturated picric acid 

WGA-Biotin Vector laboratories (AU), Cat # B-1025 

WGA-TMR Molecular Probes®, Cat # W849 

WGA-Alexa Fluor® 488 Molecular Probes®, Cat # W11261 

WGA-Alexa Fluor® 555 Molecular Probes®, Cat # W32464 

WGA-Alexa Fluor® 647 Molecular Probes®, Cat # W32466 

Streptavidin- Alexa Fluor® 488 Molecular Probes®, Cat # S-11223 

Streptavidin- Alexa Fluor® 568 Molecular Probes®, Cat # S-11226 

Dextran-TMR, 2000 kDa, Lysine Fixable Molecular Probes®, Cat # D-7139 
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LYVE1* Alexa Fluor® 488, rat IgG2a, κ R&D Systems, Cat # MAB2125 

LYVE1* Alexa Fluor® 568, rat IgG2a, κ R&D Systems, Cat # MAB2125 

Alexa Fluor® 488 Monoclonal Antibody 

Labeling Kit 

Molecular Probes®, Cat # A20181 

Alexa Fluor® 568 Monoclonal Antibody 

Labeling Kit 

Molecular Probes®, Cat # A-20184 

* Antibodies were labelled using the Alexa Fluor® Monoclonal Antibody Labelling Kit (Molecular Probes®). 

 

Table 2.5.  Resin embedding materials 

LR white embedding kit, hard grade ProSciTech (AU), Cat # C026 

LR white™ resin, hard grade SPI® Supplies (US), Cat # 02645-AB 

Gelatin capsules (small, size 1) ProSciTech (AU), Cat # RL042 

Procure 812 embedding kit ProSciTech (AU), Cat # C038 
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2.2. Methods 

2.2.1 Tissue collection and cryopreservation 

Freshly excised murine tissue was placed in O.C.T.-filled cryomolds® and snap frozen in 

liquid nitrogen for several minutes until fully hardened. Frozen blocks were stored at -80°C. 

Cryosectioning of 7 µm thick tissue cross-sections was performed on a Leica (DE) CM1850 

cryostat at -19°C. Cut sections were mounted onto Superfrost plus glass slides and stored 

at -80°C until use in immunohistochemistry. 

2.2.2 Antibody labelling 

Labelling of LYVE1 antibody for in vivo injection was carried out using the Alexa Fluor® 

488 or 568 Monoclonal Antibody Labelling Kit (Molecular Probes®) following the 

manufacturer’s instructions. In brief, 100 µg of antibody were mixed with one-tenth volume 

of 1 M sodium bicarbonate buffer and used to gently dilute the reactive Alexa Fluor® dye. 

After incubation for 1 hour at room temperature with gentle agitation every 10-15 minutes 

(pipetting up and down), the mix was spun through a purification resin for 5 minutes at 1100 

× g to separate conjugated antibody from unbound dye. The concentration of the collected 

antibody solution was determined by measuring the absorbance at 280 nm and 494 nm (A494 

for Alexa Fluor® 488) or 577 nm (A577 for Alexa Fluor® 568) at a NanoDrop 1000 (Thermo 

Fisher Scientific, US). The protein concentration was calculated using the formula below 

where 203,000 is the molar extinction coefficient (ε) in cm–1M–1 of a typical IgG at 280 nm, 

and 0.46 is a correction factor for the Alexa Fluor® 488 contribution to the absorbance at 280 

nm (the factor for Alexa Fluor® 568 is 0.46).  

 

The concentration of directly labelled LYVE1 antibody employed in vivo was > 100 ug/ml. 

LYVE1-Alexa Fluor® 488 and -568 were stored short term at 4°C or aliquoted and frozen 

at - 20°C for longer storage. 
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2.2.3 Immunofluorescence microscopy 

A staining protocol for triple colour immunohistochemistry established by Lloyd et al. (2008) 

was adopted for immunostaining of frozen tissue sections with slight modifications. Sections 

were fixed in ice-cold acetone for 1-2 minutes, rehydrated in 1x TBS, and incubated with 

blocking buffer for 30 minutes at room temperature. Antibody-labelling was performed at 

room temperature for 30 minutes or 1 hour, separated by two washing steps with 1x TBS for 

5 minutes. Triple staining was performed via sequential rounds of 1. primary antibody 

labelling (Table 2.2; where antibodies of different isotype were used simultaneously), 2. 

secondary antibody incubation (Table 2.3), and an optional 3. incubation with a directly 

fluorescently conjugated primary antibody or a biotinylated antibody for subsequent detection 

with Alexa Fluor® 647-conjugated streptavidin (4.). Nuclear staining was performed using 

DAPI (1:2000) together with the secondary antibody incubation. After the antibody labelling 

steps, sections were washed twice in 1x TBS and mounted with ProLong® Gold. Stained 

sections were allowed to set at 4°C for a few hours and photographed on a Leica DMR 

epifluorescence microscope (DE) using a SPOT Pursuit 1.4MP monochrome camera (Scitech, 

AU). Acquired images were pseudo-coloured, processed, and superimposed employing the 

Cytosketch software (Cytocode Limited, NZ).   

2.2.4 Whole-mount staining 

Antibody labelling of whole LNs was performed following the descriptions for whole-mount 

staining by Kumar et al. (Kumar et al., 2010). In brief, freshly excised LNs were incubated in 

4% PFA fixative overnight at 4°C, washed three times in PBS for 10 minutes followed by 

three incubation steps in washing buffer at room temperature for 1 hour each. Afterwards, 

LNs were incubated with 0.0025% collagenase for 30 minutes at 37°C, after which 

collagenase activity was stopped by addition of cold FBS. Three further washing steps with 

cold PBS for 1 hour each were followed by incubation with a mix of CD4-R-PE, LYVE1-

Alexa Fluor® 488, and CD45R/B220-Alexa Fluor® 647 (all at 2 µg/ml) in washing buffer for 

10 days at 4°C under gentle rotation. Stained LNs were washed in PBS and directly viewed 

on a Leica DMR epifluorescence microscope (DE) using a SPOT Pursuit 1.4MP monochrome 

camera (Scitech, AU). Following the initial examination, LNs were mounted in ProLong® 

Gold or 1.5% L.M.P. agarose for confocal microscopy using a Leica TCS SP2 (DE) or a 

Nikon Eclipse Ti (NL). 
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2.2.5 Mice  

The mice used in this study were bred and maintained in the conventional animal facility unit 

at the School of Biological Sciences, the University of Auckland. They were housed at 2–5 

mice per cage (12-hour light:dark cycle, 21–25 °C, 30–70% humidity, woodchip bedding). 

Experimental protocols employ male FVB/N or C57BL/6 mice older than 8 weeks and were 

approved by the institutional Animal Ethics Committee to be in accordance with The Animal 

Welfare Act (1999). We initially set up our labelling protocols using readily available FVB/N 

mice but performed our final studies on C57BL/6 mice to allow for better comparison with 

other immunological studies using this mouse strain.  

2.2.6 Stimulation of reactive lymph nodes using LPS 

To induce a reactive phenotype in popliteal LNs, 8-16 weeks old male C57BL/6 mice were 

injected with 30 µg LPS (in PBS, total volume of 50 µl) into the rear left hock, as this 

injection site was shown to be suitable for immunisation of draining LNs and affect the 

welfare of the animal less than footpad injection (Kamala, 2007). Animals were monitored 

daily to not exceed 15% weight loss (program ethic’s number: R965) and sacrificed after 48 

hours by initial anaesthesia with 5% isoflurane and cervical dislocation. Weight assessment of 

the individual LNs was carried out using an AX205 analytical semi micro balance (Delta 

Range®, Mettler Toledo, US). 

2.2.7  Resin embedding & sectioning 

Excised murine tissue was either stored in Bouin’s fixative and imbedded in Procure 812 or 

fixed overnight in 4% PFA fixative at 4°C and embedded in LN white (hard grade).  

For embedding in Procure 812, samples were dehydrated in a series of alcohols (30%, 50%, 

70%, 90%, 100%, dry alcohol) for 30 minutes each. After two incubations in acetone for 30 

minutes, samples were incubated in a 1:2 mix of acetone and Procure 812 for 1 hour, 

followed by an overnight incubation in 100% procure 812. The resin was changed and 

samples were incubated for another 3 hours before heat curing in Procure 812 at 60°C for 48 

hours. Procure 812 was mixed in adaptation from the manufacturer’s instructions (12 g 

Procure 812 / 8 g DDSA / 5 g NMA / 0,5 g BDMA) and stored at -20°C.  
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In preparation for LR white embedding, samples underwent three washes in PBS for 10 

minutes and dehydration through incubation in a series of alcohols (30%, 50%, 70%, 90%, 

100%) for 30 minutes each. This procedure was followed by incubation with an 1:3 and 3:1 

LR white:ethanol mix for 1 hour each, to allow tissue infiltration with LR white. Samples 

were incubated with pure LR white resin for 3 hours, followed by a resin change and an 

overnight incubation. LR white infiltrated samples were placed in gelatin capsules and heat 

cured at 60°C for 4 hours.  

Both, LR white and Procure 812 embedded samples, could be sectioned on a Leica EM UC6 

ultramicrotome (DE) into 2 µm, 5 µm, or 10 µm thick slices. Cut sections or whole embedded 

samples were photographed on a Leica DMR epifluorescence microscope (DE) employing a 

SPOT Pursuit 1.4MP monochrome camera (Scitech, AU). 

2.2.8 Extended-volume confocal imaging 

Confocal microscopy represents a powerful tool for viewing biological specimen at 

subcellular resolution across 3D tissue volumes. A major constraint is the restricted imaging 

depth which is determined by the optical properties of the imaging device, the wavelength 

used for excitation, and the degree of scattering within the tissue (Germain et al., 2006). A 

novel modified confocal imaging device developed at the Auckland Bioengineering Institute 

overcomes this limitation by incorporating a milling step that removes a previously imaged 

sample surface to permit access to underlying tissue areas for subsequent imaging (Sands et 

al., 2005). In an iterative process, a sample is moved in between a confocal microscope and a 

precision miller, thereby allowing confocal imaging of the top layer of a sample which can 

then be removed by the ultramill and followed by a second round of surface imaging to 

ultimately provide continuous overlapping image stacks of large tissue volumes up to several 

millimetres (Figure 2.1). Key to this process is the exact xyz-registration (with a precision of 

0.3 µm) of a stably mounted sample (in resin) and precise control of the surface removal by 

the ultramill in an automated process employing custom-written code in LabVIEWTM. The 

software further controls the acquisition of overlapping image stacks across the surface, the 

image resolution, and imaging at single or dual colour. Moreover, purpose-designed image 

processing software written in the same environment can be used to remove optical noise and 

distortion, and integrate overlapping image stacks into a 3D volume image (Sands et al., 

2005).  
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Figure 2.1.  Working principle of the extended-volume confocal imaging system 

The components of the extended-volume confocal imaging system are shown in A (the image was adopted with 
permission from LeGrice et al. (2004)). During the imaging process the surface of a sample embedded in resin 
(B) is imaged by means of acquiring individual 3D image stacks (comprising 2D image slices) which can be 
assembled into x-y mosaics and subsequently allow the generation of stack volumes (C; with permission from 
Young et al. (1998)). 
 

During this process, background-correction is performed on individual images by employing 

a uniform reference image to compensate for uneven sample illumination. Next, a wavelet-

based denoising procedure is applied to individual image stacks to remove optical noise, 

followed by deconvolution using the Richardson-Lucy algorithm, which corrects for the 

optical blurring that results from the imaging process. Following these corrections, 

neighbouring image stacks are aligned in the x-y plane using cross-correlation, to generate 

x-y mosaics (Figure 2.1 D). Stack mosaics are then merged in the z direction based on image 

similarities and blended together to produce a seamless stack volume (Figure 2.1 D). An 

A 
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additional image processing tool which allows equalisation of the signal intensity within a 3D 

volume image was generated by Dr Gregory B. Sands and Dr Gib Bogle and is described in 

Appendix A. The combined procedure of image acquisition and generation of a 3D volume 

image is referred to as extended-volume confocal imaging in this study. 

The system consists of three instruments: a confocal laser scanning microscope (TCS 4D 

CLSM, Leica, DE), a milling device (Leica SP2600 ultramill, Leica, DE), and a high-

precision three-axis translation stage (Aerotech, US). All devices are controlled by imaging 

software written in LabVIEWTM (National Instruments, US), enabling an automated 

sequential process of imaging and surface removal of the sample. Image acquisition was 

performed using an Omnichrome krypton/argon laser (Melles Griot, US) for sample 

illumination, a 20x water immersion lens (HC PL APO, 0.70 NA, Leica, DE), 4x line 

averaging, and an image overlap of 50%. Individual 8-bit (grayscale) images acquired at ‘2 

µm pixel resolution’ contained 256 x 256 pixels covering an area of 500 x 500 µm, providing 

a pixel resolution of 1.95 µm. Alternatively, images were taken with 512 x 512 pixels 

covering the same area, which is referred to as imaging at ‘1 µm pixel resolution’.  

2.2.9 Visualisation software 

The image data generated by epifluorescence and extended-volume confocal microscopy was 

visualised using specialised software tools that allow integration of multiple colour channels 

in 2D or 3D, respectively (Table 2.6). Conventional 2D images from epifluorescence 

microscopy were acquired as greyscale tiff files and pseudo-coloured, processed, and 

superimposed with the help of the software tool Cytosketch (Angel et al., 2009; Henare et al., 

2012). 3D images obtained from extended-volume or conventional confocal imaging 

similarly represent greyscale 3D tiff files in raw format and were pseudo-coloured, processed, 

and superimposed with the 3D rendering programs Amira, Voxx, or Imaris. Visualisation of 

3D image data was performed by generating 2D projections of rendered volume images, 

which find broad application in this study. Moreover, as confocal imaging is performed by 

‘optical sectioning’ of the tissue, the resulting 3D image consists of a series of x-y pages 

representing the focal planes of individual imaging steps. These ‘pages’ or volume ‘slices’ 

can be displayed individually and provide a 2D snapshot (cross-section) of complex 3D 

images, which can be useful for investigating fine structures in detail. In addition, by 

selecting only a subsection of the volume or in other words cutting planes off the main 
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volume image, ‘thick volume sections’ can be viewed individually, thereby allowing better 

insight into centrally positioned structures within a 3D volume. Selected programs such as 

Voxx and Imaris further allowed the generation of high quality movie files and special editing 

tools in Amira were used for manual editing of 3D image and network data. The 3D rendering 

software CMGUI was employed for visualising topological data and generating movies. In 

contrast to Amira and Imaris, Voxx and CMGUI do not allow for displaying a scale bar on 

the images. Where it is appropriate, the dimensions of the depicted specimen are provided in 

the figure legend instead. A detailed list of current 3D and 4D rendering software tools can be 

obtained from Walter et al. (2010). 
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Table 2.6.  Visualisation and analysis tools used in this study  

Name Description Provider Main use in this study 
file 
formats 

     

Amira 5.4.2 

 

3D software 
platform for 
visualizing, 
manipulating, and 
analysing 
biomedical data 

FEI 
Visualization 
Sciences 
Group, US 

visualisation of 3D image and 
network data (surface 
reconstruction, orthoslice), 
manual editing (segmentation 
editor, filament editor), 
volume measurements 
(material statistics) 

tiff 

am 
(Amira-
Mesh) 

PNG 

CMGUI 
2.7.0 

3D visualisation 
software  

CMISS, The 
University of 
Auckland, NZ, 
(open source) 

OpenGL rendering of 
networks as a set of 
connected tubes 

com 

exelem 

exnode 

Cytosketch bulk image 
processing, 
organising, and 
preparation tool 
for publishing  

Cytocode 
Limited, NZ 

pseudo-colouring, processing, 
and superimposing of multi-
colour microscopy images 

tiff 

 

Image J 
1.47v 

image processing 
and analysis 
software 

National 
Institutes of 
Health, US 
(open source) 

visualisation and 
superimposing of 2D and 3D 
images, analysis of 3D 
density data (histogram) 

tiff 

PNG 

 

Imaris 7.6.5 
x64 

3D and 4D image 
data visualisation 
and analysis 
software 

Bitplane, UK visualisation and 
superimposing of raw and 
segmented 3D image data, 
movie generation 

tiff 

AVI 

Voxx 2.0 voxel-based 3D 
rendering 
program for 
biological 
microscopy 

Indiana Center 
for Biological 
Microscopy, 
US    
(freeware) 

real-time visualisation and 
superimposing of raw 3D 
image data, movie generation 

tiff 

PNG 

AVI 
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Chapter 3. Methods development 

The aim of this study was to investigate the anatomy of murine LNs using extended-volume 

confocal microscopy and quantify key structural features with the help of computer analysis. 

As a prerequisite of the extended-volume imaging procedure, specimen must be embedded in 

a stable resin to allow removal of the surface layer by an ultramill in between imaging steps. 

Consequently, structures of interest are required to be fluorescently labelled across the whole 

organ prior to resin embedding and imaging. Therefore, we intended to establish methods to 

consistently label three significant structural compartments of LNs in their entirety, namely 

the blood vasculature, the lymphatic system, and the reticular network. A description of 

alternative approaches to achieve such staining is presented in the following paragraphs, 

focusing on high-quality volume labelling and a method that permits the combination of 

different stains to allow confocal imaging of multiple structures simultaneously.  

The large 3D image data that resulted from extended-volume confocal imaging required 

special procedures for processing and analysis. Dr Gib Bogle therefore developed a set of 

computer tools to enable us to extract and quantify information from extended-volume 

confocal images. These novel tools are designed to efficiently process the generated high-

resolution images and allow detailed analysis of the 3D geometry as well as revisualisation of 

the data. The general procedure of processing a 3D image is outlined in this chapter, followed 

by a summary of the overall workflow. 
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3.1. Establishment of full volume staining of lymph node microanatomy  

3.1.1 Blood vessel labelling in whole lymph nodes 

Fluorescence microscopy is an essential tool for the optical investigation of single molecular 

entities via the specific excitation and emission of fluorophores. Besides epifluorescent 

microscopy, which allows thin tissue sections to be investigated at subcellular level, confocal 

microscopy further provides in-depth information of the signal distribution via the optical 

sectioning of thicker samples. We employed fluorescent labelling of the blood vasculature to 

allow extended-volume confocal imaging of blood vessel networks in LNs and acquire 

volume information of the network structure. To assess the labelling success of different 

fluorescent staining methods we also utilised epifluorescence microscopy, which provides a 

general overview of whole tissue blocks and individual sections in 2D images.  

In standard immunofluorescence techniques, the blood vasculature is usually labelled by 

antibodies binding to surface adhesion molecules such as CD31, MECA-32, VEGFR-2, 

CD144 and others (Baluk & McDonald, 2008). While these markers provide 

vasculature-specific binding properties, their use for labelling whole tissues was regarded as 

too cost-intensive to be employed on a large number of samples. Moreover, harsh dehydration 

conditions during the resin embedding procedure can alter the protein constitution and affect 

the antibody binding. Therefore, a label with strong binding capabilities which would survive 

the resin embedding procedure was needed. We decided to use the plant lectin wheat germ 

agglutinin (WGA) for labelling the blood vasculature, as it had been identified as a suitable 

yet inexpensive stain in previous research in our laboratory (work done by Dr Benjamin 

Loveday and Johnny Yeh). WGA binds with high affinity to N-acetylglucosamine residues 

which can be found on bacterial cell wall peptidoglycans, chitin, cartilage, as well as many 

serum and membrane glycoproteins (Lis & Sharon, 1998). In keeping with published findings 

(Gretz et al., 2000), we observed that WGA does not specifically label a particular cell type 

but rather broadly stains the cellular content of LNs (Appendix D-1). Where there is limited 

exposure to a specific cell surface, such as the tubular system of blood vessels, WGA can 

however be used to distinctively label the luminal surface of vascular endothelium. It has 

therefore been frequently employed for visualisation of vascular channels in various species 

(Debbage et al., 2001; Gariano et al., 1996; Jilani et al., 2003; Kagami et al., 1991). We tested 

two approaches to labelling the LN vasculature by using fluorescently conjugated WGA and 
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infusing this into the LN arterial or venous supply at a distant location. Fluorescent labelling 

employed Alexa Fluor® dyes which had previously been tested in our laboratory for durability 

during the resin embedding (Dr Benjamin Loveday and Johnny Yeh). As optimal 

fluorophores for detection at the extended-volume confocal imaging system we identified 

Alexa Fluor® 488, 555, 568, and Tetramethylrhodamine (TMR), which were subsequently 

used for labelling experiments in this study. 

 

 

Figure 3.1.  Anatomy of the abdominal cavity in mice and location of perfused LNs 

The schematic illustration of the murine abdominal viscera (A) was adapted from Cook (1965) and modified to 
show the cannulation site that was employed for remote perfusion of the cluster of mesenteric LNs (circled in B) 
in this study. An illustration of the 22 anatomical locations of murine LNs (B) was modified after Van den 
Broeck et al. (2006). 1 mandibular LN; 2 accessory mandibular LN; 3 superficial parotid LN; 4 cranial deep 
cervical LN; 5 proper axillary LN; 6 accessory axillary LN; 7 subiliac LN (also: inguinal LN), 8 sciatic LN; 9 
popliteal LN; 10 cranial mediastinal LN; 11 tracheobronchal LN; 12 caudal mediastinal LN; 13 gastric LN; 14 
pancreaticoduodenal LN; 15 jejunal LN (also: mesenteric LN); 16 colic LN; 17 caudal mesenteric LN; 18 renal 
LN; 19 lumbar aortic LN; 20 lateral iliac LN; 21 medial iliac LN; 22 external iliac LN.  
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Firstly, we employed a local perfusion method in which WGA was pumped retrograde 

through an access point in the lower abdominal aorta to perfuse the superior mesenteric artery 

and stain the vasculature of the mesenteric LNs (Figure 3.1) in adaptation of a protocol by 

Ohtani (2003). Specifically, FVB/N mice were anaesthetised by 5% isoflurane and then 

euthanized by cervical dislocation. The abdominal cavity was rapidly opened via a midline 

laparotomy incision. Organs of the digestive tract, the liver, spleen, and the mesenteric LNs 

were gently moved to expose the abdominal aorta (Figure 3.1 A), which was partially incised 

and cannulated with a 23G needle-barrel mounted onto the end of a polyethylene catheter.  

After the cannula was tied in place (4/0 silk ligatures), the descending aorta was tied off just 

under the diaphragm and the heart tissue disrupted in the chest to allow venous drainage and 

ensure thorough perfusion of the intestines and mesentery (Figure 3.1 B). Perfusion was 

confirmed by observing blanching of the kidneys and the liver. The opposite end of the 

cannula was attached to a syringe, which was mounted onto a Genie™ syringe infusion pump 

(Kent Scientific, US) to propel the perfusion. After a short infusion of the perfused tissue 

field with Heparin (1000 units) in 5 ml saline over 5 minutes, a series of solutions for fixation 

and vessel staining was perfused through the tissue in the following sequence: 2 ml 2.5% 

phosphomolybdic acid (PMA), 2 ml 4% PFA fixative, 1.5 ml WGA-Biotin (50 µg/ml), 2.5 ml 

Streptavidin-Alexa Fluor® 568 (13.3 µg/ml), 2 ml 4% PFA fixative. Pre-treatment with PMA 

aimed to minimise autofluorescence (Puchtler, Waldrop, & Valentine, 1973) and PFA for 

fixation was performed at a flow rate of  250 µl/min. Vascular labelling was carried out at 

flow rates of 50 µl/min in a two-step procedure using biotinylated WGA followed by 

detection with fluorescently conjugated Streptavidin and a final PFA-fixation step. After 

perfusion, the mesenteric LNs were excised under microscope visualisation and immersed in 

4% PFA fixative overnight at 4°C for subsequent embedding in LR white (chapter 2.2.7). 

This procedure generated strong fluorescent labelling of the perfused vasculature, and 

allowed us to study the vascular topology of a mesenteric LN, which is described in 

chapter 4. However, tissue penetration with fluorescent label proved to be highly variable and 

the procedure often resulted in only partially perfused LNs (Figure 3.2). We found areas 

devoid of vascular stain within otherwise well labelled LNs (Figure 3.2 B) and in one 

example directly observed the separation of arterial supply by means of adjacent unlabelled 

and labelled vasculature in the same mesenteric LN section (Figure 3.2 C, D).  
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In subsequent experiments, we also perfused the significantly smaller popliteal LNs by 

accessing the arterial supply via the lower abdominal aorta and employed direct fluorescently 

conjugated WGA in a one-step anterograde infusion staining procedure. Further, in an 

attempt to fill the vascular tree completely, we used gelatin mixed with TMR labelled 

dextran. In these and following experiments, the initial PMA-treatment and PFA-fixation 

were omitted as they neither improved the staining success nor substantially decreased 

autofluorescence. Apart from individual successful experiments that led to staining of the 

complete popliteal LN vasculature (chapter 7) and a largely filled vascular tree using dextran 

(chapter 6), we observed some variability in the staining results from our infusions (Figure 

3.2 E, F). Insufficient staining can result from individual vessel collapse or blockage with 

particles or cells. Furthermore, small air bubbles that are introduced to the vascular system 

during cannulation are a likely cause for blockages in the vascular tree. To avoid these 

artefacts, we injected heparin to prevent cell clotting in the vascular network and performed 

the cannulation under saline to decrease the likelihood of allowing air into the system. 

Furthermore, we noticed that an appropriate outflow of the perfused area is crucial for 

thorough tissue penetration. As popliteal LNs are located far removed from the aorta and only 

supplied by small arteries (Herman, Yamamoto, & Mellins, 1972), we arrived at the 

conclusion that they might be bypassed if solutions were pumped through the vascular system 

at high pressure. Taken together, we found that the local perfusion method delivered good but 

highly variable results. The use of fluorescently labelled WGA in a one-step or two-step 

staining procedure labelled the vascular system well, and was best performed without initial 

PFA-fixation. However, as the method proved to be difficult to control, we regarded it as 

unsuitable for investigating multiple LN samples and as a potential combination with other 

stains. Moreover, the technique required specific microsurgery skills1, a complex setup, and 

involved a lengthy staining procedure, factors which restrict its application to laboratories 

with particular expertise and toolsets. Consequently, we decided to not to pursue this 

technique but to perform a total body stain of the vasculature in vivo instead.  

                                                            
1 In our experiments, local perfusion of the mesenteric LNs was carried out by Dr Anthony Phillips. The surgical 
procedure involved cannulation of the abdominal aorta and establishment of adequate venous outflow. As a 
measure for successful cannulation the ‘clearing’ of the liver and the kidneys from blood after perfusion with 
saline was observed and used to undertake adjustments of the outflow, which required specific knowledge of the 
vascular anatomy in rodents.  
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Figure 3.2.  Examples of partly labelled LN vasculature after arterial perfusion 

Peripheral LNs from FVB/N mice were locally perfused with fluorescent label via their arterial supply. The 
vascular network of a mesenteric LN was labelled by a two-step mechanism using WGA-biotin and 
Streptavidin-Alexa Fluor® 568 (red), which shows good penetration in a gross overview (A) but reveals areas of 
insufficient stain in LN cross-sections (B, cellular autofluorescence in blue). A mesenteric LN that was perfused 
with WGA-Alexa Fluor® 488 in a one-step method is only partially perfused and illustrates the section-wise 
arterial supply in a continuous LN chain (B, C, autofluorescence in red). Perfusion of a popliteal LN with a mix 
of 2000 kDa dextran-TMR in 1% gelatin labelled only a fraction of the vasculature (E, F, conduit stain is shown 
in green for better orientation, and further explained in section 3.1.3). C, D shows freshly excised tissue, while 
samples in A, B, D, E are embedded in LR white resin. 
 

In an alternative intravital perfusion method, labelling of the LN vasculature was performed 

through distribution of fluorescently labelled WGA with the intact systemic blood flow 

(Debbage et al., 1998). C57BL/6 mice were anaesthetised at 1.8 % isoflurane, while briefly 

warmed on a heat plate at 42°C to encourage vasodilation, followed by injection of up to 3 

units of heparin (0.1 units / g bodyweight) and 5 mg/ml WGA conjugated with an Alexa 
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Fluor® fluorophore (488, 555, or 647) in a total volume of 100 µl into the tail vein. In cases 

where the tail vein injection failed, the abdominal cavity was opened and the WGA-mixture 

was slowly injected into the inferior vena cava instead. The mixture was allowed to circulate 

for 2 minutes before mice were killed by cervical dislocation and LNs carefully excised. This 

method provided reliable vascular staining with reproducible full tissue penetration in 

popliteal LNs (Figure 3.3). WGA-labelling over the total LN volume could be observed in 

epifluorescence images of the freshly excised LNs (Figure 3.3 A, B), and showed 

comprehensive labelling of the vasculature including small vessel beds equivalent to CD31-

antibody staining on popliteal LN sections (Figure 3.3 C, F). In some LN specimens we 

noticed leakage of the fluorescent label from large vessels into adjacent reticular fibres 

(Figure 3.3 D, E). These vessels are likely to represent HEVs, from which dye could either 

leak directly due to the lack smooth muscle layers and frequent lymphocytes extravasation, or 

involve small capillaries that can be found associated with HEVs (Belisle & Sainte-Marie, 

1990). We interpret this leakage as a specific characteristic of the LN vasculature, which 

might be affected by the activation state of the LN or the anaesthetic procedure. However, the 

vascular staining that resulted from intravital WGA-injection was suitable for resin 

embedding in LR white and allowed us to acquire high-resolution images using extended-

volume confocal imaging (Figure 3.3 G, H). 

In summary, we established two protocols to label the entire vasculature of peripheral LNs 

using fluorescently labelled WGA lectin. While the local perfusion method was characterised 

by a high variability in staining success, the systemic ‘intravital’ injection technique proved 

to label the vasculature more reliably and consistently stained entire LNs including the 

capillary network. We therefore identified intra-venous (i.v.) injection with WGA as an 

optimal method to stain the blood vascular networks of LNs and other tissue types, as it 

provided good staining results and was straightforward to perform. More importantly, the 

comparatively high success rate greatly enhances the chance of achieving multicolour 

labelling by combination of different stains. Therefore, this method was employed to label the 

vasculature in a reactive LN study described in chapter 5 and a number of single- and 

multicolour labelling experiments in chapter 7.  
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Figure 3.3.  Comprehensively labelled vasculature after intravital injection of fluorescent stain into the 
tail vein 

C57BL/6 mice were injected with fluorescently conjugated WGA into the tail vein to label the blood vasculature 
of popliteal LNs. The LN blood vessel system was broadly stained by this method as can be taken from 
epifluorescent images of whole freshly excised LNs (A, B) and LN cross-sections C). WGA-blood vessel 
labelling (C) resembles a typical distribution of vessels seen after staining with CD31 antibody (F). 
Occasionally, leakage of stain from large vessels could be observed (D, E). A sample with fluorescently labelled 
vasculature was embedded in LR white and employed for extended-volume confocal imaging, which allowed 
reconstruction of a dense vascular network of a thick volume section (image reconstruction was performed using 
the rendering software Voxx).  
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3.1.2 Volume staining of lymphatic vasculature  

In contrast to the blood vessel system, in which continuous circulation of blood is assured by 

a central pump, the lymphatic systems does not form an independent circuit but rather 

resembles a one-way road starting with microvessels, which fuse into larger lymphatic 

channels, and terminate in the thoracic duct where the lymph is released into the blood 

system. Therefore, fluorescent labelling of lymphatic channels cannot employ circulation, but 

can either be performed in opposite direction of the natural lymph flow (retrograde) or with 

the lymph flow (anterograde). In retrograde perfusion techniques, a lymphatic label is often 

introduced into the thoracic duct and forced into smaller upstream located vessels (Ruben et 

al., 1971). Anterograde labelling techniques on the other hand employ the natural lymph flow, 

carrying a label that is injected into the tissue associated with the draining LNs. In seeking to 

identify a suitable method for labelling the lymphatic vasculature of LNs together with the 

blood vasculature, we tested both approaches on peripheral LNs.  

In a first attempt, we injected fluorescently conjugated WGA directly into the mesenteric LN 

to achieve labelling of the lymphatic vasculature via internal retrograde carriage of the dye. 

FVB/N mice were euthanized as described above and the abdominal cavity opened to expose 

the intestines and mesenteric LNs. With the help of a Hamilton® syringe and 29 G needle 

(Hamilton Company, US), 90 µl of WGA-Alexa Fluor® 488 (20 µg/ml) were slowly injected 

into a cluster of mesenteric LNs and allowed to diffuse through the interconnected lymphatic 

channels for 10 minutes. While the lymphatics appeared well stained macroscopically (Figure 

3.4 A), LN cross-sections revealed that the WGA-Alexa Fluor® 488 stain did not exclusively 

label the lymphatic vasculature but also diffused into the LN cortex through channels of the 

reticular network (Figure 3.4 B, C). Since these images suggested that any injected dye would 

diffuse through large parts of the LN, we sought to employ a specific stain for vascular 

endothelium instead of WGA. Following successful in vivo injection experiments using 

LYVE1 antibody by McElroy et al. (2009), we trialled injection of antibodies to this 

lymphatic marker into mesenteric LNs. Monoclonal LYVE1 antibody was fluorescently 

conjugated with Alexa Fluor® 488 (chapter 2.2.2) and a volume of 150 µl (20 ug/ml) was 

injected into a mesenteric LN cluster using a Hamilton syringe and allowed to disperse for at 

least 30 minutes. 
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Figure 3.4.  Volume labelling of lymphatic channels with the help of WGA and LYVE1 antibody 



Methods development 

45 
 

Figure 3.4.  Volume labelling of lymphatic channels with the help of WGA and LYVE1 antibody 

Mesenteric and popliteal LNs were treated with Alexa Fluor® 488-conjugated WGA or LYVE1 antibody to label 
the lymphatic vasculature and were examined via fluorescence microscopy directly after excision (F), after 
freezing and sectioning (C, J-N), or post embedding in LR white (A, B, D, E, G, H). Following direct injection 
of WGA-Alexa Fluor® 488 into the mesenteric LN cluster, the label was carried along lymphatic channels but 
also diffused into the LN cortex (green; A-C). The distribution of label is time-dependent, with regions close to 
the injection site receiving the strongest staining (green, F). Retrograde injection of rat monoclonal LYVE1-
Alexa Fluor® 488 labelled the lymphatic endothelium more specifically (green; D, E, G, H). Footpad injection of 
LYVE1-Alexa Fluor® 488 permitted anterograde transport of the antibody into the draining popliteal LN in vivo 
and labelled the vascular endothelium of the entire LN (green; I, J). Co-staining of frozen sections of the 
specimen shown in I and J with LYVE1 antibody raised in a different species (rabbit, red) confirms the 
comprehensive staining of the lymphatic vasculature (K-N). To enable easier orientation, the autofluorescence 
signal for other structures within the LN is shown in blue (D, E, I) or red (F, I).  
 

This procedure strongly labelled the lymphatic vasculature as can be seen in macroscopic 

epifluorescent images (Figure 3.4 D, E) and LN cross-sections (Figure 3.4 G, H), which 

depict the anatomy of the lymphatic endothelium in the medulla particularly well. Moreover, 

these tests identified LYVE1-Alexa Fluor® 488 antibody as being suitable for embedding in 

LR white resin (Figure 3.4 A, B, D, E, G, H). However, we noticed that the distribution of 

injected WGA or LYVE1 was not even within the elongated LN (Figure 3.4 F). Even though 

this technique provided strong labelling of large parts of the lymphatic vasculature in LNs, it 

showed insufficient penetration at distant locations from the injection site, and was therefore 

found to be not ideal for comprehensively investigating units of LN anatomy. 

On the basis of the strong and specific lymphatic staining that we found with LYVE1 

antibody, we sought to employ this marker in an anterograde labelling technique, similarly to 

a published protocol by Grigorova et al. (2010). We injected 2.5 µg (in 50 µl) of LYVE1-

Alexa Fluor® 488 subcutaneously into the footpad of C57BL/6 mice under anaesthesia and 

allowed the antibody to be transported with the natural lymphatic carriage for 6 hours while 

the mouse was awake. This method resulted in strong labelling of the lymphatic vasculature 

of entire popliteal LNs (Figure 3.4 I, J), which overlapped with the lymphatic staining 

employing a polyclonal LYVE1 antibody on LN cross-sections (Figure 3.4 K-N). As the stain 

was exclusive to the lymphatic endothelium and preserved well during LR white resin 

embedding, we regarded this technique as most suitable for preparing the lymphatic 

vasculature of full popliteal LNs for extended-volume confocal imaging. More importantly, 

the procedure could be combined with intravital blood vessel staining using fluorescently 

labelled WGA, which could be used to prepare dual-stained LNs. In subsequent experiments, 

we trialled injection of LYVE1-antibody into the hock instead of the footpad, because this 

site was shown to allow immunisation of popliteal LNs in various mouse strains, while 
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impairing the mobility of the animal less (Kamala, 2007). We therefore injected Alexa Fluor® 

488- or 568-conjugated LYVE1 antibody routinely into the hock, which could be reduced to 

an amount of 1 µg per leg while still allowing comprehensive and strong labelling of LN 

lymphatic channels (data not shown). This procedure was used in combination with intravital 

blood vessel labelling to generate dual-stained LNs, which were employed for extended-

volume confocal imaging of blood and lymphatic vascular channels in a reactive LN study 

described in chapter 5.  

Encouraged by these in vivo results, we were also interested to test staining of the lymphatic 

vasculature after organ excisions using LYVE1 antibody in a so-called ‘whole-mount’ 

staining protocol (chapter 2.2.4). In this protocol, specific antibody labelling is performed for 

several days, which enables volume staining of large specimen (Dickie et al., 2006; Kumar et 

al., 2010). Using this procedure, the lymphatic vasculature of mesenteric and popliteal LNs 

could be specifically labelled using as little as 1 µg of LYVE1-Alexa Fluor® 488 antibody 

(Figure 3.5 D-F), in accordance with the amount used in the in vivo protocol. It therefore 

provides a useful alternative for staining lymphatic vasculature in situations where an in vivo 

injection cannot easily be performed. A combination of this protocol with B cell staining and 

intravital labelling of the vasculature is further described in chapter 7.  

Lymphatic labelling with LYVE1 was strongest on the medullary endothelium, but not so 

effective on the floor of the subcapsular sinus, which is regarded as an important component 

of the lymphatic system in LNs. Previous research has identified a number of tracers, which 

can be transported in an anterograde fashion to draining LNs and deposit on lymphatic 

channels including the subcapsular sinus (Gretz et al., 2000). With reference to the described 

protocols, we injected 2000 kDa dextran-TMR into the footpad of C57BL/6 mice, which was 

allowed to be transported into the popliteal LN for 1 hour before the mouse was euthanized 

and organs excised. We found the dextran particles located in the medullary region in a 

cellular-type distribution, but could not detect sufficient labelling of the subcapsular sinus 

(Figure 3.5 A-C). As previously described, uptake of the large dextran particles that are of 

similar size as microorganisms is likely to occur via CD169+ F4/80+ SIGN-R1+ medullary 

sinus macrophages (Forster, Braun, & Worbs, 2012; Gray & Cyster, 2012). Since we could 

not identify any significant subcapsular sinus labelling following dextran injecting and 

transport for 5, 10 or 60 minutes, we did not continue with this method for labelling the 

lymphatics. 
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Figure 3.5.  Alternative staining approaches for the lymphatic compartment of LNs 

Footpad injection of 2000 kDa dextran-TMR can be used to label phagocytosing cells with medullary location, 
as seen in epifluorescent images of a whole popliteal LN (red; A) and in cross-sections of the same specimen (B, 
C). Dextran was allowed to be carried with anterograde lymph flow for 1 hour (visualised in red) and general 
cellular autofluorescence is shown in blue in B, C. Whole-mount staining provides an alternative tool for 
staining the lymphatic vasculature of LNs ex vivo (D-F) using LYVE1-Alexa Fluor® 488 antibody. A popliteal 
LN was incubated LYVE1-Alexa Fluor® 488 (green), CD4-R-PE (red), and CD45R/B220-Alexa647 (cyan), 
revealing the location of B cell follicles (cyan; D), and the lymphatics of the medulla (green; E) within the LN 
anatomy. A mesenteric LN section was incubated with LYVE1-Alexa Fluor® 488 antibody, which stains the 
lymphatic vasculature in a characteristic fashion (F). 
 
 
However, we used 2000 kDa dextran-TMR as an indirect labelling tool to visualise 

phagocytising cells in a popliteal LN in combination with perfusion-staining of the 

vasculature in an experiment that receives more detailed description in chapter 7. During the 

imaging of this sample, it occurred to us that dark unstained regions in between the labelled 

cells resemble the empty lymphatic sinuses of the medulla (Figure 3.6 A). In sectioned LNs, 

such regions can often be distinguished by means of missing cellular autofluorescence (blue, 

Figure 3.5 B, C). In an attempt to employ this observed pattern for visualising the lymphatic 

sinuses, we extracted a connected network of those ‘dark spaces’ and displayed it in 3D 

(Figure 3.6). More precisely, a 3D image of the 2000 kDa dextran-TMR labelled cells that 

was acquired using extended-volume confocal imaging was inverted and segmented, utilising 

several manual editing steps, to generate a virtual volume of those sinuses (Figure 3.6 B). The 

volume rendering software Imaris was employed to generate 2D image projections of the 

virtual lymphatic sinus volume, allowing us to superimpose it with the 3D imagery of the 

labelled cells and the blood vasculature (Figure 3.6 D-F). The extraction of a virtual 

lymphatic volume provides an alternative tool to acquire gross information about the anatomy 
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of the LN lymphatics. Even though it only captures the cell-free fraction of the lymphatic 

sinuses and therefore provides an incomplete image of the lymphatic compartment, it aids the 

understanding of LN subcompartmentalisation significantly and can be performed in absence 

of a specific marker. 

 

 

Figure 3.6.  Extraction and reconstruction of a ‘virtual’ lymphatic sinus volume 

A virtual connected network of lymphatic sinuses was extracted from a 3D image of dextran-labelled cells in a 
popliteal LN. Areas with lack of fluorescent signal (in A) were segmented (white; B) and used for volume 
reconstruction of a virtual network of lymphatic sinuses (grey; D). The virtual network (grey) can now be 
visualised together with projections of labelled phagocytes (green; E) and blood vessels (red; F). Images A-C 
represent individual slices of 3D image data, while E-F show 2D projections of 3D volume data generated in 
Imaris. Scale = 100 µm.  
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3.1.3 Fluorescent labelling of the reticular network in LNs 

The reticular network in LNs is a complex geometrical structure of fine interconnected fibres 

supported by fibroblastic reticular cells which spans most of the cortex and is crucial to LN 

function. The central core of the reticular network comprises dense bundles of collagen fibres, 

a characteristic that is frequently exploited for 3D visualisation of the fibrous network with 

the help of second harmonic generation microscopy based on the optical properties of parallel 

collagen bundles (Braun et al., 2011; Hickman et al., 2011; von Andrian & Mempel, 2003; 

Zoumi, Yeh, & Tromberg, 2002). To label this fragile network of fibres for extended-volume 

imaging, we therefore sought to employ a fluorescent label specific for collagen. Previous 

research has identified the histological dye picrosirius red as a strong fluorescent label for 

collagen fibres in heart tissue, which can be applied to large tissue volumes by perfusion 

(LeGrice et al., 2004; Sands et al., 2005; Young et al., 1998). In an adaptation of this method, 

we locally perfused mesenteric LNs of FVB/N mice in a similar fashion as described for the 

blood vasculature in section 3.1.1. After an initial rinse with saline, the mesenteric area was 

perfused with 0.1% Sirius red in saturated picric acid (PSR) at a flow rate of 50 µl/min and 

excised LNs were fixed in Bouin’s followed by embedding in the recommended Procure 812 

resin (chapter 2.2.7). This initial protocol did not result in comprehensive labelling of 

collagen, but showed dense staining around larger blood vessels and within limited regions of 

the LN (Figure 3.7 A, B). This restricted staining pattern suggested limited access of the dye 

deeper into the tissue, which is likely to result from simultaneous fixation of the tissue by 

picric acid as part of the staining solution. To reduce this problematic fixation effect, we 

reduced the concentration of picric acid in order to obtain a less acidic solution with better 

perfusion properties. The use of a low-acidity version of the dye with 0.1% Sirius red in 90% 

saline and only 10% saturated picric acid did indeed provide better labelling of collagenous 

fibres in LNs, while still showing denser staining around large blood vessels (Figure 3.7 C, 

D). We subsequently tested these samples at the extended-volume confocal imaging system 

but found that they contained too much background signal to produce clear images of the 

reticular network, as is evident in the red and green fluorescent channels (Figure 3.7 A, C). 

Consequently, we trialled embedding Sirius red-stained samples in LR white resin, since it 

contains less inherent fluorescent signal. We found that low-acidity Sirius red collagen 

staining could be preserved during LR white embedding, while the fluorescent background 

signal was significantly reduced Figure 3.7 E, F).  
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Figure 3.7.  Picrosirius red staining of collagenous fibres in murine LNs 

Using a local perfusion technique, murine mesenteric LNs received staining with picrosirius red (A, B) or a low 
acidity Sirius red-containing solution (C-H) to fluorescently label collagenous structures. Sections of resin 
embedded samples show the staining success and differences in background fluorescence resulting from 
embedding in Procure 812 (A-D) or LR white (E, F). Following perfusion with picrosirius red, some blood 
vessels can be seen strongly labelled and presumably blocked (arrowheads; A). A small volume of a LN of the 
mesenteric cluster perfused with low acidity Sirius red solution and embedded in LR white was imaged using 
extended-volume confocal imaging and the collagenous network of fibres was visualised in Voxx (G). In this 
experiment, the sequence of stainings resulted in an irregular distribution of dyes, which can be seen in a 
photograph of the abdominal cavity (H), and represents a general characteristic of the local perfusion method. 
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In a combined perfusion experiment where low-acidity Sirius red solution was perfused 

through the portal vein followed by a two-step blood vascular staining procedure using 

WGA-Biotin (containing Evan’s blue) and Streptavidin-Alexa Fluor® 488 via the abdominal 

aorta, we obtained a mesenteric LN with a densely stained collagen network, which we 

employed for extended-confocal imaging of a small LN volume (Figure 3.7 G). While the 

collagen network in this LN displayed strong staining, the blood vasculature was not nearly as 

well labelled, and the distribution of different dyes within the abdominal cavity clearly 

illustrated the irregular perfusion pattern in this preparation (Figure 3.7 H). Moreover, the 

distribution of staining varied within a cluster of mesenteric LNs and within individual LNs. 

Even though we managed to produce individual LNs with promising collagen or vascular 

staining, we concluded from this and other experiments that this method is unlikely to allow 

dual-labelling of entire LNs in a repeatable fashion. Therefore, we did not pursue this method 

for labelling the reticular network.  

In an alternative approach to labelling the LN reticular network, we tested the delivery of a 

stain in vivo. During tracer experiments, which were originally aimed at labelling the 

lymphatic vasculature (section 3.1.2), we noticed that WGA injected into the lymphatic 

channels showed deposition along the reticular fibres (Figure 3.4 B). Here, it is not collagen 

that is specifically stained but rather WGA transported through the reticular network that 

forms a continuous conduit within LNs. The ability of lectins (including WGA) and small 

soluble tracer molecules to travel and label the conduit channels has been shown previously 

(Sixt et al., 2005; Wei et al., 2005), but was regarded as unsuitable for staining the complete 

reticular network of the deeper cortex (Gretz et al., 2000). Encouraged by the strong signal 

after WGA injection into mesenteric LNs in our experiments, we trialled injection of 20 µl 

WGA-Alexa Fluor® 488 (1 mg/ml) into the footpad of C57BL/6 mice, which was allowed to 

be carried with the anterograde lymph flow for at least 30 minutes under anaesthesia (1.8% 

isoflurane) before the mouse was culled and LNs excised. We found clear depositions of 

WGA-Alexa Fluor® 488 on the reticular network and strong fluorescent signal in the 

medullary region and the subcapsular sinus, while the cellular content of the cortex remained 

largely unstained (Figure 3.8). This staining allowed us to examine a LR white resin 

embedded sample (Figure 3.8. A) by extended-volume confocal imaging that succeeded in 

revealing the 3D organisation of the conduit system very explicitly (Figure 3.8 D-F). Imaging 

was performed at 2 µm, capturing individual channels in the cortex and those surrounding the 

blood vasculature (Figure 3.8 E, F). However, the majority of reticular fibres, which are 



Methods development 

52 
 

known to have an outer diameter of 1-2 µm, are unlikely to be captured well by imaging at 

this resolution (Gonzalez et al., 2011). Moreover, the staining intensity was found to decrease 

from the surface of the LN to the centre of the cortex, leaving a rather faint signal on centrally 

located fibres, which provides a challenge for comprehensive imaging.  

Nevertheless, we concluded that this method had great potential to enable us to study the 

reticular network in 3D since it produced repeatable results, was suitable for combination 

with other in vivo stains, and allowed extended-volume confocal imaging of large LN 

volumes. We further modified this method by employing 50 µl WGA-Alexa Fluor® 488 

(1 mg/ml) which was allowed to be propelled with the local lymph flow (which was manually 

supported by periodically moving the legs) for up to an hour under anaesthesia (Figure 3.8 D, 

C). In combining this technique with local perfusion of the blood system of a popliteal LN, 

we obtained a sample with a consistently labelled conduit network and a partial blood vessel 

network, which was imaged at 1 µm resolution in its entirety and is described more in detail 

in chapter 6. In subsequent experiments, we also employed the hock as an alternative 

injection site for WGA, which proved capable of delivering the stain equally well to popliteal 

LN conduits and led to triple-stained samples, which are discussed in chapter 7. Taken 

together, the newly developed in vivo conduit staining using WGA as a tracer was identified 

as a powerful tool for labelling the reticular network comprehensively, something that has not 

previously been achieved.  
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Figure 3.8.  Volume labelling of LN conduits using WGA as a tracer 

C57BL/6 mice were injected in the footpad with WGA-Alexa Fluor® 488, which was allowed to be carried to the 
draining popliteal LNs with the natural anterograde lymph flow. WGA-Alexa Fluor® 488 was found to deposit 
on conduit channels within the cortex, along the subcapsular sinus, and more broadly within the medullary 
region (green; A-C). An LR white-embedded sample (A) was employed for extended-volume confocal imaging 
at 2 µm pixel resolution and the resulting 3D images were rendered in Voxx (D-F). The generated imagery 
provided insights into the organisation of the medulla (M; D), indicated the hilum (H; D), and showed blood 
vessels surrounded by conduits (asterisk; E) as well as individual conduit channels reaching through the 
paracortex (arrowhead; E, F). Note that the cell-free compartment of medullary sinuses shows neither 
autofluoresence (blue, B) nor stains with WGA (D). A ‘fly-trough’ movie of the 3D image shown in D-E can be 
found under the file name ‘chapter 3 LN conduit stain’ on the supplemented DVD.   
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3.2. Embedding & imaging 

3.2.1 Stabilising tissue embedding for volume imaging 

In preparation for extended-volume confocal imaging, a stained sample has to be embedded 

in a synthetic resin. This stabilisation is necessary to facilitate the removal of the sample 

surface by an ultramill, after the surface region has been imaged, to allow the subsequent 

imaging of deeper tissue regions. Previous research employing extended-volume confocal 

imaging has identified the epoxy polymer Procure 812 as the optimal embedding resin for 

tissue samples of the size of several millimetres (Gerneke et al., 2007). Therefore, we used 

this resin for embedding volume stained LN specimens (chapter 2.2.7). Although this resin 

provided optimal milling capabilities, we noticed a high autofluorescence background signal 

in the red and green channels and a low signal-to-noise ratio in samples with Sirius red-

stained collagen and WGA-Alexa Fluor ® 488 blood vessel labelling (Figure 3.9 A). We 

therefore searched for an alternative embedding substance and identified LR white resin as a 

suitable candidate. LR white is routinely used for embedding specimen for electron 

microscopy and has previously been shown to retain the fluorescent signal of GFP (Luby-

Phelps et al., 2003). Since it preserves the ultrastructure of embedded tissues and allows 

ultrathin-sectioning, it was likely to be suitable for milling. Indeed, we found that LR white 

resin provides enough stability to be milled without being too brittle to create an even sample 

surface, and we identified a curing time of 4 hours at 60°C as the optimal cross-linking 

condition (chapter 2.2.7). We embedded samples with WGA-Alexa Fluor® 488-labelled blood 

vasculature and Sirius red-stained collagen fibres and found both were retained well in LR 

white resin (Figure 3.9 B, Figure 3.7 E, F, G). Moreover, the background fluorescence was 

significantly reduced compared to Procure 812 resin, with only an insignificant amount of 

signal remaining in the blue channel (Figure 3.9 A, B). We noticed that the blue 

autofluorescence originates from cell bodies, which we found helpful for orientating in 

epifluorescence images of cut resin sections (Figure 3.8 B). The traditional LR white 

embedding protocol, which was aimed at preparing tissue samples for electron microscopy, 

comprised an initial fixation step with 4% PFA, 0.1% glutaraldehyde, and 3% sucrose (Luby-

Phelps et al., 2003). In testing different amounts of glutaraldehyde we found that this 

compound increases the cellular autofluorescence significantly (Figure 3.9 E-G). Therefore, 

glutaraldehyde was excluded from the fixation procedure in all LN experiments described in 

this study.  
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Next, we assessed the effect of LR white embedding on the sample size. By acquiring 

epifluorescent images of roughly spherical popliteal LNs before and after dehydration and LR 

white embedding, we were able to compare their change in diameter using the image 

processing software Cytosketch. On measuring the diameters of 9 individual LNs, we found 

an average diameter reduction of 19.7% after embedding. Our results implied a calculable 

area change of 35.3% and a corresponding volume reduction of 47.8% for a spherical 

structure. However, the estimates for the area and volume changes remain fairly hypothetical 

until a more sophisticated method can be employed to quantify the changes that result from 

resin embedding.  

 

 

Figure 3.9.  Effect of the embedding media and fixation on fluorescent background signal 

Embedding of a stained LN sample with Sirius red (red) and WGA-Alexa Fluor® 488 (green) in the epoxy resin 
Procure 812 is characterised by high background fluorescence and low signal-to-noise ratio (A). 
Autofluorescence in a LR white-embedded lymphoid tissue sample stained with WGA-Alexa Fluor® 488 (green) 
is significantly lower and only noticeable in the blue channel (B). Cured blocks of Procure 812 (C) and LR white 
(D) resin show different inherent colouring. During fixation, increased amounts of glutaraldehyde promote 
cellular autofluorescence which can be deduced from an unstained LR white embedded liver sample (E-G).
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3.2.2 Extended-volume confocal imaging 

Extended-volume imaging of LR white embedded samples was performed on a custom-built 

automated confocal imaging system (Sands et al., 2005). Before large volumes of 

fluorescently labelled lymphoid tissue could be imaged using this technology, we had to 

determine optimal imaging conditions which would later allow us to identify and measure 

crucial LN structures in 3D. We identified that the structure of the vascular network can be 

captured sufficiently by employing a lens providing 20-fold magnification and acquiring 

images at 2 µm pixel resolution (with 256 x 256 pixels covering an area of 500 x 500 µm). 

Accordingly, the z distance between individual image slices was set to 2 µm, resulting in a 

3D voxel (volume pixel) size of 2 x 2 x 2 µm. The fine network of conduits required image 

acquisition at a higher resolution, and was performed with a voxel size of 1 x 1 x 1 µm. In the 

following chapters, the imaging resolution is referred to as ‘pixel resolution’ which means 

that the same resolution was applied in x, y, and z direction, unless otherwise stated. In 

testing different immersion conditions, we found that water immersion provided significantly 

better results than no immersion, and allowed the cylindrical shape of blood vessels to be 

captured well (Figure 3.10 A, B). In this study, full LN samples with fluorescently labelled 

blood and lymphatic vasculature were imaged at 2 µm resolution under the conditions 

described above (chapter 4 & 5), whereas a whole LN sample with stained conduit network 

was imaging at a voxel resolution of 1 µm (chapter 6).  

 

 

Figure 3.10.  Differences between the use of a dry or a water immersion lens for confocal imaging 

The fluorescently labelled blood vasculature of a Peyer’s patch was imaged at 2 µm pixel resolution employing 
extended-volume confocal imaging and the resulting 3D images were displayed as surface reconstructions in 
Imaris (A, B). The use of water as an immersion medium (B) significantly improved the ability to capture the 3D 
geometry of blood vessels in comparison with using a dry lens (A).  
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3.3. Image processing and analysis 

Extended-volume confocal imaging allowed us to generate seamless image data of large 

tissue volumes. The size of the montaged 3D tiff images was of the order of 100 MB to 

1.5 GB, depending on the resolution and xyz dimensions. As a result, image processing 

required extensive computational power, exceeding the capability of commercial microscopy-

orientated 3D visualisation and analysis tools on conventional workstations. To give an 

example, surface reconstruction of complex 3D data at a size of 1.5 GB caused the widely 

used volume rendering software programs Amira and Imaris run on 16GB PC workstations to 

crash. In addition, these proprietary software packages do not incorporate the methods needed 

to segment images created by luminal-labelling of blood vessels. Even though both programs 

allow downsizing of the data, selecting a region of interest for detailed analysis, or large 

dataset options, we arrived at the conclusion that we needed more powerful and versatile tools 

to process our data in a sophisticated way. Furthermore, we wanted to be able to manually 

adjust the settings used for image processing and perform purpose-orientated analysis on 

anatomical features of LNs in 3D. Consequently, we decided to develop a new set of 

computational tools, which would allow us to adjust the image processing to our datasets and 

provide specialised features for analysing the topology of vascular and fibrous networks 

across large volumes. Since we initially focussed on processing 3D images of blood vessels, a 

number of tools were specifically designed to overcome the labelling constraints of the 

vasculature. These custom-designed tools, written by Dr Gib Bogle, are described more in 

detail in the Appendix B (manuscript in preparation). A summary of the workflow is outlined 

in Figure 3.11. In Brief, confocal 3D volume images were transferred into a numerical 

network description, or ‘topology map’, through a number of transforming steps, each 

requiring parameters to be adjusted to a particular dataset. Firstly, the 3D images were 

segmented to simplify the fluorescently labelled vascular network in form of a binary image 

(Figure 3.12 C, Appendix D-2). This was done using a local thresholding algorithm (Figure 

3.11 B). Gaps in the vessel structure of the segmented image could then be closed in a filling 

step (Figure 3.11 D), followed by isolation of the largest connected vessel network (Figure 

3.11 E). By applying a skeletonisation algorithm, the centrelines of structures in the network 

were determined (Figure 3.11 F). The skeleton file of a full LN blood vasculature is shown in 

the movie file ‘chapter 3 LN network skeleton’, which was rendered in Imaris and can be 

found on the supplemented DVD. 
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Figure 3.11.  Processing steps during network extraction from 3D image data 

The process of turning raw 3D image data (false-coloured, A) into a topological network description (G) consists 
of a series of image processing steps (B-F). For detailed description please see Appendix B.   
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In combination, the connected binary network image and its centrelines were used to generate 

a map of the location, shape, and connectivity of all segments within the network (Figure 3.11 

G). The resulting topology description could then be visualised in GMGUI or Amira and 

employed for detailed measurements on the network segments and volume.  

In addition to ‘automated tidying’ of the network accomplished in the topology algorithm, we 

also performed manual editing on the network data in cases where undesired structures could 

not be removed by means of a mathematical description. Manual editing was performed using 

the segmentation and filament editors in the 3D rendering program Amira (Figure 3.12). In 

regions with a high concentration of large collecting vessels, the segmentation occasionally 

did not allow for separation of tightly associated vessels (Figure 3.12 D, F). Therefore, the 

segmented 3D image was corrected manually to allow distinction of individual structures 

(Figure 3.12 E, G). At the stage of the network topology map, it was also feasible to delete 

individual segments using the filament editor in Amira. This tool enabled us to remove an 

associated vascular network, which was segmented together with the LN vasculature, by 

disconnecting it from the LN vessel network and deleting it (Figure 3.12 H-K). After these 

manual tidying steps, the final topology network description could be employed for 

quantitative measurements. 
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Figure 3.12.  Manual editing of a LN blood vessel network in Amira 

The topological network description of the blood vascular network of an entire LN was visualised in CMGUI 
and shows regions which require manual editing (gold palette, A-C). In some situations, insufficiently separated 
vessels create wrong connections between the arterial (blue) and venous tree (D, F). These connections could be 
corrected using the segmentation editor in Amira and successful separation was visualised in CMGUI using a 
branch count display (rainbow spectrum) starting from the main artery (blue), whereby only complete separation 
permits different colouring of adjacent vessels (E, G). The Amira filament editor was used to delete individual 
vessels of a separate network (red) which was found closely associated with the main LN blood vessel network 
(white, H-K). 
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3.3.1 Topology analysis 

The numerical description of the network topology enabled us to perform detailed 

measurements of key geometrical features. The total numbers of segments and junction points 

could be directly extracted from the network description. We further determined the 

diameters and lengths of individual segments in the network and generated probability 

distributions of all vessel parameters. To provide an accurate measure, weighting by vessel 

length was used to compute the diameter distribution. From these parameters, the overall 

network volume could be calculated. Moreover, several additional tools were developed by 

Dr Gib Bogle to calculate 3D characteristics of the vasculature from the numerical network 

description. For example, we were interested to determine the degree of branching in the 

network and established a tool which was able to calculate the branch separation (or distance) 

for every node in the network to a specified starting point. From this the number of nodes on 

the shortest path between the starting point and another point in the network was counted. 

The code developed for this purpose employs Dijkstra’s shortest path algorithm (Dijkstra, 

1959). The branch count for all points in the network can be plotted as a probability 

distribution and also related to colours, allowing the branch count to a start node to be 

represented as a colour spectrum in 3D renditions in CMGUI (Figure 3.12 D-G). In cases 

where the main dispersing or collecting vessel of a network could be identified, the branch 

counts were used to visualise the arterial and venous trees, as described for the LN vascular 

network in chapter 4. Furthermore, the availability of a large 3D network of the blood 

vasculature encouraged us to calculate the distances that cells in the LN would experience to 

the closest blood vessel. Tools were created first to delineate the region of image occupied by 

the LN and then to compute the distances from a large number of interior points on a fine 

rectangular 3D grid to the closest blood vessel border. This tool also enabled points located 

more than a specified threshold distance from the nearest vessel to be transformed into white 

voxels in a 3D tiff file, which allowed them to be visualised in 3D. This way, regions that are 

far removed from any vascular support could be identified in 3D and viewed together with the 

vessel network. In a similar fashion, the distances from points along the centreline of the 

vascular network to the nearest boundary in a segmented image could be calculated with a 

separate tool. Such a tool was used to assess the distances between the blood vasculature and 

lymphatic vessels in chapter 5. Since the lymphatic vasculature was of rather irregular shape 

not possible to represent as a network of spheres and cylinders, the combined analysis of a 

blood vascular network description with a binary image of the lymphatics proved to be a 
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useful tool. Besides these additional analysis algorithms, a number of accessory tools were 

developed to enable us to transfer files into different formats for subsequent use in 

visualisation programs, to compress files, to extract image and network blocks, and to select 

vessels with specific parameters from the total network description. The latter was used to 

extract vessels of a diameter range associated with the HEV phenotype from the main blood 

vascular network and allowed this subnetwork to be investigated separately. The application 

of these tools including more specific examples follows in chapters 4 and 5. 

3.3.2 Volume and density measurements 

In order to determine the total volume of the blood, lymphatic, and overall LN compartment 

in a comparable fashion, we used the ‘material statistics’ function in Amira. Since not all 

generated datasets could be transferred into a network description, we based this calculation 

on the segmented 3D image of each structure, simply by performing a count of all white 

voxels and multiplication with the voxel size. This allowed us to calculate the vascular 

volumes for different datasets and compare them. Moreover, we used the total volume of the 

LN, which was segmented via complete filling of the lymphatic dataset in the segmentation 

editor in Amira, for 3D density measurements. The blood vessel density was calculated in 

two ways: as the fraction of the vascular volume on the total volume and as the number of 

vessels provided by the network description in relation to the overall volume. In other cases 

where a segmented structure did not fulfil the requirements to be described as a network map 

(chapter 6), we employed a simple moving average algorithm assisted by Dr Gregory B. 

Sands to estimate the density of stained elements within a 3D volume (Appendix C). 
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3.4. Summary of the workflow for 3D imaging and analysis 

In this chapter, we outlined the specific procedures that are necessary to prepare samples for 

extended-confocal imaging and extract quantifiable information from the resulting images. 

Different technical approaches were described aiming to optimise the protocols for labelling, 

embedding, processing, and analysing 3D samples. We thereby focussed on achieving a 

comprehensive staining of multiple structures in whole LNs at strong signal intensity, in order 

to allow large-scale imaging and detailed analysis of key elements of LN architecture. Most 

techniques were developed in parallel to assure sufficient quality for the following steps, or to 

eliminate shortcomings of a previous step, as shown for the computational filling of surface 

stained blood vessels. The embedding in synthetic resin was a crucial prerequisite for the 

imaging procedure and was itself adapted to receive a more fluorophore-friendly protocol for 

high-quality imaging with improved signal-to-noise ratio. Because it required the tissue to be 

stained in total prior to being embedded, it provided the main motivation for our staining 

optimisation. We identified a number of labelling methods for structural features of LNs, 

which would allow extended-confocal imaging and the extraction of continuous structures for 

subsequent analysis. Two protocols were established to stain the full vasculature of murine 

LNs, of which the intravital injection method was preferably used to achieve dual and triple 

stains in this study. In terms of the lymphatic compartment, we explored a number of labels 

including LYVE1 antibody for the medullary and cortical sinus endothelium, large dextrans 

for phagocytosing cells, and WGA for the subcapsular sinus and the LN conduits. We used 

antibodies in an ex vivo whole-mount staining protocol and established a method to visualise 

the medullary and cortical sinuses as a virtual volume. Overall, we found in vivo staining 

using LYVE1 antibody providing the best labelling of the endothelium, which could be 

embedded, imaged, and extracted. In terms of the reticular network, we identified a way to 

consistently label the conduits via injection of WGA in vivo, which could be combined with 

the staining of the blood and lymphatic vasculature in a comprehensive triple staining 

protocol. Besides the establishment of a sophisticated staining procedure, we also optimised 

the image processing and created new tools for data extraction and analysis. Adding to well-

established image processing tools following extended-volume confocal imaging, we adjusted 

the previously-used equalisation method to provide better results for spherical or unevenly 

shaped LNs (Appendix A). More importantly, we established a novel set of tools to extract 

and analyse high-resolution 3D image data.  
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Many of the principles we employed were well established for processing and analysing 2D 

images but proved to be non-trivial to implement for processing of complex 3D data and 

required high computational capacity. We therefore employed a number of newly purpose-

designed tools which could be operated individually and allowed fine adjustment of the used 

settings. Besides a high degree of flexibility during the data extraction, we also found ways to 

conduct manual editing and create corrected datasets of high informative value. Finally, the 

representation of structural characteristics of a connected network as a topology map enabled 

sophisticated measurements in 3D. Software tools were also developed to investigate the 

implications of the network structure, for example the branching distance from the main 

feeding vessel and the cell-vessel distances in the network. It is further worth mentioning that 

3D renditions of the network topology and those measurements enabled us to visualise 

complex correlations in context. Figure 3.13 summarises the established methods and gives 

an outline of the workflow for one sample including steps for sample preparation, imaging, 

image processing, network extraction, analysis, and visualisation. This procedure was 

implemented in 3D investigations of the LN blood vasculature which will be presented in the 

following chapters.   
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Figure 3.13.  General workflow of data acquisition and analysis in this study 
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Chapter 4. Extended-volume confocal imaging and 3D computer 

analysis of lymph node blood microvasculature 

A central element of LN microanatomy is the highly structured blood vascular network which 

not only provides nutrients and oxygen to specialised compartments but also serves as key 

entry site for naïve lymphocytes. Rather than being homogeneously spread, the LN blood 

vasculature shows variable distribution in subcompartments which is thought to be linked to 

the metabolic requirements in those compartments and consequently their functions (Belisle 

& Sainte-Marie, 1990). The ability of this network to remodel during LN activation, when a 

large influx of cells leads to dramatic LN expansion within only a few days, has been a 

prominent topic in recent research but its circumstances and implications for immune cells are 

still not fully understood (Chyou et al., 2011). Since a functioning blood network is vital to 

LN homeostasis, it was recently discussed as a potential target for immune therapy 

(Benahmed, Ely, & Lu, 2012). To better understand LN vascularisation on a global scale and 

its dynamism during immune activation, we sought to capture the full blood vascular system 

of a LN and make it available to detailed computer analysis. We therefore employed an 

extended-volume confocal imaging system and developed computer tools designed to aid the 

quantification of a large network. 

The major aim of our study was to identify differences between inflamed and resting LNs 

with respect to their vascular constitution. To be able to tell how the blood vessel network is 

constructed and to measure changes in network topology during activation, we needed tools 

that can quantify individual segment parameters on an organ-wide scale. When the LN 

volume increases during infection as a result of enhanced cell traffic and proliferation, the 

blood vascular network needs to expand accordingly. It has been shown that vascular 

remodelling can be observed as soon as 24 hours post stimulation and proliferation of 

endothelial cells was reported to occur within two days, indicating that neoformation of 

vessels rather than vasodilation accounts for the early vascular changes. (N. D. Anderson, 

Anderson, & Wyllie, 1975; Benahmed et al., 2012; Herman, Yamamoto, & Mellins, 1972; 

Steeber et al., 1987; Webster et al., 2006). However, the question remains whether the early 

vascular extension is due mainly to elongation of existing vessels or to formation of new 

branches, and if the extension affects all functional LN subcompartments in a similar fashion. 
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To gain more clarification of the nature of vascular remodelling, we aimed to assess the 

topology of the blood vessel network focussing on global changes of individual vessel 

parameters and vessel connectivity. If we assume that vascular remodelling largely involves 

the formation of new vessels, we can expect an increase of small vessels and branching 

points, and consequently a higher degree of branching in the network. If, on the other hand, 

vascular stretching accounted for most of the expansion, this would be manifested by an 

increase in vessel length and larger distances between vessels, while the degree of branching 

would not be affected. To help identify the mode of vascular changes in LNs a set of 

computer tools was developed that enabled us to measure the overall vascular volume, the 

number of vessel segments and branching points, and individual segment diameters and 

lengths (Appendix B). Furthermore, we developed a tool that is able to count the number of 

branching points between two vessels in the LN, preferably the main artery and vein, and can 

thereby calculate the degree of branching from a feeding vessel to the capillary bed. Since 

adequate oxygenation requires close proximity to a supplying vessel, we were interested in 

measuring the distances from locations in the LN to the nearest blood vessel and developed a 

tool to perform such calculations. These new tools can now help to describe the status quo of 

LN vascularisation and classify changes during LN activation.  

A feature of LN vasculature that has been of particular interest to immunologists is a subset 

of vessels with a specialised endothelium that allows lymphocytes to enter the LN 

parenchyma from the blood stream. These so called high endothelial venules (HEVs) are 

characterised by high cuboidal endothelium and signature surface adhesion molecules that aid 

the extravasation of lymphocytes from the blood (Kraal & Mebius, 1997). The size and 

number of HEVs is thought to be a limiting factor for lymphocyte influx in the context of 

immune activation and has been investigated recently in an excellent study (Kumar et al., 

2010). During homeostasis and after virus challenge, the HEV network was found to expand 

proportionally to the overall LN volume. In a subsequent study the authors identified the 

mechanism of HEV remodelling after immune challenge to comprise an initial phase of 

vascular elongation followed by a period of vascular growth by arborisation (Kumar et al., 

2012). However, these studies do not provide any topological information on the vascular 

network other than HEVs and their relationship to each other. Based on its morphological 

characteristics and diameters we therefore tried to identify the HEV network within a given 

blood vessel network and make it available for separate analysis through our tools (chapter 

3.3.1). Primarily, we were interested in identifying the average HEV length and average 
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distance to the nearest HEV, since this could provide information about the migration 

distances of lymphocytes to their homing region in LNs. In addition, how the overall vascular 

volume is partitioned between HEVs and non-HEV blood vessels during different stages of 

the immune response constitutes an interesting topic for subsequent studies. 

The results summarised in this chapter represent our first attempt to characterise the complete 

vascular network of a murine LN using the set of analysis tools described above. We focus on 

the spatial arrangement of vessels across the entire LN and provide detailed measurements of 

key network parameters. We also show new imagery of the LN architecture and 3D 

visualisations of the measurements. This initial analysis is followed, in chapter 5, by a 

comparison of blood vessel parameters of resting and inflamed LNs.   

The subject of analysis in this chapter is a murine mesenteric LN that was stained via local 

perfusion as described (chapter 3.1.1). In brief, the blood vessel systems of mesenteric LNs 

and surrounding tissues were fluorescently labelled using WGA, followed by excision of 

individual LNs and resin embedding. The first node of the mesenteric LN chain was then 

imaged at 2 µm pixel resolution on the extended-volume confocal imaging system and 

individual images were assembled into a 3D volume image using in-house designed 

processing software (chapter 2.2.8). The vascular network was extracted using custom-

designed segmentation tools and examined with purposed generated quantification software. 
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4.1. High resolution images reveal features of the lymph node vasculature  

Extended-volume confocal imaging allowed us to generate a high resolution volume image of 

the full mesenteric LN blood microvasculature. The imaging procedure involved acquisition 

of 63706 individual images with a pixel resolution of 2 µm, which took two weeks and 

generated a 3D image of about 1 GB (Table 4.1).  

The 3D image was viewed using the freeware voxel-based rendering program Voxx, enabling 

the generation of 2D projected images (Clendenon et al., 2002). These images show the 

extensive vasculature in fine detail, a consequence of high-quality staining, which has 

resulted in a high signal to noise ratio (Figure 4.1). A key feature of the acquired dataset is its 

great complexity and obvious regional differences in vascular composition. Most apparent is 

the accumulation of large vessels near the hilum, where the main artery and vein enter the LN 

(Figure 4.1 A, B). From these faintly stained large vessels, smaller vessels branch off into the 

periphery and loop near the surface of the LN, from which they return to the hilum in 

collecting veins. It is further noticeable that the vascular density is lower in an ellipsoidal 

region in the centre of the LN, while a denser network of fine vessels is abundant at the rim 

(Figure 4.2 A-C; Figure 4.3 B, C).  

Table 4.1.  Imaging parameters of the LN vascular image 

LN dimensions 2.4 x 1.8 x 0.9 mm 

3D image volume 3.88 mm
3
 

Number of acquired images 63706 

Individual image dimension 500 x 500 µm

Voxel size 2 x 2 x 2 µm 

Size of the dataset 1 billion voxels (1GB) 
 

By taking advantage of the 3-dimensional nature of the data and selecting optical sections of 

variable thickness, it is possible to zoom into regions of interest, for example the B cell 

follicles (Figure 4.2 D-F). The follicles are characterised by sparse vascularisation and can 

seem almost avascular in thin sections (Figure 4.2 D) and vascular casts (A. O. Anderson & 

Anderson, 1975; Belisle & Sainte-Marie, 1990). In selecting thick optical sections of 160 to 

300 µm thickness, the vascular network surrounding follicles becomes evident and three slim 

vessels can be followed passing though the centre (Figure 4.2 E, F).  
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Figure 4.1.  Volume rendering of a 3D LN blood vascular image 

A confocal 3D image of the full blood vasculature of a murine mesenteric LN is shown as a volume 
representation generated in Voxx. Volume rendering is based on pixel intensity and colour coded as a heat map, 
with bright pixels appearing yellow to white and dim pixels shown in red (please see the file ‘chapter 4 LN 
vasculature’ in the attached DVD). The complexity of the vascular network becomes apparent in overview 
images of the full data (A, B). The hilum, a depression in the LN surface where the feeding artery and vein enter 
and leave the LN is distinguishable through the accumulation of large deep red vessels (B, arrowhead).  

A 

B C
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Figure 4.2.  Interior view on the blood vasculature of a mesenteric LN 

Volume renderings of a 3D image of the LN blood vasculature were generated in Voxx. By reducing the 
viewpoint to thick volume slices, the interior vessel architecture is revealed (A-C). Regional differences in 
topology can be found in the network, with the centre (asterisk) displaying a lower vessel density than the 
outskirts (B). Volume slices with a depth of 40 µm (D), 160 µm (E), and 300 µm (F) allow us to access the 
vascularisation of a follicle in detail.  
   



Results 

72 
 

To help identify LN compartments within the vascular network, we compared thin volume 

sections and a single slice from the 3D volume image with immunostained sections of a 

comparable mesenteric LN (Figure 4.3). The observation of sparse vascularisation in the 

centre of the LN volume (Figure 4.3 B, C) correlates with an equivalent density of CD31+ 

vasculature in the paracortical T cell area of a mesenteric LN (Figure 4.3 E, F), which can be 

identified by means of its characteristic collagen arrangement. The B cell follicles are easily 

distinguishable by lack of collagen and sparse CD31 staining in the immunosections (Figure 

4.3 D, E), which relates to their appearance in the 3D vascular volume (Figure 4.3 B, 

arrowheads). Additional immunolabelling against LYVE1 marks the lymphatic endothelium 

which in the mesenteric LN is mainly located at the rim (Figure 4.3 F). In contrast, 

discrimination of the lymphatic compartment against other regions in the 3D blood vascular 

volume cannot convincingly be performed based merely on vascular density. The dual-

staining with LYVE1 and CD31 also reveals that CD31 weakly labels the lymphatic 

vasculature, which makes it an unsuitable stain for blood density measurements without 

additional differentiation by LYVE1 (Figure 4.3 D, F). Vascular labelling by perfusion with 

WGA on the other hand, does not involve additional stain on lymphatic structures in the 3D 

images, and can therefore deliver valuable information about the vessel density. Taken 

together, these data provide a comprehensive overview of the spatial arrangement of LN 

vasculature and allow detailed insights into subcompartments. While regions with 

characteristic vasculature like the B cell follicles or the hilum can be clearly identified and 

invite individual quantification, regions with less distinguishable morphology require 

additional markers before adequate evaluation can be performed. 



Results 

73 
 

Figure 4.3.  Appearance of mesenteric LN vasculature in subcompartments. 

Comparison of fluorescent WGA-labelled LN blood vasculature (A, B, C) with immuno-stained LN cross
sections (D, E, F) indicates similar vascular topology in subcompartments. An individual slice of the 3D
vascular volume image (A) shows equivalent vessel density to an immuno-stained LN section using anti-CD31
antibody, apart from the additional CD31 stain of the lymphatic endothelium (D). Thick volume sections of the
3D vascular volume image generated in Voxx exhibit an ellipsoidal region of low vascular density in the centre
(dashed line; B, C) which correlates with the LYVE1- and collagen+ paracortex in histology sections (dashed
line; E, F). B cell follicles can be identified via sparse vascularisation (arrowheads, B) and lack of collagen stain
(E). The immuno-stained LN section in D, E, and F is representative for three independent experiments using
mesenteric LNs. P = Paracortex; scale  = 500 µm. 
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4.2. Network parameters of the extracted blood vascular model  

Having available a full volume image of the blood vasculature of a single LN together with 

purpose-designed computer tools enabled us to perform detailed analysis of the vascular 

network. We used a threshold-based algorithm to extract the vessel network as a whole and 

transferred it into a geometrical computer representation of the network as a collection of 

tubes together with their connectivity (Appendix B). The approach combines vessel centre-

lines and surface information of all vessels to estimate vessel diameters and hence the overall 

network volume (Table 4.2.). 

  Table 4.2.  LN blood vessel network parameters 

  Number of segments 16336 

  Number of nodes 12561 

  Mean segment diameter 13.47 µm 

  Mean segment length 57 µm 

  Network length 91.3 cm 

  Network volume  0.171 mm3 

  Overall LN volume 2.315 mm3 

  Vessel density 7057 vessels/mm3 
 

These measurements further underline the complexity of the data, with a total number of 

16336 segments and 12561 node points being identified. Altogether, the vessel network 

comprised a volume of 0.171 mm3 which represents 7.39 % of the total LN volume. The 

density of blood vessels within the volume was 7057 per mm3. The distribution of diameters 

across the network ranged from 4 to 93 µm, with a peak about 11 µm and an average of 13.47 

µm (Figure 4.4 A). About 53% of all vessel diameters fell in the range of 10-15 µm, and the 

vast majority of diameters (97 %) could be found between 5 to 30 µm. These results indicate 

that the blood vessel model adequately represents the full vasculature including capillaries, 

which in the mouse are known to have diameters of 3-10 µm (Santisakultarm et al., 2012; 

Wiedeman, 1963). The majority of vessel lengths in the network were distributed between 5 

and 200 µm (98 %), with an average of 57 µm and a combined length of 91.3 cm (Figure 4.4 

B). This description of the data gives detailed insights into key features of the network 

topology but by itself does not allow for a comprehensive overview of the results. To help a 

better understanding of the data we therefore sought to revisualise important results within the 

3D network model.  
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Figure 4.4.  Distribution of individual vessel diameter and length across 
the full blood vascular network 
 
A full vascular model was extracted from a 3D confocal image of the 
mesenteric LN vasculature and individual segment diameters and lengths were 
determined. The diameter and length distributions are displayed for all vessels 
with a bin size for the percentage histogram of 5 µm for the diameters (A) and 
25 µm for the lengths (B). 
 
 

 

With the help of the 3D rendering software CMGUI 2.7.1 it was possible to display the 

individual diameters of all vessels represented as a colour spectrum across the whole network 

(Figure 4.5 A). This enabled us to visually interpret the distribution of diameters in relation to 

their spatial location. It also allowed us to identify distinctive vessels like the feeding artery 

and vein and their associated diameters. To be able to tell how small capillaries and larger 

vessels are grouped within the network, we divided the network in distinct diameter ranges 

and displayed them cumulatively using the 3D rendering software Amira (Figure 4.5 B). An 

accumulation of larger vessels could clearly be seen around the hilum, where the artery and 

vein branch into smaller daughter vessels. Overall the distribution of smaller vessels was 

rather even across the main body of the LN but interestingly, vessels with an intermediate 
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diameter of 20-30 µm seem to be preferentially located within an inner ellipsoidal region 

while a denser network of smaller vessels (with a diameter < 10 µm) is abundant near the 

surface. This spatial distribution is consistent with the current understanding of LN 

vascularisation, where the main artery and vein enter the lymph node at the hilum, branch 

through the parenchyma as arterioles and venules, and form reconnecting capillary arcades 

below the capsule (A. O. Anderson & Anderson, 1975; Belisle & Sainte-Marie, 1990; Steeber 

et al., 1987). 
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Figure 4.5.  Distribution of vessel diameters across the 3D vascular network 

The diameter distribution in the LN blood vascular network is displayed as a rainbow colour spectrum using
CMGUI (A). In the apical view, the main artery and vein can be identified (A). The diameter distribution was
sectioned in distinct ranges of 10 µm, colour-coded, and overlaid cumulatively (B). The movie file ‘chapter 4
LN vasculature and network’ (in the supplied DVD) shows the diameter distribution as a rainbow map side-by-
side with the original vascular 3D image data.  
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4.3. Branching of the 3D vascular network 

The imaged LN specimen used for network extraction showed a well-defined vascular tree 

including the main vessels. The feeding artery could visually be distinguished by means of its 

streamline course, diameter, and staining quality against a second large collecting vessel with 

rather lumpy appearance, representing in all probability the main exiting vein (Figure 4.5). 

Consequently, this discrimination enabled us to define relevant starting points for a branch 

count over the whole network. The shortest distance of each node point in the network to the 

main artery or vein was calculated and displayed as a heat map (Figure 4.6). The distribution 

of branch points ranged from 1 to 39 for the artery and 1 to 43 for the main vein; both showed 

approximately Gaussian distribution and a peak around 18 branch points (Figure 4.6 A). The 

range of distances was translated into a rainbow colour spectrum and displayed across the 

network using CMGUI (Figure 4.6 B, C, E, F). Moreover, branch counts for the main artery 

and vein combined were displayed in a red/green RGB representation (Figure 4.6 D, G). The 

branching distribution revealed that the main body of the vasculature lies within 30 branch 

counts from the feeding artery, apart from a few regions which lie further apart and appear 

red in the spectrum display (Figure 4.6 B, E). The inner centre of the LN in close proximity to 

the hilum exhibits a low degree of branching for both the artery and vein (light blue areas; 

Figure 4.6 B, C). Remarkably, the rim of the LN displays a very homogenous distance of 

about 20-25 branch points to the same artery (yellow areas; Figure 4.6 E). The branching 

distribution to the main vein on the other hand, is less homogenous at the surface of the LN 

but contains a concentration of vessels in the centre that show a large distance to the vein, 

which is also apparent in the RGB display (Figure 4.6 F, G). It is also quite striking that the 

main artery and vein themselves do not show the highest degree of separation, which 

becomes obvious through light colouring in the spectrum displays (Figure 4.6 B, C, D). This 

is evidently caused by early capillary connections between the arterial and venous trees and 

consistent with the idea of arteriovenous shunts in the lymph node (A. O. Anderson & 

Anderson, 1975). The organ-wide branch count adds information about the ‘order’ of a vessel 

to previously determined parameters and can aid the identification of its vascular identity as 

being either venous or arterial (M'Rini et al., 2003). Furthermore, it provides information 

about the connectivity within the network, which could have not been derived from images of 

small tissue volumes but relies on the completeness of the vascular network. Collectively, 

these data further underline the value of displaying complex measurements in the 3D vascular 

model as it adds new spatial information to the distribution of branching distances in the LN.
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Figure 4.6.  Branch separation in the 3D LN vascular  network 
 
The number of branches on the shortest path to the feeding artery or vein was calculated for all node points 
in the vascular network. The branching distances for both artery and vein are approximately Gaussian-
distributed (A) and can be displayed as a rainbow colour spectum in CMGUI (B, C, E, F). The branching 
pattern for the main artery is show in B (hilar view) and E (anti-hilar view). Branching from the main vein is 
shown in C (hilar view) and F (anti-hilar view). The branch separation for artery and vein together is 
displayed as a RGB overlay with the artery in red and the vein in green (D, hilar view; G, anti-hilar view). 
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4.4. Distance from the nearest blood vessel 

The fundamental functions of the blood system are to supply oxygen and nutrients, 

redistribute fluids, and remove metabolic waste products from cell communities. Since 

diffusion plays a significant role in those processes, the distance to a supplying blood vessel 

becomes an important factor, especially in dynamic organs such as LNs. Therefore, we were 

interested in exploring the possibility of measuring distances to a neighbouring blood vessel 

in the LN vascular model. The total LN volume was sectioned into a 4 µm grid and distances 

to the closest blood vessel were calculated for about 35 million interior points. The 

probability distribution of vessel distances across the LN showed a peak around 12 µm and 

descends sharply to about 60 µm distance (Figure 4.7 A). The mean distance within the 

network was 20.8 µm (blue line, Figure 4.7 A). These data reveal that 99.3% of points in the 

network lie within a distance of 60 µm to a blood vessel while the remaining 0.7% are further 

away. Since these regions are potentially in danger of experiencing an insufficient supply of 

oxygen and nutrients we wanted to know where exactly they are in the LN, and created a 3D 

image of points with a distance greater than 60 µm. A spatial representation generated in 

Amira shows small isolated volumes of concave shape and few larger volumes distributed 

across the LN (Figure 4.7 C). In an overlay with the blood vascular model it becomes 

apparent that the majority of those areas are located centrally and around the hilum as 

opposed to the rim (Figure 4.7 B). Because of the complexity of the network data, most of 

these regions could not have been detected visually, but became only identifiable with the 

help of distance calculation tools operating in 3D.  
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Figure 4.7.  Distance to the nearest blood vessel within the LN vasculature 
model 
 
The probability of vessel distance was calculated for about 34.8 x106 interior points 
of the total LN volume on a 4 µm grid. The probability density (black) and 
cumulative density (red) were plotted together including the average density of 
20.8 µm (A). A 3D image was generated of all points with a distance greater than 
60 µm and displayed in Amira (C). The distance image shows the location of areas 
with low vascularization in the LN in an overlay with the blood vessel network 
model (B).  
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4.5. Identification and analysis of putative HEVs 

Besides its nutritional function, the LN blood vasculature has an important role in allowing 

blood-borne lymphocytes access to the LN parenchyma. HEVs serve as the main site of 

extravasation for naïve lymphocytes and are known to share a characteristic morphology of 

high cuboidal endothelium. Moreover, in studies where a luminal blood vessel staining or 

vascular casts were performed, HEVs have been described as showing imprints of the 

endothelium and migrating cells leading to a so-called ‘cobblestone appearance’ (A. O. 

Anderson & Anderson, 1975) (Appendix D-3). Upon closer examination of the 3D confocal 

LN blood vessel image data, we were able to identify such vessels with bumpy looking 

endothelium (arrowheads, Figure 4.8 A, C) in comparison to neighbouring smooth vessels 

(asterisks, Figure 4.8 A). Similar to those intensity-based images generated in Voxx, surface 

representations in Amira showed the same appearance (Figure 4.8 B). In an overlay with the 

network model we further noticed that the cobblestone morphology is associated with sudden 

diameter enlargements (arrowheads, Figure 4.8 B). We therefore sought to determine the 

relevant diameters and extract putative HEVs for detailed examination. After careful 

evaluation, vessels with a diameter of 16 – 32 µm were selected from the full LN vascular 

network model and small segments shorter than 40 µm as well as obvious arterial branches 

were removed from the selection, generating a set of vessels that are referred to as the 

‘putative HEV network’ or pHEVs in the following paragraphs. To assess the accuracy of our 

selection, the pHEV network was overlaid with the LN vessel surface and the vascular model 

in Amira (Figure 4.9). The pHEV network was found to overlap well with rough endothelium 

in the surface representation (Figure 4.8 B, E) and cover all vessels with increased diameters 

(shown in green) in the LN vascular model (Figure 4.8 C, D). Hence, key features of the 

pHEV network were quantified and compared to measurements on the full blood vascular 

network (Table 4.3). The pHEV network comprised 1107 individual segments with an 

average length of 107.5 µm and a total length of 11.4 cm. In other words, individual segments 

in the pHEV network were at the higher end of the distribution for the full LN vasculature. 

The average diameter in the pHEV network was at 21.14 µm only 50% wider than the 

average LN blood vessel. Interestingly, the pHEV made up 12 % of the overall vascular 

length but at 0.043 mm3 constituted 25% of the total blood vessel volume. Regarding the full 

LN volume, the total blood vasculature took up about 7% while the pHEV volume made up 

approximately 2%. The density of HEVs in the LN was at 478 vessels/mm3 significantly 
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lower than the density of all blood vessels which came to a count of 7057 vessels/mm3, yet 

they comprised nearly a third of the total blood vessel volume. 

 

 

 

 

 

 

 

Figure 4.8.  Identification of putative HEVs in the LN blood vascular volume  

Isolated vessels showing typical HEV ‘cobblestone’ morphology (arrowheads) can be identified in voxel-
(A, C) and surface-based (B) 3D representations of the confocal LN blood vessel data located in between
the hilum  and the capillary plexus near the LN surface. If the topological network description of the blood
vasculature showing colour-coded diameters is overlaid with the surface representation, vessels with a 
diameter between 16 and 32 µm can be seen predominantly co-localising with those bumpy areas 
(arrowheads; B). H = hilum. 
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Figure 4.9.  Extraction of putative HEVs from a 3D blood vessel network 

Vessels with a diameter between 16 and 32 µm were extracted from the 3D vascular network as putative HEVs 
(pHEV). The extracted pHEVs (grey) form individual branches within the network (red), as can be seen in the 
3D filament display in Amira (A). The pHEV vessels co-localise with vessels showing ‘cobblestone’ 
morphology in the surface display (E). Postcapillary vessels with dilated dimeters (> 16 µm) appear green in the 
vascular model (C) and completely overlayed the extracted pHEVs (F), thereby confirming the selection.
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Table 4.3.  Network parameters of pHEV and the total blood vessel network 

pHEV network 
Total blood vessel 

network 

  pHEV fraction of the total 

blood vessel network 

  Number of segments  1107 16336 7 % 

  Number of nodes 1256 12561 10 % 

  Means segment diameter 21.14 µm 13.47 µm 157 % 

  Mean segment length 107.5 µm 57 µm 187 % 

  Network length 11.40 cm 91.3 cm 12 % 

  Network volume 0.043 mm3 0.171 mm3 25 % 

  Distance to the nearest vessel 57.2 µm 20.8 µm  

  Fraction of the overall LN  

  volume (2.315 mm3) 
1.86 % 7.39 %  

  Vessel density 478 vessels/mm3 7057 vessels/mm3 
 

  

   

Figure 4.10.  View of the putative HEV network together with the full LN vascular model 

A putative HEV (pHEV) network was extracted from the LN vasculature model based on a diameter
range of 16 to 32 µm. The pHEV network (blue, A), the LN vascular model (grey, C), and both in
combination (B) were displayed using the 3D rendering software Amira.

A B C
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Overall, the full vascular model was evenly interspersed with the identified pHEV network 

(Figure 4.10). It consisted of several connected subnetworks and few isolated vessels as part 

of one vascular tree (Figure 4.9 A). Even though this selection of vessels was purely based on 

a selected range of diameters, we confirmed that the pHEVs had the morphology of HEVs 

and were able to measure important features of the vasculature. Remarkably, the overall look, 

lengths and volume of our pHEV network are very similar to findings of other groups who 

used a specific HEV marker and performed 3D measurements on murine LNs (Kumar et al., 

2012). The method presented here could therefore be used as an alternative way of 

investigating HEVs in the absence of a specific marker. It has the advantage of only requiring 

one staining to obtain two functionally relevant networks which can be assessed in detail. To 

our knowledge, this is the first study of a complete vascular LN network in combination with 

HEVs.   
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4.6. Discussion 

In this chapter we presented a novel approach to investigating structural features of the LN 

vasculature across the whole organ. A specialised confocal imaging system enabled us to 

generate high resolution imagery of the full LN blood vasculature and custom-written 

computer tools allowed us to carry out sophisticated analysis of this unique image data. We 

introduced a number of measurements which are particularly interesting to conduct in 3D and 

displayed our initial results of a mesenteric LN blood network. 

There is a growing desire in the literature to capture 3D descriptions of blood vessel networks 

to improve our understanding of the role of the network in tissue homeostasis and pathology 

(Atwood et al., 2010; Li et al., 2013; Vasquez et al., 2011). Motivated in particular by 

research in developmental biology, oncology, and brain physiology, new imaging devices 

have emerged in the last decade to enable coverage of large tissue areas or even entire organs 

(Chung et al., 2013; Huisken et al., 2004; Moy, Wiersma, & Choi, 2013; Vakoc et al., 2009). 

However, optical resolution is a major limiting factor when imaging is performed on large 

specimens of several millimetres (Heinzer et al., 2006). Therefore, the acquired blood 

vascular volume image described in this study represents an exceptional dataset, 

incorporating highly detailed imagery with subcellular resolution over several millimetres of 

tissue. In 3D volume renderings of the LN volume image, the spatial organisation of the 

vasculature including major vessels and capillaries becomes apparent and reveals its 

remarkable complexity. Variations in blood vessel densities can be observed, aiding 

orientation in the network. LN subcompartments with characteristic vascularisation such as 

the hilum and the sparsely vascularised follicles can be identified without much difficulty. 

However, definite borders of other major compartments in the LN such as the cortex, 

paracortex and the medulla cannot simply be extracted from the blood vessel topology by 

itself. We therefore concentrate on describing the LN vascular network as a whole but draw 

attention to local differences where appropriate. Overall, the applied luminal WGA labelling 

of the vasculature shows similarities to other cavity stains and our imaging results confirm 

previous descriptions of the vasculature as being an intertwined network of arterioles and 

venules, which form dense capillary arcades below the subcapsular sinus and concentrate in 

collecting arteries and veins near the hilum. Fortunately, our dataset also contained 

information about the main feeding artery and exiting vein, which define the hilar region. It is 

worth noting that those larger arteries and veins displayed lower WGA staining intensities 
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than smaller vessels in the network, as can be taken from intensity-based volume renderings 

(Figure 4.1). WGA has been proven to be a reliable endothelial stain for a wide range of 

vessels and specimen (Debbage et al., 1998; Jilani et al., 2003; Sarkisyan et al., 2012). 

Another N-acetylglucosamine-binding lectin from the tomato plant (Lycopersicon esculentum 

agglutinin, LEA) has been described to show a diluted staining pattern on larger vessels 

following a cardiac perfusion method, which the authors attributed to either a methodological 

artefact or a decreased availability of binding structures on those vessel surfaces (Griffith & 

Sanders, 1991; Jahrling, Becker, & Dodt, 2009; Kawashima et al., 1990). Though we cannot 

fully explain the staining pattern of WGA, the differential availability of sugar binding 

molecules might account for the observed differences (Kagami et al., 1991).  

The size and complexity of the imaging data required us to develop custom-designed 

computational tools if we wanted to adequately describe and analyse the LN vascular 

network. Even though great imagery of blood vessel networks has been generated by other 

groups, the analysis is usually limited by the capacity of a few commercially available 3D 

rendering programs or the ability of the researchers to develop their own tools (Vakoc 2009, 

Mayer 2012). Therefore, an independent tool kit was developed in our lab that efficiently 

quantifies large volume data, and we do intend to make it freely available. To begin with, we 

quantified readily measurable network parameters such as the number of nodes and segments, 

the network volume, and individual vessel lengths and diameters. We calculated a total 

volume of 0.171 mm3 and a vessel density of 7057 vessels/mm3, neither of which have any 

precedent in the field because of the lack of equivalent 3D data. In a recent study examining 

the vasculature of a tumour in 3D, intratumour vessel lengths were found to range between 

50-100 mm for tumours of 2-3 mm3 sizes while the vessel fraction on the total volume was 

estimated to be in the range of 22 – 28 % (Vakoc et al., 2009). However, differences to our 

measurements of a cumulative vessel length of 91.3 cm in a LN of 2.3 mm3 size and a 

vascular fraction of 7.39 % could stem from a higher imaging resolution used in our study 

and the substantially different organisation of both tissues. To validate our results against the 

large body of research that describes blood vessel densities in the 2-dimensional space (mm2) 

it would be desirable to investigate our dataset using commonly used 2D software in the near 

future (Weidner, 2008). By comparing our methods to other 3D studies we find that defining 

the rules for segmentation represents a critical step in the processing likely to affect 

subsequent measurements (Eiho, 2004). Since it is not trivial to express the segmentation 

success or potential artefacts numerically, we gained confirmation for our segmentation 
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settings from an overlay of the raw image and segmented data (Appendix D-2). More 

importantly, a major advantage of the data extraction and vascular reconstruction described 

here is the possibility of revisualising key measurements. The simultaneous display of 

diameter values in the 3D vascular model adds new quality to the analysis by allowing 

comprehensive evaluation of measurements and their location. We employed this specialised 

setup to identify potential HEVs (see chapter 4.5). Moreover, displaying the branching and 

density measurements on the network provides stunning insights into these spatial features of 

the LN vasculature.  

In addition to measurements on individual segments we took advantage of the fact that the 

main feeding artery and vein are clearly identifiable and conducted a branch count over the 

network. We found the maximum ‘branching distance’ between the major vessels and the 

capillaries to be in the order of 40, while the branching distance between the artery and vein 

was noticeably lower. Although we cannot exclude that broken vessels within the network 

accidentally increased the maximum branch number, the close connectedness of arteries and 

veins is consistent with the observation of arterio-venous connections in the LN (A. O. 

Anderson & Anderson, 1975). However, if we trust that the distance measurements are 

correct, it appears that the distances to the artery are more homogenous across the network 

than the distance to the vein (Figure 4.6). This suggests that a higher selective pressure exists 

towards an even arterial supply of the tissue, with can be discussed as being physiologically 

more relevant than ensuring a definite distance to the vein. Whether this intriguing 

observation is a real pattern which is evident in other tissues or perhaps a specific feature of 

the LN vasculature is a question left for future studies.  

A main motivation for investigating structural elements in LNs was to understand the 

framework that allows immune cells to function in an optimal way. As we were interested to 

know which distances lymphocytes experience to a supplying blood vessel, we developed a 

tool to calculate the 3D distance to the nearest blood vessel across the LN. Our measurements 

revealed that the vast majority of LN tissue lies within a close proximity of less than 60 µm to 

a blood vessel. To spot areas further remote from any vasculature, we created an image file of 

points with a distance greater than 60 µm and displayed it simultaneously with the vascular 

network model. This tool enabled us to detect small clusters scattered predominantly in the 

centre of the LN. Performing distance or branching calculations by themselves is not 

sufficient to draw conclusions on the oxygenation and potential hypoxia in any tissue, as 

other factors like blood volume, flow rate, tissue diffusion and oxygen consumption have a 
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major contribution in those processes (Foehrenbacher et al., 2013). Apart from that, the 

relatively short blood vessel distances measured on our vascular model do not support the 

idea that there are hypoxic regions in the LN, at least not in the non-reactive state. Previous 

studies aiming to define the status of oxygenation in lymphatic tissue using microelectrode 

measurements have identified hypoxic environments in the thymus while the spleen and LNs 

were found comparatively well oxygenated (Braun et al., 2001; Huang et al., 2007). This 

trend was further confirmed by flow cytometric analysis using the in vivo hypoxia marker 

pimonidazole hydrochloride (Hypoxyprobe-1) indicating that cells in LNs are better 

oxygenated than those in spleen and thymus (Ohta et al., 2011). Interestingly, B cells showed 

the lowest Hypoxyprobe-1 levels compared to T cells and natural killer cells, which is 

surprising considering the low vascularisation in follicular regions. To sufficiently clarify the 

level of oxygenation and potential occurrence of hypoxia in LNs, it would be worthwhile 

investigating tissue sections using Hypoxyprobe-1 or other indicators for oxygen levels 

(Raleigh et al., 1987; Vanderkooi, Erecinska, & Silver, 1991). Our blood vessel distance 

measurements indicate different demands towards oxygen and metabolites within various LN 

subregions, with the paracortex and the B cell follicles tolerating higher distances than the 

interfollicular regions. It will be interesting to identify the main cause for this distribution in 

future tests and track potential changes after activation. T cells evidently require high oxygen 

levels for motility but only moderately increase their oxygen uptake during proliferation 

despite switching to a highly energy consuming metabolism known as the ‘Warburg effect’ 

(Huang et al., 2007; Macintyre & Rathmell, 2013). B cells, though metabolically distinct 

from T cells, also experience a mild increase in oxygen consumption after activation (Caro-

Maldonado et al., 2014). Moreover, other cellular processes might contribute to the overall 

oxygen demand in LNs, for example the phagocytotic activity of cells in the medullary area 

(Herman et al., 1972; Kominsky, Campbell, & Colgan, 2010). The established measurement 

of distances to blood vessels in the LN can be used to interpret variances in tissue supply and 

demand and can help to discriminate functional areas that show pronounced differences in 

vascular density. Besides, the possibility of measuring blood vessel distances in 3D in 

combination with the network branching behaviour and vessel diameters suggests their 

potential use in flow measurements (Secomb et al., 2004). In tissues that are known to 

develop hypoxic areas such as tumours, the brain, or the retina (Grimm & Willmann, 2012; 

Pries et al., 2009; Yoshihara et al., 2013), such distance or flow calculations including the 

visualisation of areas above a critical threshold could be of high informative value.  
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A growing interest in HEVs as important vascular structures for LN function motivated us to 

focus on them in our analysis. We introduce a morphology-based approach to identify and 

extract putative HEVs from the vascular model, for subsequent analysis using our tool set. 

We acknowledge that this investigation has clear limitations – since we used a defined 

diameter range for selecting the pHEVs it is not possible to comment on the real diameter 

distribution. We believe that our method could be a valuable addition to vascular 

investigations in LNs in situations where applying an additional HEV maker is not feasible. 

Our comparison of the pHEV and the full blood vascular network also exemplifies a 

sophisticated 3D analysis of two qualitatively different networks. Nevertheless, we find 

remarkable parallels to findings of other researchers who employed a common HEV marker 

and discovered similar HEV lengths and network distributions in peripheral LNs of 

comparable size (Kumar et al., 2012). Distance calculations to HEVs are of immediate 

biological relevance as they give cues to traveling distances of lymphocytes within the LN 

and could be employed in mathematical models describing their migration behaviour (Bogle 

& Dunbar, 2012).  

If we combine all measurements over the full LN blood vascular network we can discriminate 

two areas with distinct topological differences. A centrally located area in the LN appears to 

have a low vascular density, more areas with a distance over 60 µm to a neighbouring blood 

vessel, a low overall branch count and a higher abundance of large vessels. By comparison 

with typical immunohistochemistry sections of a mesenteric LN, those attributes could 

correspond to the paracortical T cell zone in the LN – there are similarities in both the central 

location and visual appearance of vascular density. In contrast to the centre, the rim of the LN 

shows a higher density of predominantly small vessels, a surprisingly consistent branching 

distance of 20-25 µm to the main artery, and hardly any areas with a greater distance than 60 

µm from the nearest blood vessel. To validate these observations, additional markers should 

be employed that can define functional subunits in LNs. Nevertheless, these findings provide 

interesting possibilities for quantifying visually observable differences in LN 

subcompartments.  

Taken together, we have established a technique to comprehensively label, image and analyse 

LN vasculature in 3D. Our initial results represent a proof of principle for the newly 

developed network extraction and analysis tools and show a direction for future development.  

We also provide a detailed description of the blood vessel network topology of a single 

mesenteric LN. Besides conducting detailed measurements of structural network parameters 
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we enabled the 3D visualisation of key results on a vascular model, enhancing our analysis. 

For example, based on distance measurements to the nearest blood vessel we could highlight 

areas with low vascularisation and identify putative HEVs in the absence of a specific marker. 

For subsequent studies, we propose a closer examination of morphologically distinguishable 

areas in the LN, such as the T cell areas and the B cell follicles, or comparison of different 

blood vessel networks. In this respect, it would be desirable to combine multiple 

measurements, for example vessel distances, branching behaviour and blood vessel distance, 

in an integral model. Finally, we believe that the current set of tools represents a good setup 

for investigating structural differences between resting and inflamed LNs. A description of 

our first attempt in assessing stimulated LNs is represented in chapter 5.   
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Chapter 5. Comparison of resting and activated lymph nodes 

LNs are important filtering organs for the body, strategically placed along the lymphatic 

system to remove pathogens and detrimental particles to prevent systemic distribution with 

the blood. Concurrently, they represent critical crossroads for the immune system. The close 

juxtaposition of blood and lymphatic channels is a fundamental characteristic of LN anatomy, 

as it orchestrates the course of immune cell migration and antigen transmission. Naïve 

lymphocytes enter the LN via HEV-type blood vessels and exit through the lymph, while 

soluble immune factors, antigens, and antigen presenting cells can access and leave the LN 

through the lymphatic system. During inflammation, both vascular systems need to adapt to 

rapid LN volume changes and enhanced cell traffic while maintaining their vital integrity. To 

characterise the critical environment in which cells travel in the LN and immune activation 

takes place, simultaneous 3D imaging of the blood and the lymphatic LN passageways has 

been a popular topic in previous research yet restricted to local areas in the LN through 

limitations provided by volume staining and high-resolution imaging (Ma et al., 2007; Ohtani 

et al., 2003; Sarkisyan et al., 2012). Impressively, Grigorova et al. (2010) have overcome this 

limitation by sectioning and immunolabelling entire murine LNs to study and model the 

migration behaviour of T and B cells after antigen stimulation. While it is a laborious process 

to stain and label the numerous sequential sections, it also leaves gaps in between individual 

sections, which is a disadvantage for subsequent computational modelling in 3D. We 

therefore intended to employ extended-volume confocal imaging and use our newly 

developed 3D analysis tools to study the dynamism of LN vascular systems during immune 

activation.  

As described above, we previously established a method to label and image the blood 

vascular system of a mesenteric LN (chapter 4; Appendix B). This type of LN however, does 

often show germinal centres in immunostainings due to continuous stimulation received from 

the gut and was therefore regarded as not suitable for studying differences between resting 

and activated LNs (Kowala & Schoefl, 1986). Instead, we focussed on the popliteal LNs 

which represent comparatively small, non-reactive LNs, and have been a prevalent study site 

for immunological manipulation in the past (Bajenoff et al., 2006; Batista & Harwood, 2009; 

Braun et al., 2011; Grigorova et al., 2010; Henrickson et al., 2008). Moreover, popliteal LNs 
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are opportunely placed to allow dual-labelling of the blood vasculature via perfusion or tail 

vein injection and the lymphatic system via subcutaneous injection (chapters 3.1.1 and 3.1.2).  

To assess vascular remodelling during LN activation we sought to engage an experimental 

system that allows us to study early changes in the vascular constitution when cell influx is 

high and demands rapid remodelling of the LN anatomy. Common animal models for 

generating reactive LNs employ subcutaneous injection of stimulants like LPS, KLH, PHA, 

poly (I:C), CpG, CFA, Alum & OVA, activated DCs, viruses, or bacteria which all induce 

rapid and strong responses in draining LNs (Grigorova et al., 2010; Hoshi et al., 1986; 

Katakai et al., 2004; Kumar et al., 2010; Shenoy et al., 2012; Soderberg et al., 2005; Webster 

et al., 2006). Within hours of immunisation enhanced blood flow and cell entry into the LN 

can be observed and simultaneous blockage of egress leads to cell trapping and consequently 

LN expansion which is prolonged by the onset of cell proliferation after approximately 2 days 

(Cahill, Frost, & Trnka, 1976; Drayson, Smith, & Ford, 1981; Mackay, Marston, & Dudler, 

1992; Mebius et al., 1990; Mempel, Henrickson, & Von Andrian, 2004). Lu and colleagues 

have previously shown that blood vascular extension following an immune stimulus can be 

discriminated in 3 phases (Benahmed, Ely, & Lu, 2012). The first initiation phase is 

characterised by the onset of endothelial proliferation while cell numbers remain relatively 

constant. After 2 days endothelial cell numbers increase rapidly in the expansion phase and 

peak around day 4 or 5 followed by the re-establishment of quiescence over the following 2 

weeks (Chyou et al., 2011; Herman, Yamamoto, & Mellins, 1972; Steeber et al., 1987; Tzeng 

et al., 2010; Webster et al., 2006). Interestingly, Soderberg et al. (2005) provided evidence 

that LN swelling can be sufficiently induced by an innate stimulus alone, in their case the 

TLR agonists LPS or CpG, which they attributed to an enhanced influx of cells promoted by a 

significant diameter increase of the feed arteriole. While blood vascular changes have been 

studied more in depth, the investigation of lymphatic changes only recently came into focus 

encouraged by the availability of specific markers (Jackson, 2003). In congruence with the 

blood vasculature, HEVs and LN lymphatics have also been found to show noticeable 

changes in the first 3 days post immunisation (Angeli et al., 2006; Kumar et al., 2012). 

Consequently, we decided to use an easily controllable innate model system to study the 

changes of both vascular systems in the early phase of the immune response. We chose as 

stimulus LPS, which was shown to induce LN hypertrophy within a few days without leading 

to atypical structural changes such as can be observed after CFA immunisation (Hoshi et al., 
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1984; Katakai et al., 2004; Soderberg et al., 2005). In contrast to previous studies we explore 

the possibility of quantifying vascular remodelling across entire single LNs.  

In the following paragraphs we present our initial results of inducing a reactive LN phenotype 

in popliteal LNs and comparing it to non-reactive LNs using 3D vascular analysis tools. 

Firstly, we seek to validate the LPS immunisation model for generating reactive popliteal 

LNs by assessing overall weight changes, structural modifications, and the degree of cell 

proliferation. After intravital labelling of the lymphatic and the blood vascular systems we 

performed extended-volume confocal imaging to capture entire LNs and used custom-

designed computer tools to extract the two vascular volumes. We present comprehensive 

imagery of blood and lymphatic vascular channels across whole LNs and indicate visible 

changes after immune activation. With the help of specialised 3D analysis tools we examined 

the blood vascular networks more in depth and performed volume measurements of both the 

blood and lymphatic vasculature. Moreover, a special tool was developed to assess the 

proximity of both systems, by measuring the shortest distance from points in the blood vessel 

network to the nearest lymphatic border (chapter 3.3.1). This calculation quantifies changes in 

the spatial relationship of both systems during inflammation and could potentially indicate 

migration distances for immune cells. In summary, we aim to improve our understanding of 

vascular remodelling in the course of LN activation by adding comprehensive topological 

data to the existing theory.   
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5.1. Establishment of reactive lymph nodes using lipopolysaccharide 

Lipopolysaccharide has been known as an effective immune stimulator for many decades 

(Beutler & Rietschel, 2003). With reference to previous experimental designs, we sought to 

induce measurable changes in LN anatomy by employing subcutaneous LPS injection in the 

draining region of popliteal LNs (Hoshi et al., 1984; Soderberg et al., 2005). In a pilot 

experiment, we evaluated the time course of LN swelling after local administration of 50 µg 

LPS and found a substantial weight increase of popliteal LNs 48 hours after immunisation 

(Figure 5.1). The weight of the ipsilateral popliteal LN directly draining the injection site 

doubled after 2 days but no further increase was found at day 5. The ipsilateral inguinal LN in 

turn showed a delayed response and no substantial weight increase prior to day 5. As several 

animals exhibited drastic body weight loss of over 15% in these experiments, the LPS dose 

was reduced to 30 µg in the following tests. Based on these results we injected 6 mice with 30 

µg LPS which confirmed a significant LN weight gain after 2 days compared to non-

stimulated control animals (Figure 5.2). On average, the wet weight of popliteal LNs doubled 

from 0.62 mg to 1.28 mg after stimulation. 

 

Figure 5.1.  LN weight changes after immunisation with 50 µg LPS 
 
C67BL/6 mice (n = 5) were injected with 50 µg LPS into the left rear hock. After incubation for 6 to 120 hours, 
animals were sacrificed and the wet weights of the popliteal and inguinal LNs from the injection site (ipsilateral) 
and the contralateral site were determined and compared to the weight of LNs of a non-injected animal (plotted 
as time point 1). The baseline LN weight for inguinal and popliteal LNs was calculated as the average weight of 
all contralateral inguinal or popliteal LNs, respectively. 
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 Figure 5.2.  Lymph node swelling 48h post immunisation with LPS 
 
The weight of popliteal LNs was assessed 48 hours after injection of 30 µg LPS 
(black rhombs, 6 mice per group) into the left hock compared to non-injected 
animals (white rhombs, 8 mice per group). We found significant statistical 
difference between both groups (asterisk, Student two-tailed t test, P < 0.05). 
Black bars indicate the average of each group.

 

To further validate the reactive state of LPS-stimulated LNs we performed immunostainings 

on representative nodes from both groups. General markers for T cells, B cells, blood vessels, 

HEVs, lymphatics, and collagen were used to aid orientation in the tissue and detect potential 

changes in LN subcompartments after activation (Figure 5.3, Figure 5.4). In the unstimulated 

LN, the CD3e+ T cell area appears as a dense sphere in the centre of the LN supported by a 

well-structured reticular network seen by means of collagen I staining (Figure 5.3). After LPS 

immunisation, this region loses its spherical shape and emerges as a larger area with an 

irregular border and more fragmented collagen fibres (Figure 5.4). Moreover, CD3e+ cells 

occur at a higher frequency in CD45R/B220+ B cell areas and accumulate in cortical sinuses 

(Figure 5.4 D, E; arrowheads). The area taken up by B cells is likewise enlarged in stimulated 

compared to non-stimulated LNs, according to CD45R/B220 staining (Figure 5.3 C; Figure 

5.4 E). Alongside the increase of T and B cells, the number of PNAd+ HEVs appears evenly 

spread in both nodes, which suggests an extension of this vessel type in the reactive LN 

(Figure 5.3 B; Figure 5.4 D). Interestingly, the cells that can be seen within HEVs are 

predominantly B cells in the stimulated LN whereas both T and B cells can be equally 

identified in HEVs in the non-stimulated LN (Figure 5.3 C; Figure 5.4 E). LYVE1 labels the 

lymphatic endothelium and strongly marks the medullary sinuses, which in the resting LN 

account for a large proportion of the overall area (Figure 5.3 A), while taking up a smaller 

peripheral region in the inflamed LN (Figure 5.4 B, C).   
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Figure 5.3.  Structural and cellular features of a resting popliteal LN 
 
Frozen sections of an unstimulated popliteal LN were immunostained to display the location and size of 
blood vessels (CD31), lymphatic endothelium (LYVE1), collagen (collagen I), HEVs (PNAd), T cell 
areas (CD3e), and B cell areas (CD45R/B220) as indicated in the images. Aided by this staining, 
functional building units of LN anatomy can be recognised (B). PNAd+ HEVs (B) can be identified in 
sequential sections by means of their morphology and a thick supporting layer of collagen I and contain 
both, CD3e+ and CD45R/B220+ cells (C). Images are representative of two independent experiments on 
two LNs. P = paracortex, Fo = follicle, M = medulla.  
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Figure 5.4.  Anatomical changes in popliteal LNs 48 hours after LPS challenge  
 
Immunostained sections from an LPS-stimulated popliteal LN (B-E) reveal structural changes compared to an 
unstimulated LN (A). These include: an increase in overall LN size (B), a fragmented collagen network (C), 
enlarged B and T cell areas (D, E), and lymphatic sinuses densely packed with T cells (arrowheads in E). HEVs 
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were found to contain predominantly B cells (E). Representative images from two independent experiments on 
two reactive LNs were chosen for display.    
 

CD31 intensely stains the endothelium of the blood vasculature and to a lesser extent also the 

lymphatic endothelium (Figure 5.6; Figure 5.7). Blood vessels can be found in medullary 

cords and distributed in the LN parenchyma, while being sparse in follicles (Figure 5.3 A; 

Figure 5.4 B, C). In addition, the blood vasculature seems to group into a proportion of small 

vessels of the order of 10 µm diameter and several large vessels over 30 µm diameters, which 

are associated with PNAd staining in adjacent sections (Figure 5.3 A, B; Figure 5.4 C, D). For 

closer examination of vascular distributions and morphology, we assessed the blood and 

lymphatic endothelium separately (Figure 5.5 - Figure 5.8). The number of CD31+ blood 

vessels in the stimulated LN appears to be increased proportional to its size compared to the 

unstimulated LN (Figure 5.5 B, E). In particular, a large number of small vessels can be 

identified in the medullary cords (Figure 5.7 C, G) and the parenchyma of the LPS-treated LN 

(Figure 5.5 B, E, C, F). Some larger blood vessels in the paracortical region show faint 

LYVE1 staining in both stimulated and unstimulated LNs (Figure 5.6 B, D, F, G). In 

combination, three types of vessels can be distinguished with the help of these two markers: 

the majority of blood vessels are of CD31highLYVE1neg phenotype, lymphatic sinuses are 

CD31lowLYVE1high (Figure 5.6 E), and a subset of blood vessels is characterised by a 

CD31highLYVE1low staining pattern (Figure 5.6 F, G). The lymphatic endothelium in the 

resting LN displays a high LYVE1 staining intensity covering thick medullary sinuses 

(Figure 5.7 B, D). In contrast, LYVE1 staining 48 hours after LPS challenge seems fainter 

and the lymphatic sinuses can be recognised as collapsed (Figure 5.7 F, H). Moreover, we 

noticed a strong LYVE1 staining gradient in the stimulated LN, as can be seen by decreasing 

staining intensity from the border to the centre of the LN (Figure 5.8 D). As a consequence, 

the LYVE1 staining intensity in cortical sinuses almost equals the CD31 signal (Figure 5.6 C, 

D, G; Figure 5.7 F). Intriguingly, it appears that while the staining in the medullary and 

cortical sinuses is almost lost, the subcapsular sinus displays a comparatively strong LYVE1 

signal in the stimulated LN (Figure 5.8). It is further worth noting that the overall cell density 

seems to differ between LPS-stimulated and unstimulated LNs. B cell areas below the 

subcapsular sinus and near the medulla appear to be more densely packed in the resting than 

in the activated LN (Figure 5.5 A, D). Simultaneously, the cellularity of the medullary sinuses 

in the unstimulated node appears less dense compared to the paracortex and the medullary 
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cords (Figure 5.7 A). In contrast, cell numbers in the stimulated LN seem more evenly spread 

over the whole cross-section (Figure 5.5 D; Figure 5.7 E).  

 

 

Figure 5.5.  Distribution of blood vessels in resting and LPS-immunised LNs 
 
Immunostained frozen sections of an LPS-treated (D-F) and an untreated LN (A-C) display a similar distribution 
of blood vessels as can be taken from CD31 labelling (B, C, E, F). DAPI staining indicates a variation in cell 
density across LN subcompartments (A, B). P = paracortex, Fo = follicle. Representative images were chosen 
from 2 independent experiments of two LNs per treatment. 
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Figure 5.6.  Immunostaining characteristics of LN blood and lymphatic vasculature 
 
By performing immunostainings using CD31 and LYVE1 antibody, the LN vasculature can be found to group 
into CD31highLYVE1neg blood vessels (A-D), CD31lowLYVE1high lymphatic sinuses (E), and a subset of large 
blood vessels that are CD31highLYVE1low double-positive (F). Two days after LPS challenge, the LYVE1 signal 
of cortical and medullary sinuses is notably decreased (D, G). Images are representative of two independent 
experiments for two stimulated and unstimulated LNs, respectively. 
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Figure 5.7  Differences in the morphology of the medulla following immunisation with LPS 
 
Medullary sinuses in an unstimulated LN are characterised by strong LYVE1 signal and low cellularity 
compared to medullary cords in immunostained sections (A-D). In contrast, medullary sinuses were found 
collapsed 2 days after LPS challenge and show low LYVE1 signal, while the area appears more evenly filled 
with cells (E). Sections are representative of two independent tests. MC = medullary cord, M = medulla.  
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Figure 5.8.  LYVE1 staining pattern in LPS challenged and unchallenged LNs 
 
In immunostained sections of an unstimulated LN, LYVE1 antibody labels the medullary and cortical sinuses 
strongly, while being rather faint on the endothelium of the SCS (A-C). This pattern can be seen reversed 2 days 
after immunisation with LPS, as medullary and cortical sinuses lose LYVE1 expression, while the SCS appears 
to be stained stronger (D-F). Images were chosen from duplicate stainings on two LNs per group. CS = cortical 
sinus, SCS = subcapsular sinus.  
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Assuming that the blood vasculature expands along with the LN volume, we were interested 

to test if the enlargement is accompanied by endothelial cell proliferation. Therefore, we 

assessed the amount of dividing cells in LN sections via immunostaining using the Ki-67 

marker, which is detectable during all active phases of the cell cycle (Halin & Detmar, 2008; 

Scholzen & Gerdes, 2000). As can be taken from sections of non-stimulated LNs, there is a 

baseline proliferative activity in the paracortex which can be assigned to mainly CD3e+ and 

fewer CD45R/B220+ cells (Figure 5.9 A, B). Furthermore, isolated Ki-67+ cells can be 

identified in few blood vessels in those sections (Figure 5.10 B). In comparison, LPS-

stimulated LN sections display a large number of Ki-67-labeled cells of which the majority 

co-stains with the pan B cell marker CD45R/B220 (Figure 5.9 C, D). A fraction of Ki-67+ 

cells can also be found in the CD3e+ T cell area, but their number does not noticeably exceed 

the amount of Ki-67+ cells in the non-stimulated sample (Figure 5.9 A, C). Strikingly, the Ki-

67 staining is most pronounced along the T/B cell border (Figure 5.9 D). In addition, several 

Ki67 cells can be associated with blood vessels in the stimulated LN (Figure 5.10 D). The 

number of Ki-67+ endothelial cells in sections of the LPS-treated LN does markedly exceed 

those of the unstimulated LN (Figure 5.10 B). However, a large amount of closely associated 

Ki67+ T and B cells complicates the precise evaluation of proliferating endothelial cells. 

Interestingly, in sections of a highly proliferative B cell region, we noticed neighbouring 

blood and lymphatic vessels with overlapping LVYE1 and CD31 staining and a Ki-67+ cell 

located in between both vessels (Figure 5.11 B). In adjacent sections, the blood vessels 

appeared as dark gaps in between large numbers of Ki-67+ B cells, which were occasionally 

surrounded by CD3e+ cells (Figure 5.11 A). In a neighbouring B cell follicle, distances over 

100 µm between supplying vessels were evident and a single Ki-67+ vessel could be 

identified in the centre (Figure 5.11 C), suggesting proliferative activity of the vasculature in 

these areas. 

In summary, subcutaneous hock treatment with 30 µg LPS effectively induced a reactive 

phenotype in popliteal LNs. LN weight, size of lymphocyte compartments, and the number of 

proliferating cells was markedly increased after two days of stimulation. Overall, vascular 

changes could be noted but any judgement on precise volume changes, vessel densities, and 

the proportion of proliferating endothelial cells is difficult without the support of computer-

aided quantification. 
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Figure 5.9.  LPS stimulates the proliferation of lymphocytes at the T/B border  
 
Frozen sections of resting and LPS stimulated LNs were immunostained with CD3e antibody for T cell areas, 
received pan-B cell labelling via CD45R/B220, and Ki-67 staining as a marker for proliferation. The majority of 
Ki-67+ cells in the resting LN was present in the T cell region (green; A, B), while a large number of Ki-67+ B 
cells could be identified in sections of an LPS treated LN after 2 days (blue; C). Ki-67 staining was most 
pronounced at the border of neighbouring T and B cell regions (dashed line; D). Images were chosen from two 
experiments on one LN per group. 
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Figure 5.10.  Proliferative activity of blood vascular endothelium after LPS stimulation 
 
The presence of proliferating blood endothelial cells in frozen tissue sections of an LPS-challenged (C, D) and 
an unchallenged (A, B) LN was evaluated by immunolabelling using CD31, Ki-67, and collagen I antibody for 
orientation. Only few Ki-67+ cells could be found associated with CD31+ endothelium in the unstimulated LN 
(A, B). Two days after LPS challenge, more Ki-67+ cells are present in regions adjacent to the paracortex which 
can be identified by reticular collagen distribution (C) and several Ki67+ cells can be seen associated with 
CD31+ endothelium (D). More Ki-67+ cells per blood vessel could be found in the LPS stimulated LN 
(arrowheads, D) compared to the unstimulated LN (arrowheads, B). Images of representative sections from two 
independent experiments on one LN per group were chosen for display. 
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Figure 5.11.  Ki-67 staining pattern in a B cell region of an LPS immunised LN 
 
Two days after LPS challenge, a B cell-rich area of an activated LN shows large numbers of Ki-67+ cells in an 
immunostaining (A). A group of blood vessels in this region (B) was found associated with CD3e+ cells in an 
adjacent section, indicating the infiltration with T cells (A). One of the described blood vessels is closely 
associated with a LYVE1+ sinus and Ki-67+ staining is present in between both structures (B). In a neighbouring 
follicular region, vascular density is low and a single CD31+ blood vessel can be found in the centre staining 
positive for Ki-67 which indicates proliferative extension of the vascular network in this region (C). Images are 
from one experiment using a popliteal LN examined 48h after stimulation with 30 µg LPS. B represents one of 3 
cases of touching vessels that could be found within the imaged area.  
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5.2. Extended-volume confocal imaging of dual-stained lymph nodes 

Blood and lymphatic vascular systems are critical constituents of LN anatomy; nevertheless 

we lack understanding of their spatial relationship and dynamism during inflammation. 

Hence, we sought to visualise both vessel networks across whole LNs in 3D to elucidate their 

physical arrangement and possible changes following immunisation. Based on tests with the 

immune stimulant LPS described in the previous section, we induced a reactive phenotype in 

a popliteal LN for comparison with two unstimulated LNs. We employed in vivo luminal 

blood vessel staining using fluorescently conjugated WGA (chapter 3.1.1) in combination 

with anterograde LYVE1-labeling of the lymphatics (chapter 3.1.2). Dual-labelled LNs were 

captured at 2 µm pixel resolution using extended-volume confocal imaging and visualised 

with the help of the 3D rendering software Voxx (Figure 5.12 - Figure 5.16). Volume 

projections of all three samples revealed clear definition of the medullary and cortical 

lymphatic sinuses as a result of consistent and strong LYVE1 staining. The endothelium of 

the subcapsular sinus on the other hand, displayed a rather fragmented staining consistent 

with the LYVE1-staining pattern seen in immunohistochemistry sections (Figure 5.8). The 

blood vessel label applied in vivo effectively stained a dense network of fine vessels in all 

LNs, which in combination with LYVE1 staining greatly facilitated orientation within the LN 

anatomy.  

The integrated imagery of all three samples provided striking insights into their spatial 

geometry. We found intricate networks of the blood and lymphatic channels forming a 

complex 3D labyrinth (Figure 5.12). Whereas the vasculature is spread over the entire LN 

volume, the main body of the lymphatics is located around the hilum. This separation allows 

the LN to be defined as a basal region including the LYVE1-rich medulla and an apical side 

that is almost free of lymphatic sinuses but accommodates the subcapsular sinus, the cortex 

with few follicles, and the paracortex (Figure 5.12 C, D). The medulla is interspersed with 

medullary cords, reaching from the centrally located paracortex to the hilum, each of which 

usually contains one large vessel in the centre accompanied by a few smaller ones (Figure 

5.12 C; Figure 5.13 A). At the interface between the medulla and the paracortex which is 

referred to as the cortex-medulla transition zone (Forster, Braun, & Worbs, 2012), medullary 

sinuses reach into the paracortex appearing like medusoid protrusions (Figure 5.13 A, C). In 

conclusion, one could interpret LN anatomy as an intersection of two compartments, the 



Results 

110 
 

lymphatic system and the parenchyma, both of which send finger-like processes in the form 

of sinuses and cords into the opposing section.  

The possibility of viewing both vascular systems together over the volume of a full LN also 

enabled us to better orientate within LN subcompartments. With the help of the Voxx 

program, both datasets can not only be viewed together but also trimmed simultaneously to 

allow investigation of cross-sections or thick volume slices. We used this tool to visually 

investigate the datasets and closely inspect functionally interesting regions. As described 

before, the B cell follicles are LYVE1-negative and contain only a few if any blood vessels. 

Thus, they appear as dark ellipsoids at the outer cortex directly underneath the subcapsular 

sinus (Figure 5.12 C, D). Interestingly, it is possible to make out the paracortical area, which 

is interspersed by several thin and few larger vessels and appears to have a lower vascular 

density than the surrounding tissue (Figure 5.12 C, D). At the transition zone between cortex 

and medulla, a dense plexus of capillaries separates the paracortex from the medulla (Figure 

5.13). A major difficulty in assessing 3D structures of interest in immunostained histology 

sections is the lack of information beyond the individual cross-section. For example, the 

distance to a neighbouring lymphatic channel or HEV is very valuable for calculating cell 

migration distances but cannot be convincingly determined in 2D. Moreover, how those 3D 

structures are connected is hard to estimate from just viewing single planes or small volumes. 

A lymphatic channel can look isolated and far removed from the medulla in a cross-section 

(Figure 5.14 D) but might be closely connected to a large medullary branch just underneath 

the cutting plane (Figure 5.14 E, F). We found lymphatic channels in general closely 

associated with a larger plexus of medullary channels rather than forming long extensions 

into the periphery.   
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Figure 5.12.  Blood and lymphatic vascular channels in unstimulated LN#1  
 
With the help of extended-volume confocal imaging the WGA-Alexa Flour® 488 labelled blood vascular system 
and LYVE1-Alexa Flour® 568 stained lymphatics of a resting popliteal LN were imaged at 2 µm pixel 
resolution in their entirety. The volume rendering software Voxx was used to generated 2D projections of both 
datasets combined, showing blood vessels in green and the lymphatic vasculature in red (A-D). The program 
also allows selection of cut planes of both image sets simultaneously, revealing their intricate vascular 
arrangement inside the LN (B-D). The 3D imagery of this LN was used for rendition of a movie in Imaris, which 
can be found under the file name ‘chapter 5 LN full blood and lymph vessels’ (please see the provided DVD). 
The dimensions of this LN are 765 x 662 x 627 µm. M = medulla, Fo = follicle, P = paracortex, SCS = 
subcapsular sinus.   
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Figure 5.13.  The blood and lymphatic vascular systems of unstimulated LN#2 
 
Voxx volume projections of WGA-Alexa Flour® 555 stained blood vessels (glow palette; A, B) and LYVE1-
Alexa Flour® 488 labelled lymphatics (green; A, C) were generated from extended-volume confocal imaging 
data of an unstimulated LN. The lymphatic vasculature reveals a complex sponge-like architecture in the 3D 
view (C). LN dimensions: 832 x 406 x 751 µm. M = medulla, Fo = follicle, P = paracortex, SCS = subcapsular 
sinus, dashed line = cortex-medulla transition zone. 
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Figure 5.14.  Spatial geometry of lymphatic sinuses 
 
Thick volume slices of the 3D images of unstimulated LN#2 comprising WGA-Alexa Flour® 555 stained blood 
vessels (glow palette; A-C) and LYVE1-Alexa Flour® 488 labelled lymphatics (D-F) were generated in Voxx. 
While it appears in thin sections as if cortical sinuses descend from the SCS, it becomes evident in thick sections 
of the same region that these sinuses are connected to a larger plexus of lymphatic vessels directly connected to 
the medulla (E, F).  
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In 2D image projections of the 3D volume image from an LPS-stimulated LN, similar 

architectural hallmarks as described for non-stimulated LNs could be identified (Figure 5.15). 

Follicular areas near the subcapsular sinus, the paracortex in the centre, and a meshwork of 

capillaries just above the medullary sinuses could clearly be distinguished. Unfortunately a 

significant amount of dye seeped out of the blood vessels into medullary cords and the 

adjacent medullary channels in this preparation, creating large areas of high staining intensity 

which makes it hard to distinguish individual vessels amongst the noise (Figure 5.16 B, 

arrowhead). The cortex and paracortex however, were not affected by this leakage. The 

LYVE1-staining in the subcapsular sinus appears to be stronger than in unstimulated LNs, in 

particular LN#1, but as different fluorophores and imaging settings were used in LN#1 and 

LN#2, definite conclusions on differences in LYVE1 expression between samples cannot be 

drawn. Upon closer examination of 3D volume sections, we noticed a remarkable relationship 

of blood and lymphatic channels in this sample. A single lymphatic sinus extending into the 

paracortex was found meeting a blood vessel in a way that the endothelia of both structures 

came into close connection (Figure 5.16 A, C-F). Surprisingly, a faint LYVE1 staining could 

be detected along the meeting blood vessel close to the connection point with the lymphatic 

sinus, which itself showed robust LYVE1-labelling (Figure 5.16 D-F). As we and others have 

experienced, HEV-type blood vessels display low intensity LYVE1 labelling in 

immunostainings (Grigorova et al., 2010) and similarly low LYVE1-signal was evident on 

several larger vessels in the imaged LNs. However, in volume preparations the staining 

success is not only dependent on the availability of the binding molecule but also on the 

penetration of the dye. It further needs to be taken into account that a special conduit network 

in the LN is known to allow penetration of small molecules from the subcapsular sinus to 

HEV endothelium, which could also deliver LYVE1 antibody to these vessels. Intriguingly, 

the LYVE1 signal on the blood vessel is most intense at the meeting point with the lymphatic 

sinus and gradually dilutes with distance from this event (Figure 5.16 F). This strongly 

suggests that a real connection between the blood vasculature and the lymphatic network is 

evident in this LN, allowing antibody-sized molecules to penetrate from the lymph into the 

blood vessel lumen. Closer inspection of the unstimulated LN#2 further revealed similar 

connections between the blood and lymphatic system at individual locations, although 

slightly less obvious (Figure 5.16 G-I). As these events seem rare and identification is 

challenging even with the possibility of viewing 3D data, a different approach will be needed 

to determine the frequency of these connections and their biological function.  
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Figure 5.15.  Vascular architecture of an LPS-stimulated LN 
 
A murine popliteal LN was challenged with 30 µg LPS and received intravital labelling of the blood vasculature 
by WGA-Alexa Flour® 555 (red) and the LN lymphatics via LYVE1-Alexa Flour® 488 (green). Volume images 
generated in Voxx reveal the intricate architecture of blood and lymphatic vascular channels in 3D views.  
Dimensions of the LPS-stimulated LN: 1018 x 643 x 826 µm. H= hilum, M = medulla, P = paracortex, SCS = 
subcapsular sinus.  
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Figure 5.16.  Intimate connections of blood and lymphatic vascular systems in murine LNs  
 
Volume projections of the WGA-Alexa Flour® 555 stained blood (glow palette; A, B, D, E, G, H) and LYVE1-
Alexa Flour® 488 labelled lymphatic vasculature (green; A, C, E, F, H, I) of an LPS-immunised LN were 
generated in Voxx as described above. WGA-label for the blood vasculature showed severe leakage in the 
medullary region close to the hilum (arrowhead; B). Close connections could be observed between lymphatic 
sinuses and blood vessels showing additional faint LYVE1-staining (arrowheads, A, C-F). Similar connections 
are also evident in unstimulated LN#2 (arrowheads; G-I). M = medulla, Fo = follicle, P = paracortex, SCS = 
subcapsular sinus, dashed line = cortex-medulla transition zone.  
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In summary, extended-volume confocal imaging of fluorescently labelled blood and 

lymphatic vasculature across entire LNs provided us with unique insights into their 3D 

architecture. Labyrinthine channels of both systems displayed characteristic distributions in 

subcompartments and allowed gross orientation within the LN. This was enabled by 

competent labelling of the lymphatic vasculature by LYVE1 and the blood vessel system via 

WGA, which proved to be a suitable label but was more prone to variations in quality. 

Stunningly, unusual endothelial connections between blood and lymph could be identified 

and await further elucidation. In comparison with resting LNs, the organisation of blood and 

vascular systems of an LPS-challenged LN did not reveal clear variations. Given the spatial 

complexity of both vascular structures, visual detection of marginal changes is not trivial and 

better performed with the help of appropriate computational tools.  
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5.3. Computer analysis of reactive and non-reactive lymph nodes  

Following extended-volume confocal imaging of murine LNs with fluorescently labelled 

blood and lymphatic vasculature and their visual assessment, we sought to inspect both 

channel systems more in detail to ascertain potential topological changes. We employed novel 

volume extraction and analysis tools to quantify key network parameters of the LN blood 

vessel system such as the individual segment length, diameter, and distance to the nearest 

blood vessel. Because of the irregular sponge-like structure of the lymphatics that precluded 

simple description as a network of tubes, an analysis of individual segments could not be 

performed with the tools we developed for the blood vasculature. Instead, we segmented the 

lymphatic data and focussed on volume measurements which can be drawn from the binary 

image (chapter 3.3.2). We thereby took special caution to not include LYVE1-stained blood 

vessels in the lymphatic volume. In a first attempt to perform a correlated analysis of the 

blood and the lymphatic networks we used a purpose-designed tool that allowed us to 

calculate distances from the blood vessel network to the closest lymphatic border (chapter 

3.3.1).  

To begin with, we calculated the overall volume of all LNs. This required development of a 

computational method (a kind of digital ‘shrink wrapping’ procedure) to delineate the extent 

of the LN tissue on the basis of the segmented image data (Figure 5.17 A). A volume increase 

of nearly 60% could be detected between the resting and the LPS-challenged LNs, which 

correlates with a weight gain of over 100% in the stimulated node (Table 5.1). Similar 

measurements of the lymphatic and the blood vessel volumes revealed that the volume of the 

blood vasculature rose significantly while the volume of the lymphatics was only marginally 

increased. Interestingly, the lymphatic proportion of the total volume was, at around 20%, 

relatively stable in the unstimulated LNs but fell to 14% in the stimulated LN (Figure 5.17 

A). At first glance this might suggest that the lymphatic compartment does not respond to the 

LPS challenge, but with reference to our earlier observation of the lymphatic sinuses 

collapsing after stimulation this might be misleading. Lack of net volume change 

accompanied by shrinkage of the medullary sinuses could also imply that the lymphatics 

indeed undergo extension. To fully answer this question we need to assess the lymphatic 

surface area in future tests. In contrast, the volume of the blood vasculature expanded 

considerably after LPS stimulation and caused the volume ratio of the blood and lymphatic 

vasculature to shift from 0.4 and 0.5 in unstimulated to 1.1 in the stimulated LN (Table 5.1). 
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Concurrently, the blood-vasculature fraction of the total LN volume was slightly increased in 

the LPS-stimulated LN. However, taking into account that this sample showed severe leakage 

of the dye from the vasculature which certainly affected the segmentation, the blood vessel 

volume measurements need to be interpreted carefully. Moreover, insufficient labelling of 

large vessels could have artificially increased the number of segments. This error should 

equally affect all datasets and is therefore less likely to cause large differences between the 

LNs. Remarkably, the number of vessels and consequently the overall blood vessel density 

was significantly increased in the LPS-stimulated LN compared to the control samples 

(Figure 5.17 B). The total number of vessels was multiplied threefold, leading to doubling of 

the overall vessel density (Table 5.1). Moreover, while the average vessel lengths and 

diameters remained constant, the total length of the vasculature grew, indicating the 

formation of new segments rather than vessel stretching. This was also evident in the 

distribution of vessel diameters and lengths, which revealed an overall increase of vessels in 

the LPS-stimulated LN that affected all vessel lengths and diameters in similar proportion 

(Figure 5.18). In conclusion, the vasculature not only expanded according to the overall LN 

volume change but further developed to reach a higher degree of vascularisation two days 

after the LPS challenge. In assessing the minimum distance from points in the LN to the 

nearest blood vessel, we found fairly similar distributions in all three LNs (Figure 5.17 C). A 

slightly higher average distance in LN#1 could be attributed to the fact that insufficiently 

labelled vessels in the cortical region were lost during segmentation and created artificial gaps 

in the network (Table 5.1). In general, while the distribution of vessels is not homogeneous in 

LNs, the distance and density calculations only provide an average over the full volume but 

do not reflect local variations in vascularisation. It is also worth mentioning that several 

network parameters of the two investigated unstimulated LNs were found to be largely 

consistent, for example the number of segments and nodes, the lymphatic and overall volume, 

the average and total blood vessel length, and the volume ratio of blood and lymphatic vessels 

(Table 5.1). These findings emphasise the ability of our computational tools to reliably 

quantify topological features of complex 3D structures and identify similarities and 

differences between samples. To finally investigate the spatial relationship of blood and 

lymphatic channels, we calculated the distance of points along the blood vessel centreline to 

the nearest lymphatic border. In the LPS-stimulated LN, the average distance was 40% longer 

than in unstimulated LN#2 and 13% longer than in LN#1 (Table 5.1). In contrast to the two 

other samples, LN#1 received vascular staining in inverted colours and lacked LYVE1 

staining at the subcapsular sinus in large parts. This is likely to have caused the average 
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blood-lymphatic distance to increase and makes LN#2 a better control for the stimulated LN. 

If large distances over 40 µm are ignored, the distribution of distances shows a modest 

increase in the stimulated compared to the unstimulated LNs more clearly (Figure 5.18 C). 

Taken together, LPS stimulation of a popliteal LN was found to cause the blood vasculature 

to expand by formation of new vessel segments resulting in a highly vascularised activated 

LN with a decreased overall distance to lymphatic channels, which themselves show no 

significant volume increase at this time point. 

 

Table 5.1.  Effect of LPS immunisation on blood and lymphatic network parameters in popliteal LNs 
 
  

unstimulated LN#1 unstimulated LN#2 LPS-stimulated LN 

  LN wet weight 0.5 g 0.6 g 1.3 g 

LN dimensions: width x height x depth 
0.76 x 0.66 x 0.63 

mm3 

0.83 x 0.41 x 0.75 

mm3 

1.02 x 0.64 x 0.86 

mm3 

    

  Number of nodes 9297 9739 29866 

  Number of segments 12911 13825 43352 

  Overall LN volume 0.1908 mm3 0.1977 mm3 0.3368 mm3 

    

  Lymphatic volume 0.0388 mm3 0.0393 mm3 0.0470 mm3 

  Volume fraction of total LN 20.3 % 19.9 % 14.0 % 

  Blood vessel volume 0.0146 mm3 0.0202 mm3 0.0500 mm3 

  Volume fraction of total LN 7.7 % 10.2 % 14.8 % 

  Blood:lymph volume ratio 0.4 0.5 1.1 

    

  Mean blood vessel diameter 9.1 µm 11.1 µm 10.1 µm 

  Mean blood vessel length 20.1 µm 21.9 µm 18.7 µm 

  Blood vessel network length 21.9 cm 26.6 cm 69 cm 

    

  Blood vessel density per mm3 67,677 69,937 128,722 

  Mean distance to the nearest  

  blood vessel 
21.2 µm 16.4 µm 15.6 µm 

  Mean distance from the blood to the   

  lymphatics (0-250 µm) 
15.8 µm 11.1 µm 18.1 µm 

  Mean distances from the blood to the  

  lymphatics (0-40 µm) 
7.3 µm 8.0 µm 10.7 µm 
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 Figure 5.17.  Influence of LPS 
on LN volume, vessel density, 
and distances between vessels  
 
Blood and lymphatic vascular 
channels of LPS-treated and 
untreated popliteal LNs were 
captured using extended-volume 
confocal imaging. The volume 
of the blood and lymphatic 
vascular channels and the total 
LN volumes were calculated 
based on segmented 3D image 
data of full LNs in Amira (A). 
Percentages in A give the 
lymphatic fraction of the total 
LN volume. 
 
Topological descriptions of the 
vascular networks were 
employed for precise 
measurement of vessel densities 
and distances in the LNs. The 
blood vessel density was 
calculated as the number of 
vessels per area (left; B) and in 
addition as the fraction of the 
blood network volume on the 
total LN volume (right; B). In a 
different approach to measuring 
the effect of the vessel density 
across whole LNs, the 
distribution of minimum 
distances to a blood vessel was 
calculated for 5x106 or 3x106 
interior points for stimulated 
and unstimulated LNs, 
respectively (C). Distances from 
the blood vessel network to the 
closest lymphatic border were 
measured for 17x104 locations 
in immunised and 
approximately 5x104 locations 
in resting LNs (D). 
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Figure 5.18.  Blood vessel 
parameters of stimulated 
and resting LNs 
 
The distribution of individual 
vessel diameters (A, B) and 
lengths (C, D) was calculated 
for 3D blood vascular 
networks of an LPS-
stimulated and two 
unstimulated LNs and plotted 
as total vessel counts (A, C) 
and the vessel fraction of the 
total number of vessels (B, 
D).  C 
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5.4. Discussion 

Following the perception that form follows function, there is a great need to increase our 

knowledge of LN anatomy and plasticity in order to arrive at a better description of how 

immunity works (Junt, Scandella, & Ludewig, 2008). To the best of our knowledge, the 

results displayed in this chapter represent the first comprehensive 3D visualisation and 

analysis of full blood and lymphatic vascular systems in LNs. Thanks to high-resolution and 

large-scale volume imaging technology, we were provided with rich datasets that allowed us 

investigate both vascular systems in great detail and raise new functional questions. 

Furthermore, sophisticated computer analysis aided quantification of blood and lymphatic 

channel systems, thereby allowing us to characterise the framework that immune cells act in.  

To evaluate the dynamism of LN vascular networks during immune activation we employed a 

simple LPS immunisation model, which has been shown to induce moderate LN hypertrophy 

(Soderberg et al., 2005). A reliable weight increase in stimulated LNs was associated with 

morphological changes such as a markedly increased LN size, larger T and B cell areas, and a 

collapsed phenotype of lymphatic sinuses, in consistence with previous findings (Grigorova 

et al., 2010; Junt et al., 2008). Furthermore, we noticed a high degree of B cell proliferation 

and indication of B and T cell interaction, for example noticeable Ki-67-expression at the T/B 

border and T cell infiltration of follicles. Soderberg et al. (2005) found that the majority of 

cells leading to LN hypertrophy 4 days after virus challenge are non-dividing lymphocytes. 

However, a high dose of LPS alone has previously been shown to induce prolonged LN 

activation including the formation of germinal centres (Hoshi et al., 1984). Even though we 

did not detect any germinal centres as early as 2 days after LPS administration, it is possible 

that the noticeable differences in LN activation are owing to the strength of the challenge and 

the timing of observation. Nevertheless, given their importance for HEV and lymphatic 

remodelling, the presence of proliferating B cells is provides reassurance that the LN has 

become activated (Angeli et al., 2006; Kumar et al., 2010). To conclude, with respect to the 

changes in LN size and anatomy, we therefore regarded the LN status 2d after LPS challenge 

as ’reactive’.  

The availability of an extended-volume confocal imaging system and successful 

dual-labelling allowed us to generate comprehensive 3D images of blood and lymphatic 

vascular systems in whole LNs. For the first time, the architecture of the entire LN lymphatics 

could be observed at subcellular resolution, revealing their sponge-like appearance with 
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medusoid extensions. Moreover, simultaneous display of the blood vessel network elucidated 

the intricate composition of both vascular systems and their arrangement in subcompartments. 

In contrast to the blood vessel system which permits anterograde labelling and has therefore 

been studied more in detail by means of vascular casts or systemic luminal stain, the 

lymphatic system needs to be accessed retrograde or at small source vessels to enable 

labelling of upstream located structures (Anderson & Anderson, 1975; Braun et al., 2011; 

Hossler & Douglas, 2001; Ohtani et al., 2003). Hence, complete staining of the LN 

lymphatics is not trivial and was just recently facilitated by the observation that tissue-

injected LYVE1-antibody can be passively carried to draining LNs (McElroy et al., 2009). In 

accordance with published research, we found that this method is well suited to label the LN 

endothelium (Grigorova et al., 2010). Furthermore, we noticed a variability of LYVE1-

staining on the subcapsular sinus floor which in general appeared rather patchy but seemed to 

be stronger at this site after LPS challenge. To reliably confirm this trend a larger number of 

samples will have to be evaluated under similar conditions. Overall, we found that the dual-

labelling greatly facilitated orientation in the LN anatomy and permitted us to identify 

subcompartments like the follicles and the paracortex without specific staining. More 

importantly, visual assessment of simultaneously labelled lymphatic and blood vascular 

endothelium in 3D revealed unexpected connections between lymphatic sinuses and blood 

vessels. Previous research has identified such connections between HEVs and lymphatic 

sinuses in oxazolone-immunised LNs along with the observation of PNAd+LYVE1+ vessels 

(Liao & Ruddle, 2006). However, a detailed description of these events in spatial context is 

lacking, and we can now provide comprehensive 3D imagery of those unusual arrangements. 

Moreover, we were able to identify LYVE1 staining on blood vessels that were part of the 

larger continuous vascular network and displayed the characteristic HEV morphology, which 

in conclusion are likely to represent the described double-positive vessels. This is an 

intriguing example of how global assessment of the vasculature can advance the field and 

provide new information that might have been missed in previous 2D studies. In addition to 

these observations in 3D we found evidence for proliferation between those blood-lymphatic 

connections in immunostainings. This could serve to support the previously stated hypothesis 

that lymphatic sinuses might sprout from venous vessels at these locations, in recapitulation 

of their embryonic origin (Bentley et al., 2011). In order to clearly define whether these 

connections occur in quiescent LNs and to investigate their biological function, it would be 

worthwhile examining LNs of germ-free mice in comparison with those in specific pathogen 

free (SPF) and immunised mice. In our experiments (using C57BL/6 mice under normal 
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housing conditions), we found LYVE1+ blood vessels in all unstimulated LNs in 

immunostained sections. In addition to conventional CD31highLYVE1neg blood vessels and 

CD31lowLYVE1high lymphatic sinuses, this CD31highLYVE1low phenotype is characteristic for 

HEVs and was previously employed to define HEV locations for the in silico modelling of T 

cell migration (Grigorova et al., 2010). Consequently, HEV-labelling with LYVE1 is enabled 

by the presence of specific binding molecules on these blood vessels. In the case of LYVE1-

staining in vivo, successful labelling is further restricted by the access to specific binding 

sites. The antibody could be delivered to HEVs through recently discovered connections with 

lymphatic sinuses or potentially via the conduit system (Gretz, Anderson, & Shaw, 1997; 

Roozendaal, Mebius, & Kraal, 2008; Sixt et al., 2005). However, travel of lymph-borne IgG 

antibody within LNs was previously tested by Gretz et al. (2000) and was found excluded 

from the conduits by its molecular size of 5.34 nm (similar to 70 kDa dextran which is of the 

size of 5.5 nm, as stated by the authors). Therefore, the presence of LYVE1+ on blood vessels 

identifies them as HEVs and strongly suggests that LYVE1 signal leaked from lymphatic 

sinuses and subsequently gained access into the HEV lumen at these sites. Whether the HEV-

lymphatic connections are open to other molecule exchange or even cell migration, needs to 

be addressed in future tests. To answer questions around potential information crosstalk more 

convincingly, we suggest repeating these experiments using molecules larger than 70 kDa, 

which should be excluded from the conduit transport, and checking the exchange between 

both systems and the involved cell types with the help of 3D imaging (Cyster, 2010).  

In addition to striking volume images of full vascular networks in LNs we present the first 

comprehensive analysis of the network topology using special tools designed for this purpose. 

We performed detailed network analysis on the blood vasculature and developed a tool to 

evaluate the proximity between individual blood vessels and the lymphatics. In an initial 

experiment investigating 3 popliteal LNs, our tools were suitable for detecting similar vessel 

parameters in two unstimulated LNs of the same size and identified differences to a LPS-

stimulated LN. Given the complexity of the blood vascular network and the size of the 

datasets, the availability of such tools greatly improves 3D studies.  Interestingly, both 

unstimulated LNs displayed very similar blood vessel densities, diameters, and lengths. The 

LPS-challenged LN on the other hand showed markedly increased vessel density after just 2 

days and an extended total vessel length, suggesting that new vessels were formed within this 

short time to meet the needs of the supplying tissue. This trend is consistent with previous 

findings of an enhanced vascularisation after antigen stimulus (Herman et al., 1972). The 
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degree of the blood volume changes cannot be clearly determined from our studies, as severe 

leakage of stain prevented an error-free analysis. We do wonder whether this outflow is a 

characteristic of the immune-challenged vasculature or a side-effect of the method, in this 

case the use of isoflurane for anaesthesia. Because of these technical limitations, we desisted 

from performing additional analysis which would require the identification of the feeding 

artery and main vein or putative HEVs. More studies will be needed to confirm the described 

results and support existing immunisation models with concrete descriptions of blood vessel 

topology.  

Our analysis of the lymphatic vasculature was mainly focussed on volume measurements but 

was able to identify a stable proportion of the total LN volume of 20% and only marginal 

variation after LPS stimulation. This is consistent with findings in other immunisation studies 

where significant lymphatic changes were detected late after antigen challenge and are 

thought to facilitate the medullary exit of potentially large cell numbers that may result from 

the germinal centre response (Boulianne et al., 2012; Liao & Ruddle, 2006). It is further 

worth noting that the relationship of blood and lymphatic vasculature seems to be 1:2 in non-

reactive LNs as can be taken from our initial tests but is prone to shift in the reactive setting 

as a result of the early extension of the blood vasculature. How these volume changes affect 

cell migration and information exchange in the LN has not been investigated so far. The 

identification of blood-lymphatic connections in LNs raises the question of ‘when’ and ‘why’ 

vascular integrity might be breached for the sake of an effective immune response. 

Potentially, these meeting points could allow early crosstalk between HEVs and lymphatics 

soon after the arrival of an inflammatory stimulus in the LN or be involved in 

lymphangiogenesis. The frequency, associated cell types, and the biological function of these 

connections remain to be clarified.  

A couple of excellent reviews have recently addressed the question of which factors regulate 

LN vascular changes during immune activation, and presented important roles for CD11c+ 

cells in the early phase, T and B cells at a later stage, and a key role for LTαβ in signalling to 

the vasculature (Benahmed et al., 2012; Boulianne et al., 2012). While specific questions 

regarding the involvement of individual cell types and their molecular profiles might be better 

answered using FACS or microarray analysis (Kumar et al., 2012; Malhotra et al., 2012), it 

would be desirable to support the investigation of immune activation with a structural 

approach. Our tools are able to provide a holistic topological analysis of the vascular 

compartment of a single LN and can already answer questions about the total vessel density, 



Results 

127 
 

vessel volumes and migration distances. In the future, such measurements could provide the 

framework for integrated computer models of antigen transport and cell migration in LNs 

(Mayer et al., 2012). Besides, through investigating the popliteal LN we became intrigued by 

its simple organisation, containing in general only one paracortex, few follicles, and a basally 

located medulla. Therefore, we are tempted to assume that this might be the smallest building 

unit of LN anatomy and that it could provide useful determinants for its function. By 

measuring key distances between functional structures in this small LN it might be feasible to 

identify critical hallmarks of LN organisation. A stimulating question for future work is 

whether such parameters can be found replicated in larger LNs. 
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Chapter 6. High-resolution imaging and 3D reconstruction of the 

lymph node conduit system 

A remarkable structural feature of LN anatomy alongside the blood and lymphatic vascular 

networks is the highly organised conduit system. The LN conduits form a channel system of 

interconnected tubes which transport small lymph-borne molecules from the subcapsular 

sinus through the cortex and paracortex (Gretz et al., 2000; Mueller & Germain, 2009; 

Roozendaal, Mebius, & Kraal, 2008). It is therefore part of the lymphatic passage system in 

LNs but structurally different from the lymphatic vasculature and supported by cells of 

mesenchymal origin (Turley, Fletcher, & Elpek, 2010). More precisely, the term ‘conduit 

system’ traditionally refers to the collagen-rich reticular network which is surrounded by 

FRCs and most defined in the T cell zones (Gretz et al., 1996; Katakai et al., 2004). More 

recently, a structurally similar follicular conduit was identified in the cortex just below the 

subcapsular sinus which is associated with MRCs (or follicular FRCs) and connects to the 

follicular FDC network (Gonzalez et al., 2011; Katakai et al., 2008). The reticular system is 

composed of a 1-2 µm thick core of densely packed collagen fibres, to which it owes the 

description of being the LN ‘skeleton’ and which restricts the size of passable molecules to 

70 kDa (5-8 nm) (Gonzalez et al., 2011; Gretz et al., 2000; Ushiki, Ohtani, & Abe, 1995). It 

thereby excludes larger particles such as viruses and bacteria from directly reaching the 

paracortex but effectively delivers small-sized antigens and chemokines to tissue-resident 

DCs located on the fibres and to HEVs (Anderson & Anderson, 1975; Gretz et al., 1996; Sixt 

et al., 2005). The reticular fibres further contain bundles of microfibrils which together with 

the collagen fibres are sealed by a basement membrane and ensheathed by a single cell layer 

of FRCs (Roozendaal et al., 2008). These stromal cells have been found to build the reticular 

fibres and provide survival and migration signals to T cells that follow the pathways of the 

reticular network on their random walk in search for cognate antigen (Bajenoff et al., 2006; 

Gretz, Anderson, & Shaw, 1997; Katakai et al., 2004; Link et al., 2007; Miller et al., 2004). 

Similarly, both FDCs and MRCs are known to provide orientation for CXCR5 expressing B 

cells via the release of CXCL13 in the follicles (Allen & Cyster, 2008; Gonzalez et al., 2011). 

Moreover, the follicular conduit has recently been shown to effectively transfer small soluble 

antigens from the subcapsular sinus to FDCs and B cells in the inner follicle which adds a 
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new possibility to the many ways that B cells can encounter antigen (Bajenoff & Germain, 

2009; Gonzalez et al., 2011; Roozendaal et al., 2009). Taken together, the main functions of 

the conduit infrastructure can be summarised as being delivery of antigen to B and T cell 

areas, providing cues for migration, and survival signals. Besides, lymph-borne chemokines 

have been found to rapidly accumulate at the HEV lumen after subcutaneous injection, where 

they promote leukocyte extravasation from the blood, suggesting a critical role for the 

reticular fibres in permitting quick information transfer between the lymphatic system and the 

HEV endothelium (Baekkevold et al., 2001; Palframan et al., 2001; Stein et al., 2000; von 

Andrian & Mempel, 2003). Together with the blood and lymphatic endothelial cells, FRCs 

FDCs and MRCs have also been in the focus of interest lately following recent discoveries 

about their ability to express and present peripheral tissue-restricted antigens to T cells, 

whereby tolerance is induced (J. W. Lee et al., 2007; Turley et al., 2010). Overall, an 

increased attention for stromal cell subsets, encompassing their origin, distribution within 

LNs, and their adaptation to inflammation can be noted in the current literature, and are we 

only beginning to understand their contribution to LN function (Mueller & Germain, 2009; 

Roozendaal & Mebius, 2011).  

A large body of knowledge about the organisation of LN conduits has previously been drawn 

from high resolution imaging of tracer studies in rodents (Gretz et al., 2000; Sixt et al., 2005). 

Furthermore, 2-photon (2P) imaging technology allowed stunning insights into the 

association with DCs and migrating T cells (Bajenoff et al., 2007; Bajenoff & Germain, 

2007). However, the precise mechanisms by which FRCs and FDCs control T cell trafficking 

and how lymphocytes move as a population is still poorly understood (Bajenoff, 2012). On 

account of the optical limitations of commonly used imaging techniques as discussed before, 

the LN conduit has not yet been imaged in its full 3D complexity to allow detailed analysis of 

the network structure. Such description would be of high value for defining the space in 

which T cell activation and proliferation takes place and could advance newly developed 

computer models of T cell migration behaviour (Bogle & Dunbar, 2010a, 2012). Moreover, 

we lack a clear description of how the conduit system changes during immune activation, 

when increased cell traffic and LN size demand stromal cell networks to remodel, or after 

damage due to an invading pathogen (Scandella et al., 2008). Since FRCs and FDCs express 

contractile molecules which are usually found on smooth muscles and myofibroblasts 

(desmin, smooth muscle actin) it has been suggested that they would be capable of stretching 

and contracting in response to changes in LN cell trafficking, theories that are yet to be 
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confirmed (Bajenoff, 2012). To help answer these questions we sought to employ extended-

volume confocal imaging and capture the full reticular network of a quiescent LN. The tools 

we developed to analyse the LN blood vasculature can similarly be used to extract a 

connected network of fibres and allow topological measurements on complex data. We 

thereby hope to generate a precise roadmap of the information ‘highway’ in LNs (Gretz et al., 

1996). 

In the following paragraphs we describe our initial findings of full volume labelling and 

extended-volume confocal imaging of the conduit system in popliteal LNs. We used 

fluorescently conjugated WGA as an anterograde tracer, as it is of small size (38 kDA) and 

has previously been reported to penetrate through the reticular network (Gretz et al., 2000). In 

parallel, we labelled the blood vascular system using a fluorescent dextran-gelatin mix in a 

post mortem local perfusion technique (chapter 3.1.1). For capturing fine conduit structures, 

extended-volume confocal imaging was performed at 1 µm pixel resolution. We display full 

volume images of a dual-labelled popliteal LN and present the results of a first effort to 

extract the vascular and the paracortical reticular network. Besides the clearly defined 

reticular network conduits we also noticed intriguing WGA-labelled formations in the 

follicles. We therefore inspected these structures in more detail and compared their 

appearance in a resting LN with those of a similarly stained LPS-treated LN.  
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6.1. Imaging and analysis of the paracortical conduit 

The way antigen travels through the LN can be recapitulated by the penetration of 

anterograde delivered fluorescent low molecular weight molecules and their detection via 

confocal imaging. Subcutaneous injection of fluorescently conjugated WGA enabled us to 

label the lymphatic passageways in a murine LN (chapter 3.1.2). High resolution imaging of 

the entire LN revealed a differentiated staining pattern consisting of a faintly fluorescent 

mesh in the centre and areas of dense staining near the surface and the hilum (Figure 6.1). 

The strong labelling of the subcapsular sinus prohibited the view of inner structures if the LN 

was observed as a whole (Figure 6.2 B), but reducing the optical viewpoint to thick volume 

slices in the rendering program Voxx permitted the investigation of the interior organisation 

(Figure 6.1 A). A fine network structure spans the cortex and paracortex while continuously 

high fluorescent signal could be detected along the entire subcapsular sinus and the medullary 

area (Figure 6.1 A-C). Alongside this lymphatic tracer we labelled the blood vasculature by 

perfusing a mixture of fluorescently conjugated 2000 kDa dextran and gelatin via the arterial 

supply (chapter 3.1.1). This staining proved to label the arterial part of the vasculature well 

but failed to consistently stain the veins (Figure 6.1 E, Figure 6.2 D). Interestingly, some 

larger veins with ‘cobblestone’ morphology representing HEVs received a comparatively 

strong label, which could be attributed to early arteriovenous connections to the arterial 

system (Figure 6.2 F). These connections have been suggested to contribute to the control of 

regional hemodynamics by shunting blood around the capillary network and channelling it 

directly to the HEVs which themselves lack smooth muscle cells to regulate their vascular 

tone (Anderson & Anderson, 1975). Therefore, the staining pattern might represent 

spatiotemporal flow restrictions that led to an uneven distribution of the viscous gelatin mix, 

leaving less supported regions insufficiently stained. In combination, the dual label aided 

gross orientation in the LN and allowed insights into the relationship of conduits and blood 

vessels. In the cortex, paracortex, and in medullary cords, several vessels were surrounded by 

a conduit layer (Figure 6.2 D, E), which is consistent with previous descriptions in the 

literature (Anderson & Anderson, 1975; Gretz et al., 1997; Sixt et al., 2005). Furthermore, we 

noticed close proximity between individual large blood vessels and lymphatic sinuses that 

appear to be bridged by conduits in some cases (Figure 6.1 C; Figure 6.3 C, D). This further 

supports the idea of vascular-lymphatic information exchange in resting LNs (chapter 5). 

Moreover, the paracortex displayed a clearly distinguishable network of fine conduits that is 

most dense at the outer rim of this nearly spheroidal compartment and reveals larger spacing 
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towards the centre (Figure 6.2 A, C; Figure 6.3). The continuous staining allowed the 

complicated mesh of conduit channels to be imaged entirely, which enabled us to study its 

geometry throughout the paracortex (Figure 6.3). Apart from a few straight channels passing 

through, fibrous conduits and blood vessels are very sparse in the B cell follicles, leaving 

them as largely unstained areas that are easily distinguishable amongst the remaining LN 

architecture (Figure 6.1 A, B, D). In the medullary area, a clear discrimination between 

medullary sinuses and cords cannot be made because of a rather homogenous staining pattern, 

which suggests some degree of leakage in this compartment (Figure 6.1 A, D; Figure 6.2 A). 

Some larger medullary cords that are not consistently stained show WGA label in fibres 

crossing the cords and surrounding blood vessels (Figure 6.2 E) but for most parts of this 

region the separation is less clear. Overall, the medulla which receives tracer particles via the 

fibre system and directly through the subcapsular sinus displays much higher tracer content 

and therefore staining intensity than the cortex and paracortex (Figure 6.1 A, D). Since we 

adjusted the imaging settings to obtain clear definition in the paracortical region, the medulla 

is slightly ‘overexposed’ which further adds to the loss of definition in this region. Finally, 

the afferent and efferent lymphatic channels are unmistakably visible in this preparation, and 

allow definition of the apical and hilar regions of the LN (Figure 6.1 A). 
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Figure 6.1.  Fluorescently labelled conduit and blood vascular channels of a whole popliteal LN 

A murine popliteal LN received dual labelling of the blood vasculature via dextran-TMR in gelatin and the 
lymphatic passage system by subcutaneous WGA-Alexa Fluor® 488 injection into the rear hock. Extended-
volume confocal imaging was performed on the whole LN in 2 colour channels at 1 µm pixel resolution. 
Volume projections of the captured 3D image data generated in Voxx reveal intricate staining patters of the 
lymphatic label (glow palette; A-D) and the blood vessels (green; A-C, E). The dimensions of this LN are: 850 x 
750 x 900 µm. AL = afferent lymphatic vessel, Fo = follicle, SCS = subcapsular sinus, P = paracortex, M = 
medulla, H = hilum, dashed line = cortex-medulla transition zone, CR = cortical ridge.  



Results 

134 
 

 
 
Figure 6.2.  Features of the LN conduit and blood vasculature in 3D 

Volume images of dextran-TMR/gelatin filled LN blood vasculature (green) and WGA-Alexa Fluor® 488 
labelled conduits (glow palette) of a popliteal LN were rendered in Voxx. Thick volume sections disclose 
structural features of the inner LN architecture (A), the superficial appearance (B), and provide insights into the 
paracortical conduit network (C). Large blood vessels are often surrounded by a conduit layer in the paracortex 
(D) and the medullary cords (E). HEVs show the characteristic cobblestone morphology in this preparation (F). 
P = paracortex, MC = medullary cord, HEV = high endothelial venule. 
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Figure 6.3.  The 3D architecture of the paracortical conduit  

3D images of WGA-Alexa Fluor® 488 labelled conduits were rendered in Voxx and displayed as 20 µm thick 
volume slices, revealing the mesh-like geometry of conduit channels in the paracortex (linear palette; A-C). 
Single xy slices from the same dataset showing the WGA labelled conduits (red) and dextran-TMR/gelatin filled 
LN blood vasculature (green) were superimposed in Image J and permit discrimination between a cortical sinus 
that can be found closely associated with an HEV (arrowhead; D). CS = cortical sinus, HEV = high endothelial 
venule, scale = 100 µm. 
 
As a next step, we sought to extract the blood vascular and conduit networks for detailed 

quantification with the newly developed tools described in preceding chapters. However, 
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network extraction of the blood vasculature was challenged as a result of the inconsistent 

staining of arterial and venous vessels. Though we managed to retrieve a large connected 

network (Figure 6.4 A, B), we regarded the information that could be gathered from an 

incomplete system as questionable, and did not pursue analysis in this case.  

For the extraction of a quantifiable conduit system, we focussed on the clearly defined 

reticular network in the paracortical region. The isolation of a strictly fibrous network 

demanded the removal of continuously filled structures like the subcapsular sinus and the 

entire medullary area by manual editing. The resulting network covered large parts of the LN 

paracortex and revealed a tremendous complexity as can be seen in the full volume view 

(Figure 6.4 A, C) and in a thin volume slice (Figure 6.4 D, F). The conduit channels displayed 

a significantly higher density at the outer paracortical regions compared to the centre. As the 

fluorescent signal was found consistently high and did not appear to ‘dilute’ towards the 

centre of the paracortical region, we have reason to assume that this staining adequately 

captured all conduit channels. A movie of the extracted blood and conduit system can be 

found under the file name: ‘chapter 6 LN vasculature and paracortical conduits’ (please see 

attached DVD). Although the paracortical conduit network could be processed to receive a 

topological description of 684,094 individual segments with an average diameter of 2.7 µm, 

reliable quantification was challenged by a substantial complication. The concept of a 

‘skeleton’ is not applicable to the continuous conduit layers that surround larger vessels, and 

as a consequence the thinning process generated spurious sheets made up of a very large 

number of intermeshed short segments (Figure 6.5 A). Since it was not feasible to 

discriminate these artefacts from the rest of the network, it is doubtful if the results of the 

network analysis can be trusted. We therefore attempted to extract quantifiable data from the 

conduit network using a different approach. We employed a moving average algorithm on the 

segmented network image that allowed us to extract information about the network density by 

measuring the proportion of stained segments in a defined volume (Figure 6.5 B-D). The 

resulting greyscale distribution can be displayed as a heat map, to give a clearer visual 

impression of areas with varying densities (Figure 6.5 B, C). As illustrated in the histogram of 

the density distribution, the majority of regions show a conduit volume fraction of less than 

0.47 (Figure 6.5 D). This type of analysis can be employed to quantify different conduit 

densities between the deep paracortex and superficial regions. It could further be useful in 

identifying potential changes in network density caused by segment stretching or 

neoformation and represents an attractive tool for comparing resting and reactive LNs 
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Figure 6.4.  Network extraction of the paracortical conduit and the blood vasculature in a full LN 

High-resolution image data of the LN blood vasculature and the lymphatic conduits was employed to extract 3D 
network descriptions of a connected blood vessel network (green; A, B, D, E) and the reticular network in the 
paracortical area (red; A, C, D, F), which are visualised using the volume rendering software Imaris. The 
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complexity of the data becomes evident in a full volume overview (A-C) and the high level of detail can be 
deduced from thick volume sections (D-F).  
 

 

 
 
Figure 6.5.  Paracortical conduit extraction and signal density measurement 

A volume projection of the LN blood vasculature (blue) and paracortical conduit 3D network descriptions (gold) 
was generated in Amira (A). A close-up in A demonstrates typical artefacts of the skeletonisation algorithm that 
occur in the form of many short segments along the conduit sheath of blood vessels and prevent precise density 
measurements of the network. Instead, a moving average calculation with a radius of 10 µm was performed on 
the segmented image data of the paracortical conduit network (blue; B) and provided the density distribution 
over the 3D image. The resulting greyscale image can be viewed as a heat map display (B, C) or as a histogram 
(D).  
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6.2. The 3D organisation of the follicular conduit  

The detailed imagery of WGA-labelled lymphatic passageways in a popliteal LN allowed 

intriguing insights into the anatomy of the conduit system. Besides a highly organised conduit 

system that was most defined in the paracortical region, we noticed a distinctive staining in 

the B cell follicles (Figure 6.6 - Figure 6.8). Just underneath the subcapsular sinus, individual 

fibres lead to highly fluorescent clusters of cellular structure, reminding us of the morphology 

of honeycombs (Figure 6.6). Multiple honeycomb units are often found in one follicle, which 

can be linked via thin connections or fused into larger entities (Figure 6.7 C; Figure 6.8 D). 

These structures are remarkably well defined and can easily be distinguished from the 

remaining voids of unstained cells in the follicles (Figure 6.6 A-G). The size and shape of 

these clusters are variable; they were often of approximately spherical structure in the range 

of 30 – 40 µm (Figure 6.7). The honeycomb staining pattern suggests a surface label of 

individual cells within one entity and raises the question of how the separation from unstained 

cells is achieved. In some cases, strong label could be identified at the border of the 

honeycomb structures (arrowheads, Figure 6.6 D, F) and individual units with high 

fluorescence were found in connection with units displaying lower fluorescent intensity 

(asterisks, Figure 6.7), suggesting an active mechanism of tracer accumulation in these 

regions. In comparison with images from a LPS-stimulated LN we noticed that the size of the 

honeycomb structures was increased two days after the LPS challenge (Figure 6.8 E-H). The 

follicular areas of the stimulated LN contained bigger honeycomb units and less unstained 

spaces in contrast to largely unstained follicles in the unstimulated LN. Overall, the LPS-

treated LN was significantly larger than the untreated LN but lacked continuous conduit 

labelling in the paracortex (Figure 6.8 E). Instead, the WGA signal decreased in a gradient 

from the rim to the centre of the LN. Consequently, density measurements as described in the 

previous section could not be performed in this specimen. This staining pattern could either 

indicate the diffusion limit of WGA within the conduits or signify a potential discontinuity of 

the conduit network. To sufficiently clarify this issue, LNs with a continuous conduit label, 

for instance via the expression of a fluorescent protein by FRCs, and additional tracer 

labelling could be evaluated.   
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Figure 6.6.  Cellular WGA depositions within LN follicles reveal a new route of particle travel in LNs  

The conduit channel system of a popliteal LN was labelled by subcutaneous injection of WGA-Alexa 
Fluor® 488, which is transported to the draining LN with the afferent lymph. Imaging of the full LN was 
performed at 1 µm resolution at the extended-volume confocal imaging system and the generated 3D image data 
were rendered in Voxx (linear palette) showing the whole image data (A-C) or 20 µm thick volume sections 
(D-F). The dataset disclosed distinct clusters of tracer depositions with inner honeycomb morphology just 
underneath the subcapsular sinus (arrowhead; B), indicating a hitherto undescribed route of particle travel within 
well-defined areas inside the follicles. The honeycomb structures are connected to the subcapsular sinus via 
WGA stained fibres (arrowhead; C) and display strongly labelled contours (arrowhead; D, F) in contrast to the 
otherwise largely unstained follicular space. Fo = follicle, SCS = subcapsular sinus, scale = 100 µm.  
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Figure 6.7.  High-resolution imaging of follicular honeycomb structures in a popliteal LN 

Follicular depositions of anterograde administered WGA-Alexa Fluor® 647 tracer were imaged on a Leica TCS 
SP2 confocal microscope using a 40x lens at pixel resolutions of 0.37 µm (A, C) or 0.18 µm (B). Clearly defined 
tracer depositions were found just below the LN surface (arrowhead; A) with one globular structure showing 
remarkably high fluorescence signal (B). Single images from a volume stack of this highly fluorescent structure 
reveal its dimensions of about 30-40 µm in diameter, conduit connections to the subcapsular sinus (arrowheads; 
C), and closely associated honeycomb structures of lower fluorescent intensity (asterisk; A, C). Scale = 30 µm.   
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Figure 6.8.  Changes of the follicular conduit following stimulation with LPS 

Popliteal LNs of a LPS-treated and an untreated mouse received lymphatic labelling via the anterograde supply 
of WGA-Alexa Fluor® 488. Extended-volume confocal imaging was performed at 1 µm pixel resolution to 
capture the WGA penetration in entire LNs. Single slices of the 3D imagery disclose that follicular conduits of 
an unstimulated LN consist of connected small units with inner honeycomb-like morphology (arrowheads; A-D) 
while these structures appear enlarged in an LPS-stimulated LN and fill large areas of the follicles (arrowheads; 
E-H). Images are from one experiment for one LN per treatment. Scale = 100 µm.   
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As the honeycomb staining pattern in B cell follicles denoted deposition of WGA on 

individual cell surfaces, we wanted to find out which cell types can be associated with those 

structures. Obvious candidates for antigen delivery and presentation to B cells are FDCs 

(Allen & Cyster, 2008). We therefore investigated the location and shape of these cells in 

immunostained sections with the help of the broadly used FDC marker CD21/CD35 (Figure 

6.9) (Gonzalez et al., 2011; Roozendaal & Carroll, 2007). The CD21/CD35 label displayed a 

very similar morphology in B cell areas of a frozen LN (Figure 6.9 B, C) compared to the 

conduit structures caused by WGA deposition in vivo (Figure 6.9 A). CD21/CD35+ clusters of 

FDCs could be found within B cell follicles just below the LN surface, showing a dense 

cellular organisation (Figure 6.9 B). Within these cell accumulations of CD21/CD35+ 

CD45R/B220+ FDCs, single CD3e+ T cells could be identified (Figure 6.9 C). Furthermore, 

the CD21/CD35 staining overlapped with WGA-labelled follicular structures in a popliteal 

LN (Figure 6.10). Although an inner honeycomb structure of the WGA tracer depositions was 

not clearly detectable in this frozen sample, fibrous WGA structures could clearly be 

associated with CD21/CD35+ cells (Figure 6.10 E-H). In particular, the borders of 

CD21/CD35+ cell accumulations showed association with WGA (Figure 6.10 H). Together, 

these observations suggest that the honeycomb conduits that became visible through in vivo 

labelling using WGA are composed of FDCs, which can serve to explain the interior cellular 

organisation by retention of tracer in this region. As a next step, it would be valuable to 

clarify whether the tracer within the honeycomb units is bound to FRCs or retained in soluble 

form. Moreover, it would be of interest to identify other cell types in WGA labelled follicular 

conduits and investigate their composition and 3D morphology in reactive LNs further. 
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Figure 6.9.  WGA-labelled follicular conduits resemble FDC clusters in LNs 

The contralateral popliteal LN from the preparation described in Figure 6.6, a popliteal LN that received in vivo 
WGA-Alexa Fluor® 488 conduit labelling and was embedded in LR white resin (A), and immunostained frozen 
sections of an inguinal LN (B, C) were viewed using an epifluorescence microscope. WGA-labelled follicular 
conduits (green; A) have a similar appearance to CD21/CD35-stained FDCs (green; B). Both structures gain 
their honeycomb-like staining pattern from a label that excludes cell nuclei, as can be deduced from nuclear co-
staining with DAPI (B) or the nuclear autofluorescence in LR white sections (A). CD21/CD35+ FDC clusters 
further stain positive for CD45R/B220 (red) and are interspersed with CD3e+ T cells (blue; C). The section 
shown in A is representative of two independent experiments using 2 popliteal LNs. B and C represent 2 
sections of the same inguinal LN, taken from one experiment.   
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Figure 6.10.  Follicular WGA tracer depositions are associated with CD21/CD35+ FDCs 

Frozen sections of a popliteal LN with anterograde WGA-Alexa Fluor® 488 conduit labelling were co-stained 
with CD21/CD35 antibody and imaged on an epifluorescence microscope. In the follicular region, fibrous WGA 
depositions (green) can be found associated with CD21/CD35+ cells (red). In particular, strong WGA label 
below the subcapsular sinus is in direct contact with CD21/CD35+ FDCs (asterisk; H). Distinct WGA stain is 
further detectable at the border of the CD21/CD35+ region (arrowhead; H). Images are representative of 2 
examined sections from one LN.  
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6.3. Discussion 

In this chapter we described our recent efforts to label, image, and quantify the conduit 

network of murine LNs. We performed in vivo tracer experiments using WGA and imaged 

entire LNs at high resolution which allowed us to capture fine networks reflecting the routes 

small antigens travel through LNs. To our knowledge, the acquired imagery of the 

paracortical mesh represents the most extensive seamless 3D image data of the reticular 

network in a LN. Furthermore, we extracted the network of the paracortical area and 

performed density measurements in 3D. Although our primary focus was to inspect the 

reticular network of the T cell areas, we also noticed intriguing 3D structures in the B cell 

follicles. Distinct areas showing a honeycomb staining pattern are almost certainly comprised 

of FDCs but their precise cellular composition and 3D organisation demands further 

investigation.  

Tracer studies using small sized molecules have a long history in anatomical LN studies and 

display characteristic penetration patterns within the paracortical conduit channels and the 

medulla, which received further confirmation by the distribution we saw using WGA (Gretz 

et al., 2000; Sainte-Marie & Peng, 1986). However, the staining intensity in our samples 

appeared to be slightly higher and permitted consistent labelling of the paracortical conduit 

network of a resting LN. This advantageous staining was potentially aided by subcutaneous 

injection of WGA in close proximity to the popliteal LN (at the rear hock instead of the often 

addressed footpad), and a prolonged incubation time of about 1 hour compared to previous 

studies (Bajenoff & Germain, 2009; Gretz et al., 2000). Owing to its consistent labelling, we 

were able to capture the entire 3D geometry of the reticular network using extended-volume 

confocal imaging. The quality of the images further enabled us to segment the full 

paracortical network and to quantify the fibre density by employing a moving average 

algorithm. However, detailed investigation of individual segments and their topology using 

our network analysis tools was discouraged by artefacts in the network description. The 

sheet-like geometry of the reticular conduit system wrapping around blood vessels created a 

substantial problem for the thinning algorithm during which in attempting to skeletonise the 

sheets generates dense complex meshes of ‘vessels’ that have no reality. It is trivial neither to 

solve this issue mathematically, nor to identify an alternative method to replace the thinning 

step during our processing. We therefore suggest modifying the network manually in future 
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work, either by removing the sheet-like conduits or by filling them, which might allow the 

thinning program to ignore or identify and reduce these cases to a single centre line.  

Furthermore, this sample received blood vascular labelling from perfusion with a dextran-

TMR/gelatin mix as part of our earlier attempts to completely fill the vessels. We tried to 

extract the LN blood network from dextran-TMR/gelatin labelled vessels but could not 

reconstruct the entire vasculature due to insufficient staining of the venous tree. Segmentation 

was challenged by the parallel occurrence of dense capillary networks and faintly stained 

large veins in one dataset, which require conflicting thresholding strategies. Manual editing of 

large partly stained vessels could help improving the vascular network and potentially 

facilitate a combined analysis of the reticular system and the blood vasculature. However, a 

more reliable dual-labelling strategy could involve injection of WGA into both systems, but 

further testing will be needed to overcome issues around vessel leakage as discussed earlier 

(chapter 5). If these technical shortcomings can be overcome, the LN conduit network could 

be made available for sophisticated analysis including precise measurements of the network 

density, connectivity, gap size in between segments, and the distribution of segments lengths 

and diameters. Furthermore, it would be worthwhile to determine the constitution of the 

network in terms of fibre orientation - whether they often diverge in right angles, run in 

parallel or form a rather random mesh. In combination with the blood vasculature, the 

traveling distances for molecules between the subcapsular sinus and HEVs or lymphocytes 

migrating from HEVs along the reticular network within the paracortex could be analysed 

more comprehensively than before. In particular, this analysis could elucidate critical 

environmental changes during LN activation, and for example help in identifying if conduit 

network remodelling occurs at the same time as the vascular proliferation. Ultimately, the 

availability of a realistic scaffold description could provide useful input for computer models 

of LN stromal and lymphocyte behaviour, which are currently being developed to explain the 

setting in which immune responses take place (Bogle & Dunbar, 2010b; Folcik et al., 2011; 

Graw & Regoes, 2012; M. Lee et al., 2012). 

Besides global labelling of the reticular network, anterograde WGA staining allowed us to 

identify particular structures of honeycomb morphology within LN follicles. In three 

independent preparations, highly fluorescent units of WGA deposition could be identified 

underneath the subcapsular sinus, creating interconnected nests of this tracer that separate 

sharply from the remaining follicular region. To the best of our knowledge, we are not aware 

that such distinct cellular formations have been described in the literature previously, which 
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implies that this observation represents a hitherto unexplored transport system of soluble 

material within the follicle. Interestingly, these structures appeared enlarged 48 hours after 

immunisation with LPS, which indicates an enhanced demand for these interactions in the 

reactive setting. Since follicular honeycomb structures have not been described in recent 

studies employing WGA, we need to assess the methodological background more in depth 

(Bajenoff & Germain, 2009). WGA is a small lectin with strong binding properties to 

surfaces expressing N-acetylglucosamine residues and appears to label various cell types, 

including lymphocytes, upon topical application of frozen LN sections (Gretz et al., 2000) 

(Appendix D-1). In addition, WGA has been used to mimic the transport of small soluble 

antigen by administration into the afferent or efferent lymph, and was found to label the 

reticular conduits and the lymphatic sinuses whereas lymphocytes remained unstained (Wei et 

al., 2005). Therefore the staining pattern we see in our samples is the result of the availability 

of surface binding molecules, WGA penetration through accessible corridors, and the rate of 

diffusion within those corridors. In contrast to an unstimulated LN, we noticed that WGA did 

not penetrate through the entire reticular network of an LPS-immunised LN, but displayed a 

diluted staining towards the centre of the paracortex. This decreasing labelling intensity could 

provide information about diffusion distances in those channels or signify a lower degree of 

connectivity in the network. More importantly, it indicates limitations for continuous 

labelling in reactive LNs and demands further optimisation of the method. WGA binding 

within the B cell follicles seemed to be encouraged by LPS-stimulation, as WGA labelled 

honeycomb structures appeared enlarged. This is likely to be a consequence of enhanced 

WGA penetration within the follicle. Similarities in location and morphological appearance 

strongly suggest that the honeycomb units are composed of FDCs, which are known as a 

major route of antigen presentation to B cells via immune complexes (Allen & Cyster, 2008; 

Gonzalez et al., 2011; Mionnet et al., 2013; Mueller & Germain, 2009).  

B cells have multiple ways of encountering antigen: large opsonised particles can be directly 

received from subcapsular sinus lining macrophages and handed to FDCs, small soluble 

particles can diffuse through the subcapsular sinus floor or travel via the follicular conduit, 

and large cell-borne antigen can be presented by DCs (Cyster, 2010; Pape et al., 2007; Phan 

et al., 2007). Recently, Roozendaal and colleagues (2009) described how small molecules are 

transported through the follicular conduit and discharged onto closely associated FDCs while 

larger molecules are excluded, in analogy to antigen travel in the reticular network. 

Surprisingly, the clear honeycomb organisation we see in our samples was not evident either 
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in this report or in a second study using WGA, which identified a role for FDCs in capturing 

small non-complexed antigens (Bajenoff & Germain, 2009). Though we cannot fully explain 

the differences in the observed WGA deposition, possible reasons could stem from the 

fixation and dehydration procedure or the timing of observation. Most likely, our observation 

represents a later time point in the course of tracer travel through the follicle, which is 

consistent with these previous observations of tracer transfer to FDCs but allowed us to 

record the subsequent distribution within FDC clusters. This could have been aided by 

injection of WGA into the hock, which is in close proximity to the investigated popliteal LN. 

Moreover, hydration during immunostaining could have washed off or redistributed fractions 

of the WGA label despite its binding properties in those studies (Pape et al., 2007). 

Hypothetically, transport of aggregated WGA from subcapsular sinus lining macrophages to 

FDC via B cells could have caused its deposition on these cells. However, since highly 

fluorescent fibres descending from the subcapsular sinus are continuous with the honeycomb 

formations, we believe that the WGA on cells in the honeycomb has arrived through the 

MRC-supported follicular conduit in its low-molecular form but was contained afterwards by 

FDCs and preserved during the embedding. Although it cannot be deduced from our 

preparations whether the tracer in the honeycombs is bound by FDCs on the cell surface, 

internalised, or remains soluble, a functional involvement in the activation of B cells appears 

plausible. Roozendaal et al. (2009) found the cytokine CXCL13 transported within the 

follicular conduit and proposed that this system could serve to deliver antigenic material 

together with a B cell attractant to FDCs. While their experiments identified that antigen in 

the conduits is unlikely to be immune-complexed, they also noted that these structures might 

be lost after flash freezing of the tissue. Together with our observation that cellular 

honeycombs are not clearly identifiable in frozen sections, this suggests that the tracer is 

indeed soluble but maintained within distinctive cell clusters within follicles. The ability of 

FDCs to bind non-complexed soluble antigen, which is delivered through the follicular 

conduit and not subcapsular sinus macrophages, was confirmed by Bajenoff and Germain 

(2009). Stable binding of small soluble antigen on the FDC surface requires complement 

activation and tagging with C3d, which has previously been shown to retain the small protein 

TEL (turkey egg lysozyme l) on FDC clusters (Gonzalez et al., 2010). Recently, it was 

discovered that soluble monovalent antigens can indeed mediate B cell activation, which 

indicates a potential functional role for the trapping of soluble material on FDCs (Avalos et 

al., 2014; Avalos & Ploegh, 2014). In the present study, we confirmed the previous findings 

of small antigen travel within follicular conduits and further identified the concentration of 
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soluble material within distinct cellular units in the follicles, which has previously not been 

described. We also presented a method of stably labelling these specialised structures which 

provides an opportunity for investigating them more in depth in 3D. This will enable us to 

investigate the connection between stromal networks of FRCs and FDCs more in spatial 

context. How other cell types are spatially associated with the honeycomb units and how 

these communities change during LN activation and germinal centre formation could be an 

attractive topic for future investigation.   
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Chapter 7. Extending the view: possibilities for large volume and 

multicolour imaging 

In the previous chapters, we discussed our observations of LN microanatomy based on high-

resolution imagery of full LN vascular and conduit networks. We found labyrinthine channel 

systems that require extended-volume confocal imaging to be fully comprehended and 

adequately analysed. Furthermore, we noticed remarkable structures such as honeycomb-

shaped follicular tracer depositions and close connections between lymphatic sinuses and 

blood vessels, which have not been spatially investigated so far. In an anatomically complex 

system like the LN, where the close intersection of multiple stromal and haematopoietic cell 

communities is fundamental to its biological function, an integrated view of the diverse 

microenvironments is of central importance if we want to fully understand LN activity (Junt, 

Scandella, & Ludewig, 2008). To help elucidate the 3D organisation of LNs we therefore 

sought to utilise one of the main advantages of confocal systems which is not only to generate 

high resolution imagery but also to allow acquisition of multiple colour channels. Our aims 

were to work towards the possibility of capturing multiple labelled elements across large 

volumes and make them accessible for sophisticated computer analysis. Recent technical 

development signifies a high demand in the field to create high-resolution and multicolour 

images of LN microanatomy (Bajenoff & Germain, 2007; Mayer et al., 2012; Sarkisyan et al., 

2012). For instance, in vivo imaging via 2P microscopy has greatly advanced the field during 

the last decades, but the acquisition of subcellular resolution images over the size of complete 

biological functional units such as LNs remains a challenge (Germain et al., 2006). A major 

difficulty of large volume microscopy is to label entire tissues consistently. While the staining 

of continuous channel systems like the blood and lymphatic vasculature or the LN conduits is 

somewhat facilitated through possible access of a feeding vessels at a remote location (Ohtani 

et al., 2003), staining of hidden structures deep within a compartment distant to any channels 

is less feasible. Immunostaining using specific antibodies provides the opportunity to detect 

and label concealed molecules within tissues but is limited through diffusion rates and 

structural obstacles which make permeabilisation necessary. Several groups have developed 

techniques to enable antibody labelling over large volumes, termed whole-mount staining 

(Becker et al., 2008; Dickie et al., 2006; Onder et al., 2013). These techniques are currently 
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evolving to meet the needs of modern 3D microscopy. In order to facilitate extended-volume 

confocal imaging of different elements in multiple colours we sought to establish a reliable 

sequence of compatible stains for whole LNs. We were also interested to explore the 

possibility of labelling structures in vitro to omit the perfusion step and attempted to 

incorporate whole mount staining into our protocols. Furthermore, we were curious to see if 

the established methods and extended-volume confocal imaging could be useful for 

investigating other tissue types with remarkable structural features. As the labelling and 

analysis of blood vascular networks was most developed, we performed vascular staining on 

different tissue types and trialled extended-volume confocal imaging on organs with 

significant vascular organisation. Having detailed knowledge of diverse vascular systems 

through performing sophisticated analysis could help the identification of topological 

hallmarks of vascularisation and aid the study of their constitution during homeostasis and 

disease. The following sections summarise our efforts to extend our abilities of labelling, 

imaging, and understanding lymphoid and other tissues.  
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7.1. Systemic labelling and extended-volume confocal imaging of blood 

vessel networks in murine tissues 

As part of the body’s circulatory system, blood vascular networks are vital physiological 

compartments of any given organ. Specialised medical imaging modalities (such as CT and 

MRI) have been developed to visualise the vascular anatomy of tissues to whole organisms 

and enable close examination of vascular changes during pathology (Arnold & Chaudry, 

2011). However, extended views of complete vascular networks in entire organs remain 

exceptional. Since extended-volume confocal imaging provides the opportunity to image 

fluorescently labelled structures across several millimetres and generates high-quality images 

that allow sophisticated 3D analysis, we sought to label and image the vascular system of 

significant organs in mice. In comparison to local perfusion of tissue areas via the supplying 

artery, which provides strong labelling of vascular networks and can be performed post 

mortem, we regarded the intravital injection of fluorescent dyes into the tail vein as more 

suitable to assure thorough labelling of the vascular bed including the capillary plexus 

(chapter 3.1.1). Therefore, mice were injected i.v. with fluorescently conjugated WGA, which 

was allowed to circulate with the systemic blood flow for two minutes before animals were 

euthanized and organs excised. Epifluorescence microscopy using low magnification lenses 

(x2.5 or x5) allowed gross overview of vascular channels in Peyer’s patches, liver, spleen, 

heart, tumour, and different types of LNs (Figure 7.1). The acquired images confirmed WGA 

as a strong vascular label and i.v. injection as a suitable method for systemic vascular 

staining. Furthermore, the diversity of tissue vascularisation became very obvious in these 

images, reflecting different metabolic needs and tasks of the examined tissues. While blood 

filtering organs such as liver and spleen revealed fine networks of dense vessels (Figure 7.1 

C-E), Peyer’s patches and LNs appeared comparatively sparsely vascularised (Figure 7.1 A, 

B, F, I, L). The distribution of vessels was also a useful indication of tissue 

subcompartmentalisation as seen in Peyer’s patches (Figure 7.1 A, B), and gave insights into 

the size and organisation of mesenteric, inguinal, and popliteal LNs (Figure 7.1 F, I, L). 

However, this type of microscopy does not provide detailed information without sectioning of 

the specimen. We therefore fixed and embedded the samples for extended-volume confocal 

imaging and acquired images of selected tissues.  
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Extended-volume confocal images of murine liver and spleen elucidated the specialised 

architecture of these organs (Figure 7.2). Imaging was performed at 1 µm pixel resolution 

covering a depth of 175 µm in the liver sample, which presented a good signal to noise ratio 

over large depths up until 100 µm. Volume renderings of the acquired 3D imagery generated 

in Voxx exposed the delicate structure of liver sinusoids at fine detail (Figure 7.2 E, F) and 

gave an impression of the collagenous liver capsule (Figure 7.2 C). In contrast, volume 

images of a 150 µm spleen section imaged at 1 µm pixel resolution did not allow a similarly 

clear distinction of vascular channels (Figure 7.2 A, B, D). Though individual blood vessels 

could be identified, various areas of high fluorescent signal obscured the differentiation 

between the vascular network and the surrounding spleen parenchyma (Figure 7.2 A). Since 

the spleen does not receive afferent lymph but filters the blood, which forms an open 

circulation within the red pulp and is channelled through the white pulp via a reticular 

network, the systemic WGA application labelled multiple structures within the spleen (Figure 

7.2 B, D) (Mueller & Germain, 2009). Since WGA does not allow discriminating between 

blood vasculature and reticular fibres, because of its broad staining profile, it would be 

advantageous to employ specific markers for investigating the composition of this organ more 

in depth. However, i.v. WGA injection and volume imaging provided a proof of principle for 

systemic labelling of blood vascular channels in various murine organs and indicated an 

opportunity for studying vascular networks in a broad range of tissues with the help of 

extended-volume confocal imaging and 3D quantification.  

A collaboration with Frederik B. Pruijn (Auckland Cancer Society Research Centre) provided 

a 3.1 x 2.6 mm large tumour xenograft that was grown from the human epidermoid carcinoma 

cell line A431 (Figure 7.1 J, K) and fluorescently labelled via i.v. injection of WGA-Alexa 

Fluor® 555. We subsequently embedded and imaged the entire tumour vasculature at 2 µm 

pixel resolution using extended-volume confocal imaging (Figure 7.3). The tumour 

established within only five days and managed to develop an extraordinary vascular network 

within this short time frame (Figure 7.3 A). Thick volume slices of the acquired image data 

rendered in Voxx allowed fascinating insights into the internal organisation of the vasculature 

and revealed decreased vascular density in a centrally located region (Figure 7.3 B, C). 

Sophisticated analysis of the network topology employing the newly established 

computational tools could provide new information of tumour blood supply and assist in the 

modelling of hypoxia and drug transport. Work aiming to extract and analyse the vascular 

network of this sample is currently underway.  
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Figure 7.1.  Overview of fluorescently labelled blood vasculature in murine tissues 

Blood vascular channels of murine Peyer’s patches (mucosal view; A, B), liver (C), spleen (D, E), heart (G, H), 
an A431 human xenograft tumour (J, K), a mesenteric LN (F), an inguinal LN (I), and a popliteal LN (L) were 
labelled via intravital injection of WGA-Alexa Fluor® 555 into the tail vein. Freshly excised tissues were 
photographed using an epiflourescence microscope (Leica).  
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Figure 7.2.  High-resolution imaging of blood channelling systems in murine liver and spleen 

Volume images of WGA-Alexa Fluor® 555 labelled blood vascular channels of a spleen (A, B, D) and a liver 
sample (C, E, F) were acquired using the extended-volume confocal imaging system at 1 µm pixel resolution 
and rendered in Voxx (glow palette). As a result of the open circulation within the red pulp, fluorescent label is 
present throughout most parts of the spleen (A) and can also be found within the reticular network of the white 
pulp (D). The blood vasculature of a liver received clear and strong fluorescent staining, revealing the 
architecture of sinusoids at fine detail (E, F).  
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Figure 7.3.  Extended-volume confocal imaging of the complete blood vasculature in a xenograft tumour 

The blood vascular network of an A431 human xenograft tumour which grew within 5 days was intravitally 
labelled with WGA-Alexa Fluor® 555, imaged at the extended-volume confocal imaging system at 2 µm pixel 
resolution, and the acquired images were rendered in Voxx (gradient palette). The entire blood network of this 
tumour measuring 3.1 x 2.6 mm can be viewed in total (A), as a movie (please see the file ‘chapter 7 tumour 
vasculature’ in the supplemented DVD), or via 100 and 200 µm thick volume sections (B, C, respectively), 
which allow insights into the inhomogeneous interior vessel organisation.  
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7.2.  Multi-colour labelling of LN architecture 

After successful labelling and single or dual imaging of LN vasculature and conduits across 

whole mesenteric and popliteal LNs as discussed in the previous chapters, we sought to 

establish a sequence of staining that would allow us to perform extended-volume confocal 

imaging of three structures simultaneously. Our main interest was to label the blood, 

lymphatic, and reticular fibre network structures continuously in LNs and acquire high-

resolution imagery to allow comprehensive 3D analysis. Since the established individual 

stainings of the conduits, the blood, and lymphatic vasculature all involved water-soluble 

agents and Alexa Fluor® dyes, combination of administration and resin embedding was 

feasible. During our initial tracer experiments, we noticed that within minutes after 

subcutaneous administration, 2000 kDa dextran particles were taken up by cells in the LN 

medullary region labelling them effectively (Figure 7.4 A-E). These rapidly phagocytosing 

cells have previously been described as CD169+ F4/80+ SIGN-R1+ medullary sinus 

macrophages that reside primarily within the medullary sinus lumen (Forster, Braun, & 

Worbs, 2012; Gray & Cyster, 2012). Co-administration of fluorescently conjugated WGA 

further confirmed this location within our samples (Figure 7.4 E-I). Interestingly, this 

labelling indirectly disclosed the morphology of the medulla in various LN specimens, which 

appeared as a basally located disc in many small popliteal LNs (Figure 7.4 A-C), in an 

equatorial plane in larger popliteal LNs (Figure 7.4 D), or at the rim of inguinal LNs (Figure 

7.4 E). We therefore utilised this strong cell label in a combined staining with the WGA 

labelled blood vasculature and performed dual imaging at 2 µm pixel resolution using 

extended-volume confocal imaging. The acquired volume image was then employed to 

extract the blood vascular network and the cellular location for rendering in Imaris (Figure 

7.5). Simultaneously, a virtual lymphatic network was extracted based on the absence of 

background fluorescence from the red channel (chapter 3.1.2, Figure 7.5 A-C). Together, the 

imagery allowed a comprehensive overview of LN composition and exposed the location of 

dextran-labelled cells in relation to lymphatic channels and the blood vasculature (Figure 

7.5). Even though the extracted lymphatic network might be incomplete through lack of a 

specific marker, it gives a remarkable overall impression of the medullary organisation and 

significantly aids the orientation within the LN. This alternative method of extracting the 

lymphatic compartment therefore marks a valuable possibility for acquisition of additional 

information from finite imaging data. The vascular network in this specimen displayed an 
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astonishingly dense capillary bed, which requires problem-oriented manual editing before 

further 3D analysis can be carried out. 
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Figure 7.4.  Large dextrans deposit in LN medullary phagocytes following subcutaneous administration 

Lymph-borne 2000 kDa dextran-TMR (red) shows similar deposition within the medulla of popliteal LNs within 
10 min (A, B, D) or 1 hour (C) after footpad injection and can be combined with WGA label of the blood 
vasculature (A). A resin-embedded inguinal LN (E), which received co-staining of the lymphatic channels via 
WGA-Alexa Fluor® 488 (green) and the blood vasculature through WGA-Alexa Fluor® 647 (cyan), reveals 
cytoplasmic cellular-type distribution of the dextran (red; H, I) within the medullary sinuses (F, G). Microscopic 
images of full LNs (A-E) and a LN cross section (F-I) were taken on an epifluorescence microscope (Leica).  
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Figure 7.5.  Dual imaging of medullary phagocytes and blood vasculature in full LNs 

A dual-labelled popliteal LN with WGA-Alexa Fluor® 488 perfused vasculature and 2000 kDa dextran-TMR 
labelled cells (Figure 7.4 A) was imaged entirely using extended-volume confocal imaging at 2 µm pixel 
resolution (A-D). A virtual lymphatic network was reconstructed from the background signal in the red channel 
(white; A-C) and displayed together with the false-coloured blood vasculature (red; A, B, D) and dextran-loaded 
cells (green; A, C, D). The 3D image data was rendered in Imaris, and a movie of this dataset can be found 
under the file name: ‘chapter 7 LN multi-staining’ (please see attached DVD). 
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As a next step, we attempted to combine in vivo labelling of the lymphatic and blood 

vasculature together with a tracer labelling of the LN conduit network. Subcutaneous 

injection of fluorescently conjugated LYVE1 antibody and WGA allowed anterograde 

labelling of the lymphatic vasculature and the reticular conduits, respectively. Additional 

systemic staining of the blood vasculature via i.v. injection of fluorescent WGA finally 

implemented all three labels in one specimen (Figure 7.6, Figure 7.7). In macroscopic images 

of the excised popliteal LN, a glimpse of all three labels can be discerned (Figure 7.6 A). 

Closer examination of the fluorescent signal in sections of the upstream located inguinal LN 

(Harrell, Iritani, & Ruddell, 2008) certified a successful blood and lymphatic vascular label 

(Figure 7.6 B-F) while the conduit label was not carried as far (data not shown). Interestingly, 

fluorescent stain was found leaking out of blood vessels into adjacent fibres, which in some 

cases extended to a neighbouring lymphatic vessel (Figure 7.6 C-F). 

Following this remote examination we performed confocal imaging with a voxel resolution of 

0.37 x 0.37 x 1 µm over a depth of 40 µm. The resulting volume image revealed a good 

overall staining at this location, with strong signal in the reticular conduits and reliable 

LYVE1 staining of lymphatic sinuses and the subcapsular sinus floor (Figure 7.7). The blood 

vascular label however, showed some leakage within the LN and additional staining on the 

reticular fibre network (Figure 7.7 A-C, E). As the initially tried tail vein injection failed in 

this preparation, to be substituted by i.v. injection via the vena cava, remaining fluorescent 

WGA in the tail might have been carried with the lymph flow to the popliteal LN. 

Consequently, the reticular conduit received dual labelling in this sample. Nevertheless, the 

triple labelling significantly improved the assessment of structural features in the LN and 

permitted a closer investigation of intriguing formations such as follicular honeycomb WGA-

depositions and the intersection of blood and lymphatic channels (Figure 7.8). Upon close 

examination of the conduit images we identified several honeycomb-like formations of which 

one showed a particularly high fluorescent signal and carried fluorescent label of all three 

colour channels (Figure 7.7 D-F), indicating a nonspecific deposition of small lymph-borne 

material. The comparatively faint green fluorescence within the honeycomb could occur from 

channel cross bleeding, LYVE1 antibody deposition, or accumulation of unbound Alexa 

Fluor® 488 dye as a remain from the antibody labelling procedure. Since green fluorescence 

is not directly evident within fibrous conduits within our images in consistency with the size 

exclusion of antibody-sized molecules (~ 160 kDa) within those channels, different transfer 

mechanisms leading to the accumulation of this molecule within the honeycomb structures 
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need to be considered. Whether the strong tracer deposition in this region mimics the 

occurrence of immune-complexed antigen or represents a formation which only takes place in 

a limited time window needs to be assessed further. We also observed noticeable close 

connections between lymphatic and blood vascular channels. We found several closely 

related almost touching vessels (Figure 7.8 A-H) and one connection in which LYVE1-signal 

was evident on a blood vessel just beneath the meeting point with a blunt ending cortical 

sinus (Figure 7.8 I, J). Moreover, assisted by the conduit staining we could also identify 

several reticular fibres bridging between the blood and lymphatic channels (Figure 7.8 A-G). 

These fibres were strongly stained by the fluorescent WGA that was used to label the blood 

vasculature, which strongly suggests that the dye leaked from the vasculature into the 

adjacent fibre network. Interestingly, reticular fibres were also found leading towards 

lymphatic sinuses in this region, as opposed to only fusing with HEVs (Figure 7.8 K). 

Whether the termination of fibres on lymphatics and their presence between blood vessels and 

lymphatic sinuses is simply a result of the fibrous reticular network spanning the entire 

paracortex or if it has significant functional implications remains to be elucidated. Testing a 

combination of specific vascular labels and a lymphatic tracer might be valuable in this 

regard. Taken together, these results demonstrate how simultaneous volume staining of blood, 

lymphatic, and conduit channel systems can be achieved using anterograde labelling via the 

natural blood and lymphatic carriage. All three labels harmonised during the staining and 

resin embedding procedure and were suitable for generating high-quality images of a small 

LN volume. Interesting features of LN anatomy could be seen in context through this 

multicolour-labelling, calling for confocal imaging over the entire LN volume in future 

studies to generate a comprehensive picture of LN microanatomy. At present, imaging at the 

extended-volume confocal imaging system is restricted to two colour channels, but future 

extensions of the capabilities could enable triple-colour imaging of whole LNs.  
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Figure 7.6.  Triple volume labelling of LN blood, lymphatic, and conduit channels  

In vivo labelling of the lymphatic vasculature and conduit channels was achieved via hock injection of LYVE1-
Alexa Fluor® 488 antibody and WGA-Alexa Fluor® 647, respectively. The blood vascular channels were 
labelled via systemic circulation of WGA-Alexa Fluor® 555 with the blood after i.v. injection into the vena cava. 
Epifluorescence overview images show the presence of signal for all three stains in the popliteal (A) and the 
upstream located inguinal LN (B). Cross sections of the resin embedded inguinal LN in B reveal strong labelling 
of the lymphatic vasculature by LYVE1-Alexa Fluor® 488 (green; C, E, F) and blood vessels via WGA-Alexa 
Fluor® 555 (red; C, D, F) besides displaying cellular autofluorescence in the DAPI channel (grey; C). 
Fluorescent signal was found leaking out of blood vessels (C, D) and can be seen associated with delicate fibres 
and neighbouring lymphatic channels (F). D-F show a representative area of one examined LN. 
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Figure 7.7.  Volume imaging of blood, lymphatic, and conduit channels in a popliteal LN 

Volume images over a depth of 40 µm of the triple-stained popliteal LN (Figure 7.6) were acquired using a 
Leica TCS SP2 confocal microscope with a 40x lens at a pixel resolution of 0.37 µm and were rendered in Voxx 
(A, B, D-F) or Image J (C). High resolution images of the WGA-Alexa Fluor® 647-labbeled conduits (blue; A-
C, F), LYVE1+ lymphatic vasculature (green; A, D), and WGA-Alexa Fluor® 555-stained blood vessels (glow 
palette; A, B, E, or red; C) present the 3D organisation of these structures in great detail. The volume view 
reveals a rather patchy LYVE1 signal on the subcapsular sinus (A, B), and strong WGA-Alexa Fluor® 555 stain 
on the fibres (A, B, E), which can be attributed to the fluorophore gaining access into the lymphatic system at 
the injection site or leakage from the LN vasculature (C). A honeycomb structure just underneath the 
subcapsular sinus was found to contain fluorescent signal of all three fluorophores (D-F).  
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Figure 7.8.  The intimate relationship of blood and lymphatic channels in a popliteal LN 

Close juxtaposition between the blood (red) and lymphatic (green) vasculature can be seen at several locations in 
single planes of the overlaid 3D image data (from Figure 7.7) generated in Image J (A-H). Within one region, at 
least three large blood vessels are associated with LYVE1+ lymphatic sinuses (H), which appears to involve the 
LN fibre network carrying WGA-Alexa Fluor® 555 blood vascular stain (arrowheads, A-G). Volume renderings 
of the 3D image data generated in Voxx provide a spatial overview of the connections between blood (glow 
palette; I, K) and lymph (green; I-K). Faint LYVE1 signal was found at the location of a blood vessel in close 
proximity to a neighbouring blunt ending lymphatic sinus (arrowhead; I, J). WGA-Alexa Fluor® 555 labelled 
fibres can be found concentrating on a lymphatic sinus adjacent to a blood vessel (arrowhead; K). Images show 
representative areas from one popliteal LN (Figures 7.6 A, and 7.7). Scale = 30 µm.   
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7.3. Whole-mount staining of lymphatic tissue 

In addition to in vivo labelling of structural features in popliteal LNs we were curious to test if 

a similar staining could be performed after organ excision. Thereby, organs that are difficult 

to perfuse or where lymphatic drainage cannot easily be accessed to deliver a dye  could 

receive additional staining. Moreover, since labelling of internal structures such as cells is not 

trivial to achieve even when the natural route of the blood or lymph can be employed, we 

sought to identify an alternative method to enable volume staining of significant markers in 

LNs. Therefore, we adopted a whole mount staining protocol described by Kumar et al. 

(2010), which was employed for volume imaging of B cell follicles by the authors. Fixed LN 

samples were treated with collagenase, permeabilised, and incubated with the fluorescently 

conjugated antibodies CD4-R-PE, CD45R/B220-Alexa Fluor® 647, and LYVE1-Alexa 

Fluor® 488 for 10 days at 4°C. Stained samples were then washed and photographed using an 

epifluorescence microscope or embedded in low melting agarose for confocal microscopy.  

In performing this prolonged antibody staining on whole LNs we found that labelling of 

larger tissue volumes is possible but the staining success greatly depends on the antibody 

used. The previously reported volume staining of B cell follicles via CD45R/B220-Alexa 

Fluor® 647 antibody was confirmed in our experiments (Figure 7.9). The distribution of 

CD45R/B220+ follicles on the apical surface of popliteal LNs was evident in epifluorescence 

images taken at low magnification (Figure 7.9 A, E, G, H). An area devoid of follicles 

showed LYVE1-Alexa Fluor® 488-labelling in a circular pattern, which represents the 

lymphatic vasculature of the medulla (Figure 7.9 A, C, F, H). Green background fluorescence 

overlapped with the red fluorescence signal and made it unfeasible to assess the CD4-R-PE 

staining on low magnification images (Figure 7.9 A, D, F, G). After macroscopic evaluation, 

an area of this sample was assessed more in detail using confocal microscopy. As indicated in 

the overview images, CD45R/B220-Alexa Fluor® 647 signal was strong and effectively 

labelled entire follicles (Figure 7.9 B). Besides, few red fluorescent cells could be detected; 

indicating faint CD4-R-PE signal, but LYVE1-Alexa Fluor® 488+ sinuses were not present in 

the imaged area. To sufficiently evaluate the strength and distribution of antibody labelling 

following whole-mount staining, cross sections of the stained samples should be evaluated.  

In subsequent tests we also employed antibodies to label the blood vasculature and the 

reticular fibre network but did not generate satisfactory results (data not shown). Since both 

networks represent complicated channel systems that are each enclosed by a basement 
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membrane, sufficient labelling in a diffusion-based method is not very likely. Consequently, 

we wanted to find out if the whole-mount protocol was compatible with intravital labelling of 

the blood vasculature. We therefore trialled a combination of systemic blood vascular 

labelling via i.v. injection followed by whole-mount staining using CD45R/B220-Alexa 

Fluor® 647 and LYVE1-Alexa Fluor® 488 antibodies on a mesenteric LN (Figure 7.10). The 

antibody treatment provided a strong label of B cell follicles and medullary lymphatic 

vasculature, as can be taken from epifluorescence images (Figure 7.10 A, B). Equal parts of a 

long mesenteric LN segment (Figure 7.10 A) were frozen or embedded in agarose to be 

employed for evaluation of cut sections or via confocal microscopy, respectively. Embedding 

in agarose did not affect the strength of the fluorescent signal (Figure 7.10 B). Confocal 

imaging revealed consistent labelling of a blood vascular network in this sample besides 

strong fluorescent signal in the medullary area (Figure 7.10 C), which is also evident in 

epifluorescence images (Figure 7.10 A, B). Distinct green fluorescence in the medulla 

signified LYVE1-Alexa Fluor® 488 labelling of the lymphatic vasculature (Figure 7.10 C, D). 

CD45R/B220-Alexa Fluor® 647 signal was similarly present in the medullary area of which 

some had follicular location (Figure 7.10 C). Besides strong medullary background 

fluorescence, specific signal from all three stainings could be detected. To receive more 

clarity on the signal distribution, we evaluated frozen sections of this mesenteric LN. While 

the LYVE1-Alexa Fluor® 488 signal confirmed specific lymphatic labelling, the blood 

vascular stain appeared rather weak within the LN and showed leakage around larger vessels 

and in the medulla (Figure 7.10 D). It is not certain whether this leakage occurred during 

whole-mount staining, after organ excision, or was already existing in vivo. Images of the 

freshly excised LN however, suggest that red fluorescent signal in the medulla was already 

present before antibody labelling (Figure 7.1 F). Intriguingly, CD45R/B220+ cells could be 

identified deep within the LN (in a likely distribution), indicating that the level of diffusion in 

this sample was sufficient to ensure thorough distribution of the antibody.  

In summary, we found that whole mount-staining is a suitable method to label particular 

structures in LN. Employing CD45R/B220-Alexa Fluor® 647 and LYVE1-Alexa Fluor® 488 

antibodies allowed reliable volume labelling of B cell follicles and the lymphatic vascular 

endothelium. Whether the labelling is consistent through the entire LN needs to be evaluated 

more in depth by co-labelling with specific markers. Moreover, the possibility of combining 

this method with in vivo labelling of other structures needs to be optimised further.  
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Figure 7.9.  Whole-mount staining of popliteal LNs 

PFA-fixed popliteal LNs were incubated with an antibody mix consistent of CD4-R-PE, CD45R/B220-Alexa 
Fluor® 647, and LYVE1-Alexa Fluor® 488 (all at 1 µg/ml) for 10 days. Specific antibody labelling of B cell 
follicles was evident in epifluorescence images (cyan; A, E, G, H) and in a confocal volume image of 34 µm 
depth (cyan; B) acquired on a Nikon Eclipse Ti (NL) confocal microscope. LYVE1-Alexa Fluor® 488 signal 
could be detected in the medullary area of a small popliteal LN (green on the left; A, C, F, H). A clear CD4-R-
PE staining could not be identified in epifluorescence images (red; A, D, F, G) but individual labelled cells were 
present in a confocal volume image (red, B). M = medulla, Fo = Follicle. All images except B are representative 
of two independent experiments.  



Results 

170 
 

 

Figure 7.10.  Combination of in vivo blood vessel labelling and whole-mount staining in a mesenteric LN 

After systemic labelling of the blood vasculature via i.v. injection of WGA-Alexa Fluor® 555 (red), a mesenteric 
LN was excised, fixed in 4% PFA fixative, and incubated with 2 µg/ml of CD45R/B220-Alexa Fluor® 647 
(blue) and LYVE1-Alexa Fluor® 488 (green) antibody for 10 days. The triple-stained LN (A) was cut in halves 
of which one part was embedded in low-melting agarose (B) and imaged on a Leica TCS SP2 (DE) confocal 
microscope (C), while the remaining part was frozen to allow assessment of individual cross-sections (D). The 
antibody stain was found to penetrate to interior regions in the LN, and for example labels B cells (blue) in the 
cortex and near the LYVE1+ medulla (green; D), and persists the embedding in agarose without loss of staining 
intensity (B) which allows volume imaging on a conventional confocal microscope (C). WGA-Alexa Fluor® 555 
was found leaking into the medullary region (red; C, D). Images are taken from one experiment. M = medulla, 
Fo = Follicle.  
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7.4. Discussion 

In this chapter we piloted possibilities for volume labelling of LNs in multiple colours and the 

potential application of extended-volume confocal imaging and analysis for studying different 

organs with characteristic blood vasculature. We identified systemic labelling of the blood 

system by i.v. injection of fluorescent WGA as a simple, reliable, and inexpensive method to 

visualise vascular networks in multiple murine tissues. While this procedure permits staining 

of all vascular channels including the capillary bed, organs with specialised blood distribution 

systems such as the spleen require more specific methods to identify the blood vasculature. 

Leakage of fluorescent signal from blood vessels could be observed in several LNs. It needs 

to be further elucidated whether this is a tissue-specific pattern or a potential artefact of the 

anaesthetic procedure using isoflurane. Alternatively, the use of lager fluorescent molecules 

such as microspheres, dextrans, or specific vascular markers could decrease the likelihood of 

nonspecific labelling in these organs. 

Furthermore, extended-volume confocal imaging of a spleen, a liver, and a tumour sample 

after systemic labelling and resin embedding confirmed this method as a suitable tool for 

investigating the 3D anatomy of diverse vascular channel systems. The acquired 3D image 

data of the vascular network of an A431 xenograft tumour provides a sophisticated example 

of how our established procedure can be utilised to address significant biological questions in 

other fields. To date, this dataset represents the largest continuous vascular network imaged at 

2 µm pixel resolution at the extended-volume confocal imaging system. Earlier research of 

our collaborators from the Auckland Cancer Society Research Centre has been aimed at 

modelling the distribution and activity of hypoxia activated pro-drugs in tumours 

(Foehrenbacher et al., 2013; Hicks et al., 2006). With the help of our newly developed tools 

for 3D analysis of the tumour imagery, we are now able to extract a large connected vascular 

network and identify areas of low vascularisation, which could aid the investigation of this 

tumour in relation to hypoxia. More importantly, previously established computer models of 

vascular flow and drug transport can now be implemented on this complex dataset to receive 

valuable information about conditions in whole tumours (Hicks et al., 2006; Secomb et al., 

2004). Ultimately, these advances could help predicting the therapeutic activity of anticancer 

drugs more precisely. In a similar fashion, volume images of physiologically significant 

organs like the spleen or liver could improve our understanding of their 3D vascular 

organisation and function. 
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To achieve a more comprehensive insight into the 3D anatomy of LNs with the help of 

confocal imaging, we established a method for multi-colour labelling of structural features 

across whole LNs. Procedures for volume staining of the blood vessels, the lymphatic 

vasculature, the conduit system, and phagocytosing cells within popliteal LNs employ the 

systemic transport by blood or lymph in vivo and can be freely combined. The lymphatic 

staining using LYVE1-antibody, blood vessel labelling with WGA, and labelling of 

medullary macrophages via 2000 kDa dextran molecules proved to be very reliable, while the 

conduit stain by means of WGA penetration is dependent on the diffusion success. Moreover, 

we identified a way to extract a virtual lymphatic volume from the background signal in the 

existing image data, by employing a combination of selective image processing and manual 

editing. The resulting volume description represents empty medullary sinuses within the LN 

and provided a useful 3D impression of the medullary organisation and the overall LN 

composition. However, since sinuses filled with cells are not captured by this extraction 

method, the virtual lymphatic volume is unsuitable for quantifying the complete lymphatic 

vascular compartment. In addition to the described in vivo staining options employing mainly 

unspecific labels such as WGA, specific antibody staining of surface molecules along the 

blood and lymphatic passageways can be combined with the existing procedure. For example, 

published work of labelling HEVs via PNAd antibody by systemic injection represents a 

feasible addition to our protocol (Kumar et al., 2012).   

Successful simultaneous labelling of the blood, lymphatic, and conduit systems in full LNs 

encouraged us to investigate their spatial arrangement more in depth. Because of the current 

limitation of the extended-volume confocal imaging system, allowing simultaneous 

acquisition of only two colour channels, we employed standard confocal microscopes for 

initial imaging tests in three colours. High-resolution imaging of small LN volumes provided 

detailed insights into the earlier described honeycomb-shaped WGA depositions in follicles 

and the close relationship of individual blood vessels with lymphatic sinuses. In addition to a 

further example of LYVE1-staining on a blood vessel in very close proximity to a lymphatic 

sinus, we saw reticular fibres spanning between these vascular structures, implying a potential 

role for this lymphatic-blood vascular relationship. However, these observations demand 

further investigation to determine how the information exchange between blood and lymph 

occurs in LNs at close vascular connections, and to identify the cell types involved. We also 

found fluorescent signal of different tracers including WGA and LYVE1 depositing within 

honeycomb structures in the follicles, which raises further questions about the selectivity of 
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the accumulation and the retention time within this location. While we cannot sufficiently 

explain how LYVE1 antibody was delivered to these structures, given the size exclusion of 

adjacent fibres and the lack of fluorescent signal within those fibres, the delivery of 

fluorescent WGA to honeycombs is likely to occur via fibrous conduits. Adding to reported 

observations of connections between the conduit system and HEVs (Gretz et al., 1996; Sixt et 

al., 2005), we found several conduit channels concentrating on lymphatic sinuses within the 

paracortical region. Potential biological functions include fluid distribution, stabilisation of 

lymphatic sinus volume, providing flow for exiting lymphocytes, and the delivery of 

chemokines to these vascular systems, in analogy to the ‘remote control’ effect on HEVs. The 

precise role of these connections needs to be addressed in future tests.  

The investigation of these and other intriguing LN structures could be greatly advanced by 

including specific cellular markers in the staining procedure. We therefore trialled whole-

mount staining, a diffusion-based antibody labelling technique that can be applied after organ 

excision, and found the pan B cell marker CD45R/B220 and LYVE1 antibody suitable for 

labelling lymphatic tissues. Combination of these directly conjugated rat monoclonal 

antibodies provided thorough labelling and allowed investigation of stained LNs with 

standard confocal microscopy. Further tests need to evaluate if this label is suitable for resin 

embedding and can provide sufficient signal intensity to allow extended-volume confocal 

imaging. However, as we had good experience with embedding the same LYVE1-conjugate 

after injecting similar amounts (1 µg/ml) in vivo, we are hopeful of receiving equivalent 

results with this in vitro technique. The whole-mount protocol provides a good alternative for 

staining remote organs that are not feasible to access via the lymphatic drainage, and tissue 

from other sources that cannot be labelled in vivo, such as human tissue. In this regard, 

evaluation of additional markers and staining conditions, for example employing higher 

concentrations at room temperature, could be useful in achieving specific staining of large 

tissue areas for confocal examination. Moreover, several options for clearing the tissue to 

increase the optical imaging depth could be examined (Becker et al., 2008; Chung et al., 

2013; Hama et al., 2011). Besides its striking possibility for staining human tissues, the 

whole-mount protocol permits combination with in vivo staining procedures such as HEV-

labelling and therefore provides a valuable tool for investigating murine tissue anatomy 

(Kumar et al., 2010).  
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Taken together, the options for applying extended-volume confocal imaging and 3D analysis 

of blood vascular systems are manifold, and multi-colour labelling provides a great 

opportunity to retrieve more information from large tissue volumes. During our tests, 

macroscopic images of volume-stained LNs alone provided informative insights into their 

gross anatomy, revealing differences in overall size and the location of the medulla. To 

further extend the possibilities of multi-colour investigations, transgenic mice with inherently 

fluorescent stromal cell compartments or adoptively stained haematopoietic cells could be 

involved in the volume labelling. Recently established transgenic mouse strains with 

fluorescent HEVs (Bentley et al., 2011), blood (Iljin et al., 2002; Pickles et al., 2013), or 

lymphatic vasculature (Choi et al., 2011; Hagerling et al., 2011; Martinez-Corral et al., 2012; 

Truman et al., 2012) could confirm or substitute volume labelling of individual structures in 

whole LNs and help to clarify the blood-lymphatic relationship in LNs. Moreover, chimeric 

mice in which all nucleated cells express GFP under the ubiquitin promoter while cells of 

haematopoietic origin were substituted by non-fluorescent cells, provide an interesting subject 

for tracer studies to investigate antigen transport in the follicles (Schaefer et al., 2001). A 

recently established reporter mouse employing the CCL19 promoter to induce the expression 

of fluorescent protein by FRCs represents a suitable model for investigating the FRC network 

in 3D (Chai et al., 2013). While these genetic systems offer visualisation of various LN 

elements in a highly specific way, volume labelling provides more flexibility of combination 

and is less laborious. Ultimately, confocal imaging of several structures over large volumes or 

even entire LNs promises unprecedented comprehensive insights into LN organisation 

including microanatomical features. To make high-resolution images of multiple LN 

components available for sophisticated combined 3D analysis presents an exciting topic for 

future studies. 
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Chapter 8. Discussion 

Lymph nodes are encapsulated centres of immune surveillance, where sophisticated cellular 

interactions are facilitated within a highly organised microanatomy. Stromal cell components 

are critically involved in LN functionality, with tightly juxtaposed information channels of 

the blood and lymphatic vasculature serving as entry and exit routes for blood-born 

lymphocytes and antigenic material carried with the lymph. Specialised cell networks provide 

scaffolds for migration and supportive factors for circulating lymphocytes. To date we still 

only have partial understanding of how this structural framework is constituted to support the 

establishment of efficient immune responses and how it adapts to drastic changes in cell 

traffic during inflammation. A growing body of research aims to describe the structural 

framework provided by the stromal compartment of LNs with the help of volume microscopy 

to spatially and temporally resolve the inherent processes (Bajenoff et al., 2006; Kumar et al., 

2010; Ludewig et al., 2012; Mayer et al., 2012). Observations employing current light 

microscopy techniques are restricted to small tissue volumes as a result of limitations 

provided by the light penetration of the tissue. Moreover, the large amount of imaging data 

that results from volume imaging requires new approaches for sophisticated analysis and 

interpretation. We therefore aimed to investigate the structural organisation of LNs by using a 

unique extended-volume confocal imaging device capable of capturing imagery of small 

organs at subcellular resolution. We established methods to label whole murine LNs and 

generated confocal 3D images of entire LN blood and lymphatic channel systems, which 

provided comprehensive insights into their intricate spatial arrangement and revealed intimate 

connections between both systems. Moreover, a purpose-designed set of computational tools 

was used to describe and analyse the large-scale image data and enabled us to investigate the 

topology of vascular systems in resting and activated LNs. We found the blood vasculature 

significantly expanding two days after endotoxin challenge by generation of new vessel 

segments, while the lymphatic volume remained stable. In a different approach to study 

stromal scaffolds in LNs we employed a lymphatic tracer and acquired 3D imagery of the LN 

conduit channels. A complete network of the paracortical conduits could be extracted from 

3D images of a whole LN and distinctive tracer deposition of honeycomb morphology within 

follicles became evident, which we describe for the first time. Collectively, this study 

presents a novel approach to comprehensively investigate structural features of LN anatomy 
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by means of high-resolution and large-scale imaging combined with sophisticated 

computational analysis. Ultimately, this approach allowed us to gain new insights into the LN 

microanatomy and can help to define the environment in which immune activation takes 

place.  
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8.1. Topological description of lymph node blood vasculature 

After a method was established to fluorescently label the entire blood vasculature of a 

mesenteric LN we employed extended-volume confocal imaging to generate a high-resolution 

3D volume image of the blood vessels. The 3D imagery alone provided an unprecedented 

overview of the complete LN vascular anatomy confirming previous descriptions of the 

arrangement of vessels: large feeding vessels at the hilum, branching through the parenchyma 

as smaller vessels, and forming reconnecting capillaries below the LN surface (Anderson & 

Anderson, 1975; Belisle & Sainte-Marie, 1990; Steeber et al., 1987). We were further able to 

identify B cell follicles through an almost avascular appearance and HEVs by means of their 

‘cobblestone’-like luminal staining morphology (Anderson & Anderson, 1975). In addition to 

this gross overview we sought to gain further information by making the imagery available to 

computer analysis. For this purpose, we created a new set of computational tools that allowed 

us to extract a connected vascular network from the 3D images and transfer it into a 

topological network description. The generated topology map provided us with detailed 

information about individual vessel parameters like diameters and lengths. We found the 

majority of vessels within a diameter range of 10 to 15 µm and the cumulative vessel length 

to be in the order of 90 cm. These and further volume and density measurements provided 

unique detail of the vessel network topology of a whole LN that lack equivalence within the 

current literature. A recent 3D imaging study identified a vascular length of about 100 mm in 

xenograft tumours of comparable size to the investigated LN here (Vakoc et al., 2009). 

Possible explanations for this significantly shorter vessel length involve the lack of capillaries 

in tumours and different resolution of the imaging method (Jain, 2003). In a different study 

that focussed on the visualisation and quantification of HEVs in LNs, total vessel lengths of 

5-25 cm were described which are more comparable with our measurements (Kumar et al., 

2012). To be able to compare our 3D vessel density measurements with commonly measured 

vessel densities per area, which are provided for various tissues by a large body of literature, 

we are currently developing a tool to identify all vessels of a 3D image that are intersecting 

with a given single plane of this dataset. Subsequently, this will enable us to put individual 

2D measurements into relation to the overall 3D vessel density which can provide valuable 

information for extrapolation of 3D vessel densities from 2D data from other tissues.  

Moreover, we developed tools to determine the distance to the nearest vessel and the degree 

of branching in the network. Overall, we found the LN to be relatively evenly vascularised 

and containing a comparatively low degree of branching between the main artery and vein, 
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which is consistent with the previously described characteristic of the LN vasculature as 

containing frequent arterio-venous communications (Anderson & Anderson, 1975). The 

distinct staining morphology of the HEV endothelium was exploited to extract a putative 

HEV subnetwork and compare it to the overall vasculature. The diameter threshold that was 

used for selecting putative HEVs was based on the observation of sudden enlargements of 

postcapillary venous vessels, and was set to 16 µm. Remarkably, in a previous electron 

microscopy study, Kowala et al. (1986) similarly described those sudden vessel enlargements 

and defined the HEV diameter ranging from 16 to 55 µm. Besides this clear consistency of 

the minimum HEV diameter with previous descriptions, we found similarities between the 

cumulative HEV network length in our data and antibody-labelled HEVs in LNs of similar 

size in a recent study by Kumar et al. (2012). These confirmations support the morphology-

based approach in delivering useful information for analysis of a putative HEV network in 

absence of a specific marker. Moreover, we were able to compare our putative HEV network 

with the overall blood vessels and found it comprising 25% of vascular volume while 

contributing only 12 % to the total vessel length. Supplementing these topological 

measurements, we identified ways to revisualise them together with the network topology in 

CMGUI and Amira. The combined display of characteristics like the vessel diameters, branch 

numbers, points distant from vessels, or HEVs, together with the vessel shape and location 

within the network added new quality to the data. It allowed us to identify the main artery and 

vein and facilitated interpretation of the measurements in a spatial context. Other studies 

employing microCT for volume imaging have shown diameter distributions within 3D 

representations of the blood vasculature of whole mouse kidney, lung, heart, and brain, but 

did not provide more sophisticated topological analysis (Vasquez et al., 2011). What’s more, 

as a result of the imaging resolution of 10 µm small vessels of a diameter below 50 µm were 

not captured in this previous study. Taken together, we provide a proof of principle for the 

acquisition and analysis of large and high-resolution 3D image data using extended-volume 

confocal imaging and a set of custom-written tools, which enabled us to study the vascular 

system of an entire LN in great detail. We believe this approach represents a powerful method 

to investigate spatial changes of the LN vasculature during immune activation, and can 

thereby provide new insights into the global conditions in LNs.  
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8.2. Investigation of LPS-stimulated lymph nodes 

In seeking to quantify vascular changes following LN activation, we employed LPS as an 

immune stimulus to provoke LN hypertrophy and studied the associated vascular expansion 

with the help of extended-volume confocal microscopy and computational analysis. Hock 

injection of LPS induced a reactive phenotype in popliteal LNs: an increase in overall LN 

weight, size, and in the number of proliferating cells with B cells accounting for the majority 

of Ki-67+ cells. However, precise evaluation of endothelial cell proliferation in 2D tissue 

sections was obscured by the vast amount of closely associated Ki-67+ T and B cells. 

Subsequently we performed intravital staining of the blood and lymphatic vascular systems of 

whole popliteal LNs and acquired 3D images of two unstimulated and one LPS-challenged 

LN. With the help of our vascular analysis tools we were able to extract topological 

information from all three LNs and found intriguing agreement between the two non-

stimulated LNs with respect to their vascular volumes, the number of vessels, their length, 

and the vascular density. These results confirm the ability of the quantification tools to 

identify structural similarities in unstimulated LNs of the same type. In comparison, the LPS 

stimulated LN displayed an increase in blood vascular volume, number of vessels, and overall 

vessel length (Table 5.1; Figure 5.17). This let us to conclude that the blood vasculature 

expanded through formation of new vessels which resulted in an increased blood vascular 

density post-stimulation and is consistent with previous observations in reactive LNs 

(Herman, Yamamoto, & Mellins, 1972). However, the intravital blood vessel staining showed 

a high degree of leakage within the medullary region of the stimulated LN, which is likely to 

have obscured the volume measurement. Whether this artefact signifies a characteristic of the 

vasculature in reactive LNs or was caused by methodological conditions needs to be 

addressed in further tests. Concomitantly, a larger number of LNs needs to be analysed to 

provide more certainty about the vascular changes following stimulation. As well as the LN 

blood vasculature we also quantified the volume of the LN lymphatics and found only 

marginal volume changes between stimulated and unstimulated nodes after two days. While 

strong remodelling of the lymphatic architecture was previously observed at day 3 following 

stimulation with CFA and KLH (Angeli et al., 2006) or LPS (Kataru et al., 2011), another 

study reported no changes to occur prior to day 4 and lymphangiogenesis to peak at day 7 

post immunisation with oxazolone (Liao & Ruddle, 2006). It is therefore possible that 

significant changes may still occur with different stimuli, at different times of observation, or 

in LNs at different sites. Interestingly, we observed a delayed expansion of the inguinal LN 
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after LPS hock injection at day 5 compared to day 2 within the popliteal LN (Figure 5.1), 

which suggests that the selection of injection and study site can indeed determine the 

observable result. Future studies will need to include different stimuli and time points to fully 

map these changes. Nevertheless, we were able to extract information about the proximity of 

both vascular systems by calculating the distance from blood vessels to the closest lymphatic 

border. With the help of this tool it is possible to monitor changes in their spatial relationship 

closely and acquire valuable information regarding the migration distances for immune cells 

in the LN. Moreover, in generating 3D volume images of the blood and lymphatic channels 

combined, we gained a revealing overview of the spatial association of both systems in whole 

LNs. While the 3D view of the lymphatics alone provided new insights into their 

organisation, volume renderings together with the blood vasculature disclosed intimate 

endothelial connections between individual blood vessels and lymphatic sinuses. These 

images of entire blood and lymphatic vascular systems are unique and provide a promising 

study system to assess vascular changes and the intriguing possibility of information cross-

talk more in depth.   
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8.3. Imaging the lymph node conduit system 

LNs are known to contain a fine conduit network build of extracellular matrix components 

surrounded by fibroblastic reticular cells which allows lymph-borne fluid including small 

molecules to be transported through the LN parenchyma. To study this specialised network, 

we employed WGA as a small molecular tracer to fluorescently label these channels and 

captured 3D images of full popliteal LNs. We found high fluorescent signal within the 

subcapsular sinus and the medulla, which were connected by a continuously stained network 

of conduits extending throughout the entire cortex. The acquired imagery represents a unique 

3D dataset of the interconnected reticular network, which had previously not been captured to 

this extent. This dataset allowed us to extract a large network of paracortical fibres for 

topological analysis. However, reliable quantification of the network was challenged by 

sheet-like formations surrounding large blood vessels, which created artefacts within the 

network map. It is not trivial to overcome this type of artefact by means of an alternative 

staining, since the continuous connection between conduit channels and the wall of HEV-type 

blood vessels is a true and well-acknowledged feature of the network (Gretz, Anderson, & 

Shaw, 1997; Roozendaal, Mebius, & Kraal, 2008; Sixt et al., 2005). A possible computational 

approach is completely filling or removing those vessel sheaths by manual editing, which 

could enable us to pursue analysis of the network as described above. Nonetheless, it would 

be desirable to overcome this issue by means of a sophisticated computational approach in the 

future. Alternatively, we presented a method to estimate the density of the network by 

applying a moving average algorithm to the segmented image, which can deliver distinct 

information without the need to create a topology map. Finally, we showed that a large 

connected conduit network can be generated by performing tracer labelling, high-resolution 

extended-volume confocal imaging, and network extraction with novel computational tools. 

Given the fine network structure and its complex spatial geometry, our method provides a 

powerful way of capturing and studying this exceptional compartment of LN microanatomy 

over large volumes. In addition to the well-defined conduit network in the paracortical region 

we identified depositions of WGA within the LN follicles, which have not been described 

previously (Bajenoff & Germain, 2009; Batista & Harwood, 2009; Gonzalez et al., 2011). 

Distinct units of highly fluorescent structures with an inner honeycomb-like morphology 

could be seen in otherwise unstained follicles in the outer cortex. They extended from 

fluorescently stained fibres descending from the subcapsular sinus and were found enlarged 

in an LPS-challenged LN. While their location and staining pattern strikingly resembles the 
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distribution of FDCs in the follicles, it could not sufficiently be defined whether WGA is 

bound or still present within soluble form in the honeycombs. To characterise the cellular 

composition of these structures further, explore their association with FRCs at the paracortical 

side of the follicles, and elucidate their functional relevance constitute attractive topics for 

future investigation.  
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8.4. Multicolour imaging of lymph node microanatomy 

Fluorescence microscopy allows the simultaneous investigation of specifically labelled 

molecular entities. To allow multiple anatomical structures of LN microanatomy to be studied 

together in spatial context, we aimed to develop staining protocols to label structures in entire 

LNs and image them using extended-volume confocal imaging. In employing the natural 

paths of blood and lymphatic flow, we identified ways to combine fluorescent labels for the 

complete blood and lymphatic passageways in LNs. We used WGA to stain blood vessels in 

LNs via systemic administration, LYVE1 antibody for the lymphatic vasculature, anterograde 

distribution of WGA for the fine conduit channels, and labelled phagocytosing cells residing 

in the medulla with fluorescent dextran. We trialled labelling LNs after excision using a 

whole-mount staining protocol, which provides a suitable alternative for LYVE1 staining of 

the lymphatics. By acquiring high-resolution confocal images of triple-stained LNs we were 

able to create a volume impression of significant LN structures and gain further insights into 

their spatial relationships. Honeycomb-formations below the subcapsular sinus showed 

depositions of WGA and to a lesser extent also LYVE1, and could be separated into enclosed 

structures of high fluorescent signal and neighbouring regions with less intense label. This 

observation invites speculation about different diffusion patterns in these structures, the 

possibility of antigen retention, or even an active mechanism of antigen concentration. The 

triple-labelling further proved to be useful for assessing the regions in which blood and 

lymphatic vessels come into close contact. We found reticular fibres not only fusing into the 

wall of blood vessels but also concentrating on lymphatic sinuses and bridging in between 

channels of both systems. As fluorescent signal could be observed leaking from blood vessels 

into the associated reticular fibres, questions arise around the direction of information 

exchange within those fibres. Besides these new insights into LN anatomy, we were 

motivated to employ the systemic labelling of the blood vasculature for the investigation of 

other murine organs. We generated 3D volume images of spleen, liver, and an A431 human 

xenograft tumour, which revealed the internal arrangement of the vascular channels and 

highlighted the diversity of vascular systems in different metabolic contexts. Volume imaging 

of these and other organs can now be utilised to assess their topology with the help of the 

vascular analysis tools described above. Thereby, the complete vascular networks including 

capillary beds can be studied in large organs aided by computational quantification, providing 

new possibilities for defining structural hallmarks of vascular systems in health and disease. 
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8.5. Methodological advances and limitations  

In this study we introduce a new approach to examining the microanatomy of LNs employing 

a specialised imaging system and show how global quantification of structural elements can 

be achieved with the help of novel computational tools. We developed staining protocols to 

label the blood and lymphatic compartments in whole murine popliteal LNs, imaged entire 

LNs at the size of several millimetres in their entirety at high resolution, and performed 

precise measurements on the network topology of blood vessels. The imaging technique alone 

provides new possibilities for volume imaging, by allowing image acquisition to be 

performed at subcellular resolution over large volumes, a combination which is not easily 

achieved by current imaging modalities. While other confocal imaging devices are restricted 

to a limited imaging depth and require large specimens to be sectioned, with the inherent 

danger of losing information in between sections (Irla et al., 2013; Moy, Wiersma, & Choi, 

2013), specialised non-optical volume imaging techniques such as microCT, MRI, or 

emerging photoacoustic methods cover macroscopic tissue volumes at the cost of a lower 

image resolution and acquisition of generally only one channel (Ntziachristos, 2010; Song et 

al., 2009; Vasquez et al., 2011; Yao & Wang, 2013). Furthermore, important factors that have 

to be considered for imaging over large volumes are the time required for image acquisition, 

the data storage, and appropriate post-processing (Tang et al., 2013). Extended-volume 

confocal imaging pushes the limits of conventional light microscopy, by overcoming the 

penetration limit through a paralleled process of imaging and sample cutting. The automation 

of image acquisition and processing facilitates the accumulation of extensive seamless data 

volumes in a time-efficient manner. Recent efforts in other fields have been undertaken to 

explore ways of acquiring high resolution images with methods traditionally used for 

macroscopic imaging (Heinzer et al., 2006), or extending the volume range of high resolution 

optical imaging techniques such as 2P microscopy (Shulman et al., 2013). Currently, new 

mesoscopic 3D imaging technologies are emerging within the field, employing optical 

sectioning and plane or line illumination to provide multicolour information down to the size 

of individual cells over a scale of small organs to embryos with some even enabling imaging 

of live specimens (Mayer et al., 2012; Mertz, 2011; Tomer et al., 2012). Although extended-

volume confocal imaging is restricted to post mortem imaging of embedded specimens, which 

requires initial labelling with strong fluorophores, it achieves higher resolution than any of 

the former volume imaging techniques (Ntziachristos, 2010). It therefore offers an 

indispensable advantage for studying the 3D anatomy of subcellular structures like the fine 
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reticular network in LNs, which represents a challenge for conventional volume imaging. 

Extended-volume confocal imaging of this delicate network is able to provide a continuous 

network map and can improve modelling approaches trying to describe immune cell 

migration and interaction in LNs that are currently relying on virtual networks (Graw & 

Regoes, 2012). We therefore believe that extended-volume confocal imaging is a valuable 

tool for investigating the anatomy of lymphoid and other organs at high detail, and has the 

potential to greatly advance the field.  

Besides the great improvements of this unique imaging solution, the acquisition of extensive 

image data required advanced software tools for adequate analysis and interpretation which at 

present cannot sufficiently be achieved using commercially available programs (Ludewig et 

al., 2012; Mayer et al., 2012; Tang et al., 2013). To meet the needs of large-scale image 

quantification we developed innovative computational tools that facilitated the extraction and 

analysis of structures of interest from 3D image data. This novel set of tools allows 

processing of large datasets in the GB range on conventional workstations. With the help of 

these purpose-designed tools, we were able to obtain detailed information of the blood 

vascular topology of murine LNs comprising the lengths, diameters, and connectivity of 

individual segments over the entire organ. To our knowledge, such comprehensive analysis of 

a full vascular network at this dimension is unprecedented in the literature and stimulates the 

development of additional spatial analysis tools. With these tools we were able to investigate 

the degree of branching in the network, the distances from vessels, and the spatial relationship 

between two differentially labelled and extracted structures. We also explored ways to obtain 

spatial information of HEVs and the medullary sinuses based on morphological features 

rather than a specific staining. Finally, we established a way to revisualise the extracted 

networks together with a range of measurements, which proved to be highly informative. 

Interactive views of network features like the diameter distribution, arterial and venous 

branching, and the display of areas with low vascularisation in the spatial context of the 

overall network enabled a higher level of interpretation. The full potential of the extracted 

large-scale and content-rich datasets is far from exhausted and is likely to provide a fruitful 

basis for deeper analysis. Likewise, the presented set of versatile analysis tools can be 

similarly employed for 3D image data from other volume imaging systems and is likely to be 

further extended to help answering emerging biological questions.  

During the process of establishing the method of extended-volume confocal imaging and 

analysis of murine tissues as presented in this study, we identified its large potential to gain 
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information but also some limitations. While it provides continuous 3D datasets composed of 

high-resolution and multi-colour information over large volumes that can be utilised to 

analyse the anatomy of single LNs at great detail, the imaging process is, at 3 to 10 days per 

sample, moderately time consuming and in addition it ultimately destroys the sample. This 

implies that a specimen has to be stained entirely, embedded in a stable resin, and can only be 

imaged once. The resin embedding, however, does also aid the image quality as it helps to 

preserve the ultrastructure of the sample which can be of particular advantage when delicate 

tissues are investigated. In the light of these limitations, we optimised our staining methods to 

achieve full tissue penetration and stain persistence during the resin embedding. In addition, 

we needed to ensure that the staining enabled downstream extraction of structures of interest, 

which required the labelling to be continuous and of high intensity. Although the developed 

tools for data extraction provided a high degree of freedom in terms of adjusting the settings 

to specific datasets and signal-to-noise ratios, not surprisingly a high overall staining quality 

proved to be an essential prerequisite for a good outcome. As a consequence, effective 

labelling of multiple structures depended on a high success rate of each individual stain. 

Therefore we preferred in vivo labelling methods over local perfusion protocols, as they 

provided a better chance of labelling full vascular systems in mice. The intravital labelling of 

entire blood vasculature was facilitated by the low cost reagent WGA, which made systemic 

administration of stain feasible. These intravital protocols were found to be ideal for labelling 

murine tissues but are unsuitable for fixed or human samples. However, this limitation might 

be overcome by employing whole-mount labelling, as was trialled by us and others (Becker et 

al., 2008; Hagerling et al., 2013; Onder et al., 2013). As part of the segmentation and data 

extraction process, we aimed to achieve full vessel filling of the luminal stained blood 

vasculature and established algorithms to specifically address this issue. Nevertheless, most 

acquired datasets did still require manual editing in order to obtain a full network. This 

particular problem, which is not common to traditional vascular imaging modalities like 

microCT and MRI, results from the use of surface markers in fluorescent imaging. A 

comprehensive solution to this problem enabling sufficient filling of all vascular channels in a 

more unbiased manner will be of value for our and other fluorescence-based imaging 

approaches (Tang et al., 2013). The application of a region-growing algorithm could be a 

useful addition to the segmentation procedure (Eiho, 2004; Lesage et al., 2009). The 

skeletonisation of fine conduit channels disclosed a new problem of sheet-like structures; this 

requires further attention. Moreover, the acquired greyscale images from each fluorescent 

channel could be ‘mined’ for obtaining more than just one structure. In applying different 
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threshold values to one volume image, as we have performed to generate a virtual lymphatic 

volume of empty medullary sinuses in chapter 7, multiple structures could be extracted based 

on their grey values. The continuous labelling of large volume structures further provides a 

challenge, which became evident in the insufficient conduit labelling of an enlarged LPS-

stimulated LN. Future test need to clarify whether the lack of staining in a central region is 

due to inadequate penetration of the dye or can potentially have functional implications, for 

example the discontinuity of channels in this region. Even though continuous staining of the 

paracortical reticular network might be restricted to small LNs through limitations provided 

by the efficiency of diffusion within conduits, the established method could be used to 

adequately stain small popliteal LNs and can potentially be adapted to facilitate staining of 

larger LNs. In some LN specimens we noticed leakage of the fluorescent label from large 

vessels into adjacent reticular fibres. These vessels are likely to represent HEVs, which have 

been reported to lack smooth muscle layers and are prevalent sites of lymphocytes 

extravasation. We interpret this leakage as a specific characteristic of the LN vasculature, 

which might be affected by the activation state of the LN or the anaesthetic procedure. To 

decrease the observed artefacts caused by dye leaking from blood vessels, the use of specific 

antibodies can prevent unintentional labelling of adjacent structures and we suggest avoiding 

unnecessary anaesthesia in future experiments. It is further worth noting that the embedding 

procedure was accompanied by a noticeable degree of tissue shrinkage, resulting in a 

diameter decrease of roughly spherical LNs by about 20%. The overall shrinkage is likely to 

affect our 3D measurements, but since a reliable method to determine the tissue volume 

before and after embedding is lacking, we can only speculate about its true extent. However, 

while we need to be cautious about relating our measurements to data collected in unfixed 

tissues, our results can be readily compared with other studies employing resin embedding 

such as electron microscopy research.  
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8.6. Implications for lymph node anatomy  

8.6.1 Overall considerations for lymph node organisation 

The microanatomy of LNs has fascinated researchers for many decades. Today’s view of the 

inner organisation of these organs and their changes during immune activation has been 

shaped to a large extent by a number of excellent microscopy studies that were performed 

about 20-40 years ago (Anderson & Anderson, 1975; Belisle & Sainte-Marie, 1990; Herman 

et al., 1972; Hoshi et al., 1984; Kowala & Schoefl, 1986; Sainte-Marie, Peng, & Belisle, 

1982; Steeber et al., 1987; Ushiki, Ohtani, & Abe, 1995). The results presented here generally 

confirm those initial findings but enrich previous observations by providing precise 

measurements of structural features like the vasculature. However, new insights into the 

spatial organisation of differentially labelled anatomical structures were also obtained. In 

keeping with previous descriptions, we found the main units of LN anatomy to be constituted 

by an outer cortex comprising the B cell follicles, a centrally located T cell-rich paracortex, 

and the medulla which is characterised by lymphatic sinuses that collectively exit at the hilum 

(Batista & Harwood, 2009; Willard-Mack, 2006). On the basis of the location of the medulla, 

LN anatomy has previously been described to take three different forms (Kowala & Schoefl, 

1986). A central location of the medulla surrounded by lymphatic tissue is referred to as type 

I and is commonly found in rodents and humans, while LNs of type II contain lymphoid and 

medullary components at opposite ends of the node, and the occurrence of centrally located 

lymphoid tissue surrounded by medullary tissue in type III was attributed to other species like 

pigs and dolphins. Our findings support the notion that all three types can be found within 

mice at distinct locations and that LN anatomy contains a certain degree of plasticity with 

respect to the medullary position. We found popliteal LNs representing type II if they 

contained only one paracortical unit, but occasionally displaying medullary tissue in the 

centre if two paracortical units were present. Since these two forms could occur at the same 

anatomical position it led us to conclude that LNs can transform from one to the other, 

thereby shifting the position of the medulla. While we did not find LNs that were completely 

surrounded by a medulla to represent type III, we found an outer layer of medullary tissue in 

inguinal LNs and in mesenteric LN clusters. In conclusion, this suggests that the gross 

anatomy of LNs can evolve from a primitive form representing type II into forms that contain 

larger regions of outside or inside located medullary tissue by addition of multiple lymphoid 

tissue units. As a consequence, centrally located lymphatic sinuses in LNs with two or more 
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paracortical units could represent remains of the initial medulla rather than ‘intermediate 

sinuses’ that descend from the subcapsular sinus (Forster, Braun, & Worbs, 2012). Future 

large-scale studies on LN anatomy will help to elucidate the different forms of LN 

organisation and their development during ontogenesis. It will be interesting to investigate if 

lymphoid units require a minimum distance to medullary tissue, and if this could help 

explaining LN anatomy.  

With regard to the vascular anatomy we found previous descriptions of the overall blood 

vascular constitution equally valid for our samples (Anderson & Anderson, 1975; Belisle & 

Sainte-Marie, 1990; Kowala & Schoefl, 1986). Dense capillary arcades could be observed at 

the cortex-medulla transit zone and surrounding almost avascular follicles, while larger 

vessels branched through the paracortex and medullary cords, to fuse into collecting arteries 

and veins at the hilum. HEV-type blood vessels could be distinguished by their characteristic 

‘cobblestone’ morphology (Anderson & Anderson, 1975; Kowala & Schoefl, 1986). Adding 

to these morphological descriptions we can now provide a highly detailed 3D topology map 

of the vasculature, which facilitates precise measurements on subregions and individual 

segments. We aimed to include the lymphatic system in this map, by employing a small 

molecular tracer and a vascular stain. While the topological description of the lymphatic 

vasculature and the conduit network is not yet complete, 3D imagery of dual or triple-stained 

LNs already permit comprehensive insights into their spatial arrangement. The addition of a 

lymphatic marker helped to clearly define the medullary, paracortical, and cortical zones in 

LNs. The medusoid geometry of the medullary sinuses that became evident in these images is 

located near the hilum and sends finger-like protrusions into the paracortical zone. The tracer-

labelled conduits are most defined in the paracortical region, while the stain diffuses within 

the medulla. Interestingly, we noticed a similar diffusion pattern after intravital blood vessel 

staining with WGA in some LNs. WGA leaked predominantly within the medullary region 

but was absent from the parenchyma in the paracortex. In conjunction with the finding that 

continuous lymphatic sinuses can have different cell contents in the cortical and medullary 

region (Kowala & Schoefl, 1986; Willard-Mack, 2006), the question arises how this 

segregation is achieved. The means by which the cortex-medulla transit zone is defined and 

cells or particles can be restricted to one or the other compartment is still an open question 

left for future investigation (Kaldjian et al., 2001). Taken together, we found that the 

investigated blood and lymphatic channel systems displayed a characteristic distribution 

within LN subcompartments, representing the metabolic requirements of its cellular content. 
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Interestingly, while the density of blood and conduit channels was comparatively low within 

the zones containing aggregates of B and T cells, namely the follicles and the paracortex, the 

regions in between those significant zones revealed a denser vascular bed and conduit 

network. This heterogeneous distribution indicates a higher need for metabolites, oxygen, and 

supportive signals provided by the FRC network within these regions between T and B cell 

zones that can be referred to as the cortical ridge (Katakai et al., 2004). We also noticed that 

after stimulation with LPS, the majority of proliferating cells was located at this site (the T/B 

border). In conclusion, it appears to us that the cortical ridge is equipped with dense networks 

of blood and conduit channels to support lymphocyte proliferation, while the follicles and the 

paracortex contain the necessary amount of structures to facilitate migration and antigen 

encounter. Whether this design is optimised to primarily assist immune activation or 

represents a compromise between steady-state support of circulating lymphocytes and the 

reactive setting, is an intriguing question for future investigation. Moreover, the role of LN 

stroma in peripheral tolerance, which is not sufficiently defined to date, needs to be 

considered in this context (Fletcher, Malhotra, & Turley, 2011).  

8.6.2 Vascular changes in reactive lymph nodes  

During the course of this study, the expansion of the blood and lymphatic vasculature 

following immune stimulation has been investigated more in depth, leading to the 

identification of crucial cellular and molecular and stimuli. With the help of flow cytometry 

analysis, Lu and colleagues defined three stages of vascular-stromal growth that each depend 

on distinct mechanisms (Benahmed, Ely, & Lu, 2012). The initiation phase is characterised 

by upregulation of endothelial and fibroblastic reticular cell proliferation dependent on 

CD11c+ cells, and includes the antigen-independent remodelling of the feeding arteriole 

which was recently shown to be dependent on CD4+ T cells and influenced by endothelial 

nitric oxide synthase and TNFα expression (Kumamoto et al., 2011; Sellers, Iwasaki, & 

Payne, 2013; Soderberg et al., 2005; Webster et al., 2006). High levels of proliferation 

continue during the expansion phase from day 2 to at least day 5, driven by signals from B 

and T cells and lead to increased endothelial and fibroblastic reticular cell numbers (Chyou et 

al., 2011). Critical signal molecules during these phases include VEGF, which is thought to 

be produced by fibroblastic reticular cells, and LTαβ expressed by B cells, which in turn have 

been attributed a central role in the initiation of lymphangiogenesis and HEV expansion 

(Angeli et al., 2006; Kumar et al., 2010). After day 5, the reestablishment of quiescence and 



Discussion 

191 
 

stabilisation is promoted by CD11chigh cells and accompanied by the decline of endothelial 

cell proliferation, reduced vascular permeability, and a diminished HEV trafficking efficiency 

(Tzeng et al., 2010). These events are paralleled by the suppression of lymphangiogenesis by 

T cells in an IFN-γ dependent manner (Kataru et al., 2011). It is remarkable how the 

remodelling of blood, HEV, and lymphatic endothelium is synchronised in distinct stages by 

few regulatory cell types (Boulianne et al., 2012; Kumar et al., 2012; Liao & Ruddle, 2006; 

Zhu & Fu, 2011).  

These highly informative investigations can be further supplemented by the results in this 

study. Our measurements on the full vasculature of a LPS-stimulated LN confirm previous 

observations of an increase in vascularity within 2 days (Herman et al., 1972). Moreover, our 

data allow the precise determination of changes in vessel number and the overall gain of 

blood vascular volume, which can complement the findings on increased endothelial cell 

numbers. Our method also allows quantification of the proportional increase of different 

vessel types by means of their diameters. Changes in vessel diameter of the feeding arteriole 

and the main vein can also be directly extracted from our data. In investigating one reactive 

LN we found that different sized vessels equally contributed to the overall vascular 

expansion. More samples will need to be analysed to confirm this trend, ideally using a 

stronger stimulus including an antigen component to achieve prolonged LN activation. The 

remodelling of the vasculature after the decline of the immune response represents another 

interesting study topic for comparative analysis. In future studies, it would be worthwhile to 

focus on the relationships of the overall blood, lymphatic, and the HEV networks, to compare 

our volume and length measurements with findings of flow cytometry studies on vascular cell 

numbers and potentially combine cellular and topology-based approaches to study LN 

reactivity more comprehensively (Kumar et al., 2012). Besides the detailed analysis of entire 

vascular trees including the capillary bed, our method provides a promising tool for 

quantifying regional changes in vascular composition and gaining further insights into 

measurable changes by revisualising them in spatial context. 

8.6.3 Information exchange between blood and lymph 

Blood and lymphatic channels feature a special relationship in LNs, as they provide critical 

entry and exit routes for leukocytes. Naïve lymphocytes are known to mainly enter the LN 

parenchyma via HEV endothelium and leave it with the lymph which they access though the 

cortical or medullary sinuses (Grigorova, Panteleev, & Cyster, 2010; von Andrian & Mempel, 
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2003). Small lymph-borne molecules such as cytokines have been shown to be channelled to 

the HEV endothelium via the conduit system and to promote lymphocyte extravasation, 

which is referred to as the ‘remote control’ hypothesis (Roozendaal et al., 2008; Stein et al., 

2000). The conduit system also allows small antigens to be sampled and processed by tissue-

resident dendritic cells in the T cell area (Sixt et al., 2005). In summary, the current system 

allows a unidirectional flow of information in the form of lymph containing molecules 

smaller than 70 kDa from the afferent lymph to blood vessels, and the migration of immune 

cells in the opposite direction. It is interesting to note that the size exclusion of 70 kDa is not 

present in the conduit channels of the while pulp in the spleen, which transports blood instead 

of lymph (Mueller & Germain, 2009). It has therefore been proposed that a key function of 

the conduit system in LNs is to distribute fluid to the venous system and that the size 

exclusion prevents the transmission of pathogens into the blood circulation (Roozendaal et 

al., 2008). Overall, the flow of information appears to be highly regulated in LNs, relying on 

the integrity of its vascular and stromal channel systems (Herzog et al., 2013; Scandella et al., 

2008). The understanding that the conduit channels descend from the subcapsular sinus to 

focus on HEVs is widely accepted in the current literature (Benahmed et al., 2012; Fletcher et 

al., 2011; Sainte-Marie & Peng, 1986; Sixt et al., 2005; Stranford & Ruddle, 2012). However, 

the impression we get from 3D images of the conduit system in our study suggests a different 

organisation. A continuous network spanning the entire paracortical region by branching 

between the subcapsular sinus and the medullary sinuses can be identified in volume 

renderings of a WGA labelled LN conduit system. Although conduit channels could be found 

to terminate on large blood vessels that are probably HEVs, as previously described, they 

were also seen to concentrate on lymphatic sinuses. We therefore ask if the overall network 

system can be regarded as truly focussing on HEVs or rather as evenly distributed within the 

paracortex, with HEVs being encapsulated as they branch through the paracortical space. 

Although we acknowledge that information is guided to the HEVs by this system, we wonder 

if this represents its primary purpose, or if fluid distribution to the lymphatic sinuses is of 

equal importance. Thereby, the conduit system could represent an inner ‘hydroskeleton’ of 

the LN architecture in a constantly changing cellular environment. Future work studying the 

distribution of tracer in a timely manner could help answering these questions.  

In addition to the connection of lymphatic and blood vascular systems through conduit 

channels, our data suggest that vascular channels of both systems can come into close spatial 

contact, which could indicate another form of information exchange in LNs. HEVs and 
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cortical sinuses have previously been found closely associated, providing a short-cut for 

newly arrived T cells to quickly leave the LN 20 minutes after their entrance (Grigorova et 

al., 2010; Mirsky et al., 2011). Direct endothelial juxtaposition similar to our observations 

have been described by Ruddle and colleagues for PNAd+ HEVs and LYVE1+ lymphatics in 

inflamed LNs after immunisation with oxazolone (Bentley et al., 2011; Liao & Ruddle, 

2006). These authors further describe the occurrence of ‘double-positive’ vessels for both 

markers in the course of immune activation, which relies on signalling through LTβR. 

Double-positive PNAd+ LYVE1+ vessels occurred in low numbers in unstimulated LNs and 

approximately doubled after stimulation. In agreement with these descriptions, we found 

vessels of both systems in close physical contact predominantly after stimulation with LPS 

but also in non-stimulated LNs. Moreover, we could clearly identify LYVE1 staining on 

WGA labelled blood vessels since the 3D imagery of full LNs allowed us to unequivocally 

identify these double-positive vessels as blood vessels. As we could also frequently detect 

LYVE1 staining on HEV-type blood vessels in immunostained sections, in agreement with 

published findings (Grigorova et al., 2010), this strongly suggests that the LYVE1+ blood 

vessels we found in intravitally labelled samples represent HEVs. Intriguingly, the LYVE1 

staining on the lumen of HEVs appeared significantly stronger in proximity to a meeting 

lymphatic sinus. The observed cortical sinuses that came into close contact with HEVs also 

terminated in these regions. Whether these cortical sinuses also express blood endothelial 

markers could not be tested in our experiments. In immunostained sections, we further noted 

Ki-67+ cells at locations where blood and lymphatic vessels came into close contact. This 

finding implies that vascular cells proliferate at these sites which could be indicative for 

lymphatic vessels sprouting from veins in recapitulation of their embryonic origin, as was 

recently suggested by Bentley et al. (2011). More importantly, we presented the first 3D 

descriptions of closely connected blood and lymphatic channels, which allowed us to study 

their spatial relationship at high definition. Together, these findings strongly indicate a direct 

physical cross-talk between blood and lymphatic vascular channels, which appears to be 

increased during activation. At this point however, we can only speculate about the form of 

interaction, whether it is uni- or bidirectional, involves purely cellular contact, or allows for 

the exchange of larger molecules or even cells. Interestingly, LYVE1 antibody was present on 

blood and lymphatic endothelium, which implies that molecules the size of IgG (~ 160 kDa) 

could be transferred from the lymphatic to the blood system at these locations. Antibodies 

have been found to be excluded from conduit transport, as they resemble the molecular size 

of 70 kDa (Gretz et al., 2000), which can therefore not account as a delivery system for 
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LYVE1 to HEVs. It would be interesting to identify if conduit channels in between blood and 

lymphatic vessels are involved in the exchange. We found fluorescent signal from WGA-

labelled blood vessels leaking into neighbouring conduits that extended to the endothelium of 

closely located lymphatic sinuses. Whether this pattern represents a true path of information 

flow from blood to lymph needs to be addresses in future tests. Interestingly, the staining 

pattern of PNAd shows a similar distribution on HEVs and surrounding conduits as was 

observed by us and others (Liao & Ruddle, 2006). To investigate the spatial and functional 

relationships of HEVs and lymphatic vasculature more in depth, fluorescent reporter mice 

have been generated that express GFP under the HEV-specific HEC6ST promoter and 

tdTomato under regulation of the nuclear transcription factor Prox1, a ‘master regulator’ of 

lymphatic vessel ontogeny and maturity (Bentley et al., 2011; Truman et al., 2012). While 

these double-fluorescent reporter mice provide the great opportunity to allow in vivo studies 

of vascular arrangement and cell migration, they lack fluorescent stain of the lymphatic 

endothelial surface which might be needed to sufficiently answer questions around 

endothelial interaction. We therefore suggest a combined experimental setting using 

transgenic mice and intravital LYVE1 staining to explore and quantify these vascular 

interactions more comprehensively. Additional tracer labelling will aid investigation of the 

exchange of particles between both systems. Without doubt, 3D imaging can greatly advance 

such studies since it enables better detection of these rare events in whole LNs and facilitates 

the identification of closely related channels in terms of their vascular identity. Since the 

direct form of cross-talk between the blood and lymphatic channels in LNs is only 

insufficiently described to date, it provides an intriguing field for future studies, not least 

because it has the potential to challenge previous models of information flow in these organs. 

8.6.4 Travelling the follicular conduit 

The different ways that B cells can encounter antigen in order to become activated and form 

germinal centres within LNs has been a central topic for immunological studies in recent 

years (Batista & Harwood, 2009; Cyster, 2010; Gonzalez et al., 2011). A major role has been 

assigned to follicular dendritic cells (FDCs), which can trap naïve antigens in the form of 

immune complexes for presentation to B cells for long time periods up to years (Allen & 

Cyster, 2008). These cells also aid B cell migration by providing CXCL13 and by the 

formation of a cellular network in analogy to the FRC network in the T cell zones, with which 

they share a common mesenchymal origin (Gonzalez et al., 2011). In addition, B cells have 
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been shown to capture particulate antigen from subcapsular sinus macrophages or tissue-

derived DCs (Cyster, 2010; Gonzalez et al., 2011). The possibility of free diffusion of small 

soluble particles through the subcapsular sinus floor into the B cell follicle as a source of 

antigen has been discussed but remains controversial (Bajenoff, 2012; Batista & Harwood, 

2009; Pape et al., 2007). Recently, new evidence emerged that small soluble antigens and 

chemokines can be channelled to B cells and FDCs via a follicular conduit system (Bajenoff 

& Germain, 2009; Roozendaal et al., 2009). This follicular conduit descends from the 

subcapsular sinus supported by MRCs, and leads to the network of FDCs in the deeper 

follicle (Bajenoff & Germain, 2009). By employing a comparable small molecular tracer, we 

observed exceptional follicular depositions in the present study - these do not find any 

equivalent in previous observations. Fluorescent WGA transported with the afferent lymph 

was found in distinct follicular units with inner honeycomb morphology. This staining pattern 

is consistent with a cellular surface staining of cells in a defined local region, which leaves 

the inner cell bodies unstained and gives the structure its comb-like appearance. It is quite 

surprising that previous tracer studies employing similar or even the same substances could 

not identify such distinct deposition within follicles (Bajenoff & Germain, 2009; Chai et al., 

2013; Gretz et al., 2000; Sixt et al., 2005). We therefore wonder if the observed formations 

here represent an event that is only present within a limited time frame, signify bound 

antigen, or are constituted of soluble molecules that were lost in other studies as a result of 

cryosectioning and immunolabelling of frozen tissues. The comparison of this special 

morphology with immunostained sections of LN follicles led to the conclusion that the 

honeycomb structures resemble cell accumulations of FDCs (Mionnet et al., 2013). While all 

cell types associated with these formations could not yet be accurately determined, the 

honeycomb structures were found to be enlarged in an LPS-stimulated LN. How these 

remarkable structures form and change during immune activation, which other cell types are 

potentially involved, and how such concentration of soluble tracer in defined regions is 

achieved, are challenging questions left for future investigation.   



Discussion 

196 
 

8.7. Future directions 

The work described in this study constitutes an innovative method for investigation of large 

tissue volumes at high definition and provides novel insight into the microanatomy of LNs. It 

opens up possibilities for investigating complex anatomical structures and poses new 

questions regarding the stromal organisation in LNs. In direct follow-up of the detailed blood 

vascular analysis of a mesenteric LN, it would be valuable to address regional heterogeneity 

by comparing blood vessel parameters of functionally different regions as far as they can be 

differentiated, for example the paracortex and the follicles. In a similar fashion, subregions of 

the paracortical conduit system could be investigated more in depth to identify key 

topological hallmarks. Studies aiming to better resolve the LN microanatomy could benefit 

from adding additional stains to the current protocols. For instance, 3D images of the 

vasculature including markers for HEVs or angiogenesis can help to provide a clearer picture 

of their spatial arrangement and changes during immune activation in relation to each other. 

While there are numerous other cellular and structural markers in the LN environment that 

would be worth investigating in a spatial context, we intend to focus on the relationship of 

vascular channels and the conduit network in future experiments. More precisely, we regard 

the follicular conduits including honeycomb formations and rare events of direct cross-talk 

between blood and lymphatic vascular channels as relevant topics for future work, as has 

been discussed more in detail above. Ultimately, the availability of 3D images of triple-

stained LNs could greatly advance our studies in this regard, but it has so far been constrained 

by the current restriction of the extended-volume confocal imaging system to two colour 

channels. If these technical limitations can be overcome, the acquisition of multi-labelled LNs 

could be an achievable goal. In order to extend the possibilities for investigating multiple 

structures, it would be worthwhile extending our capabilities in terms of whole-mount 

staining and trial if fluorescent transporter mice can be studied with extended-volume 

confocal imaging. Previously, volume imaging, which usually relies on tissue clearing was 

unfeasible with transgenic mice because the protein fluorescence did not survive the chemical 

treatment during clearing (Pollmann, Hagerling, & Kiefer, 2014). A novel procedure termed 

‘Clarity’ that was introduced recently seems to have overcome this limitation and facilitates 

the use of fluorescent animals for volume imaging (Chung et al., 2013). However, the 

generation of transgenic animals is very time-consuming and the volume staining protocols 

developed in this study represent a sensible alternative for labelling entire vascular channels. 

In the future, combined methods employing transgene animals and volume staining for 
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imaging full LNs on mesoscopic and microscopic systems like ours could provide valuable 

insights into their organisation and function. Moreover, sophisticated analysis of network 

structures could be performed on LN vascular systems of pathogen-challenged LNs (as part 

of a larger infection study), or on the vasculature of other organs. Our 3D tools have already 

been employed for the extraction and description of a large xenograft tumour vascular 

network, work that we are planning to extend to the investigation of inter-tumoural 

differences in hypoxia and drug transport for a number of tumour models. In this context, 

extension of our current tools set to allow measurements of the fractal dimension, tortuosity, 

and the overall orientation of segments in a network is a feasible aim (Jain, 2003; Vakoc et 

al., 2009). Finally, the incorporation of our previous measurements in computer models of LN 

architecture and cell migration could help to advance current models (Bogle & Dunbar, 2010, 

2012; Gong et al., 2013; Ludewig et al., 2012; Mirsky et al., 2011).   



Discussion 

198 
 

8.8. Conclusion 

In the present study, we introduce an innovative approach to study the topology of structural 

elements in entire LNs. We successfully established intravital staining protocols to label full 

blood, lymphatic, and conduit systems of murine LNs and employed extended-volume 

confocal imaging to generate high-resolution 3D images. We further showed that a novel set 

of computational tools can be used to extract a global topology map of the LN vasculature 

from these images, facilitating detailed measurements and integrative visualisation of 

vascular channels. More than anything, this work provides a proof of principle for the 

comprehensive visualisation and analysis of structural features of whole LNs comprising 

multi-colour volume imagery and purpose-orientated quantification in 3D, which is 

unprecedented in the current literature. The tools that have been developed provide a 

powerful solution for dealing with large-scale and content-rich data generated by volume 

microscopy and can aid the analysis of large datasets from other volume imaging 

technologies. Extended-volume confocal imaging provides large volume images up to several 

millimetres at confocal resolution, a combination which is not easily achieved with 

conventional imaging modalities. It therefore provides a valuable method for generating 

detailed imagery of the microanatomy of LNs and other organs, which can in turn be 

subjected to computational analysis. Moreover, new features of LN anatomy became evident 

in generated 3D images in this study. Remarkable formations within the B cell follicles and 

closely juxtaposed lymphatic and blood vascular channels could be closely inspected in 3D, 

which led us to pose new questions about their biological function in LN homeostasis and 

reactivity. Volume images of LN vascular and conduit systems in full LNs advance our 

perception of the overall LN organisation and stimulate speculations about their structural 

plasticity, remodelling during immune activation, and the potential identification of structural 

hallmarks of the smallest unit of LN anatomy. Collectively, the results from this study 

provide realistic spatial aspects that can be integrated into current computer models of 

immunity and ultimately help to better understand the immune system in the way it is built 

and functions, in 3D.  
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APPENDICES 

 

Appendix A - Post-processing of confocal image data 

The integration of image stack mosaics generated by extended-volume confocal imaging into 

stack volumes provided seamless 3D data of fluorescently labelled structures. As a 

consequence of the surface imaging procedure, gradually decreasing signal strength could be 

noted from the top to the bottom of individual image stacks, which led to a stratification of 

signal intensities in the resulting 3D volume image (Appendix A-1 B). To improve the quality 

of the generated 3D images and facilitate subsequent analysis, we sought to employ an 

equalisation algorithm to reduce the fluctuation of image average intensity in z direction. This 

procedure proved to be rather difficult, due to the spherical shape of most LN specimens, 

which required the correction method to also take into account the changes of intensity due to 

a growing imaged tissue area. Therefore, rather than having a fixed target for correction we 

used a variable (‘smoothed’) ideal intensity (Appendix A-1 A).  

The algorithm employs variable correction factors based on the average intensity at each 

z slice throughout the volume. Firstly, the average intensity (A) was computed and plotted for 

every z plane of the 3D image above a certain pixel value (threshold). The threshold is 

necessary to ensure that the average is taken over the tissue image, excluding regions outside. 

Next, simple smoothing was applied to produce a smoothed average intensity (SA) and used 

to calculate a correction factor f(z) for each z plane (with α = 0.9 to prevent over-correction) 

using the following formula: 

z ∗
z
z

1  

The equalized image was created by multiplication of all pixel intensities on a z plane with 

the corresponding correction factor. The corrected 3D images displayed a significantly 

reduced intensity variation (Appendix A-1 C) and were more suitable for image analysis as 

the chance of missing faintly stained structures was reduced.   
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Appendix A-1.  Using a smoothed average for image equalisation 

For explanation please see the text above. Employed parameters in this example: threshold = 5, smoothing 
factor = 0.05. 
 

Appendix B - Network extraction and analysis 

The following paragraphs describe a set of newly developed computational tools to extract 

network information from confocal microscopy images and enable topological measurements. 

These tools were conceptualised and written by Dr Gib Bogle (manuscript in preparation). 

Use was made of the Insight Segmentation and Registration Toolkit (ITK), an open-source, 

cross-platform system that provides developers with an extensive suite of software tools for 

image analysis (Ibanez & Schroeder, 2005; Yoo et al., 2002). All the tools utilise ITK 

methods for reading and writing tiff image files, and certain ITK filters were also used – this 

is noted where applicable. 

Image Plane 
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In order to computationally quantify structures of interest from microscopy images, we first 

had to extract them from the 3D volume images. Therefore, the raw microscopy data which 

contains greyscale information (with voxel values ranging from 0 to 255) had to be simplified 

in a multistep process referred to as ‘segmentation’. In the segmented image, voxels that fall 

within the object of interest are white (255) while those outside are black (0). We first 

employed a thresholding algorithm, in which all pixel values in an image were converted into 

black (0) or white (255) pixels, depending on whether they lay below or above a constant 

threshold, respectively. In processing 3D images of blood vasculature, which originated from 

fluorescent staining of the vessel lumen, we found that the simple thresholding provided an 

incomplete dataset of the blood vessels, with plenty of gaps in the vessel walls and faintly 

stained vessels being poorly captured. This issue is likely to originate from variable staining 

intensity on the overall vasculature, making segmentation a challenging task. Thus, we 

modified this procedure and used a local thresholding algorithm instead. The threshold level 

is made to depend on the average local intensity, with a lower threshold being used if the 

local intensity is faint. In preparation for this measurement a smoothed image is first 

generated, containing the averaged local intensity of neighbouring voxels. Then, local 

thresholding generates a binary image, in which stained vessels walls are white with a black 

background.  

In contrast to typical medical imaging methods (such as MRI or microCT) which provide 

continuously filled vessel data, the luminal blood vessel staining in our 3D images required 

further procedures to obtain a completely filled vascular network. In principle a collection of 

connected hollow tubes, the segmented blood vessel images included numerous cases of 

broken vessel lining, needing to be sealed in order to accomplish segmentation, which 

amounts to filling the tubes. Since this problem is not common in the literature, we had to 

come up with a novel approach to solve this issue. The basic idea was to define a measure of 

the ‘insideness’ of a black voxel in order to determine whether or not it falls within a vessel, 

in which case it is changed to a white voxel. The algorithm that was developed measures the 

distance from each candidate (black) voxel to the nearest white voxel in the 26 directions 

corresponding to the 26 neighbours of a point in a 3D rectangular grid. If the number of 

closely located white neighbours within a certain distance exceeds a threshold the candidate 

voxel is regarded as being located inside a vessel and is set to 255. This process is repeated 

until all gaps are filled. 
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As the final step of the segmentation process, the largest connected object within the 3D 

image - corresponds to the vessel network - must be isolated. An algorithm was developed to 

identify connected sets of white voxels of which the largest is saved as the final segmented 

vessel image. This process also removes (non-connected) noise voxels which were carried 

during the previous processing steps, and facilitates the analysis of complex 3D objects.  

The segmented image of the vessel network represents a simplified description of the 3D 

image and is suitable for display purposes, but not immediately useful for quantitative 

measurements. In order to enable sophisticated analysis of its 3D geometry, we sought to 

create a numerical description of the network, conveying the dimensions and layout of the 

vessels, including their connectivity. As a first step, a thinning algorithm was applied to the 

segmented image, to identify the centre-lines of connected voxels and produce a binary tiff 

image of the network ‘skeleton’. The thinning was carried out using the ITK filter 

‘itkBinaryThinningImageFilter3D’, an implementation of the algorithm described in Lee at 

al. (1994). Based on the information of the network skeleton and the segmented image, a 

tracing algorithm was employed to map the location, shape, and connectivity of all network 

segments. The resulting description of the network structure is referred to as ‘network 

topology’. It includes information about the vessel diameters, which are estimated at multiple 

points along a vessel (a vessel is defined as the segment between two branching points, which 

are consequently junctions of three or more vessels). The estimated vessel diameter at a point 

is the diameter of the disk equal in area to the cross-sectional area of the segmented vessel at 

that point. This area is determined by considering many planes through the point and 

quantifying their intersections with the vessel, then choosing the minimum value. The 

algorithm that produces the topology description further includes steps to tidy the network, 

for example to remove (‘prune’) short dead-end segments that do not resemble true vessels 

and to eliminate small loops in the network that are artefacts of the processing. Moreover, the 

algorithm includes the option of reconnecting closely located vessels with similar orientation 

that might have been disconnected during the processing. Once the network topology has 

been generated it is possible to derive statistics of vessel lengths and diameters, measure the 

number of segments within the network, and define its volume. The network topology was 

written out in two file formats, an Amira spatialgraph file and CMGUI files (comprising 1D 

element and node information, including diameter data). Both file formats allowed the 

network map to be visualised as a 3D rendition (with OpenGL) consisting of cylinders and 

spheres, and CMGUI facilitated the creation of animations.  
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Appendix C - Moving average 

In order to obtain an estimate of the density of stained fibrous elements within a 3D volume, 

we employed a moving average tool that was optimised by Dr Gregory B. Sands. This was 

achieved by computing the averaged voxel densities of cubes with a set radius (eg. 10 µm) 

while moving in 2 µm steps across the binary volume image. In other words, the density D at 

a voxel location (xyz) was defined as the fraction of segmented voxels within a cube of radius 

r centred on that point, following the formula:   

 

The resulting averaged 3D image contains density values between 0-1 and can be rescaled to 

0-255 to allow to be visualised as a greyscale or false-coloured image (for example as a heat 

map) or as a histogram. This procedure allowed us to estimate the fibre density of the 

reticular network in a LN and could serve to compare different network densities in future 

work.   
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Appendix D - Additional image data 

 

 

Appendix D-1.  Unspecific staining pattern of WGA as seen in frozen sections 

To test the binding characteristics of WGA within LNs, biotinylated WGA was injected into the LN chain and 
allowed to diffuse within the lymphatics for 40 minutes before freezing and sectioning of the tissue (A) or 
applied topically onto untreated frozen sections (B) and detected with Alexa Flour®568 conjugated streptavidin. 
The distribution of WGA (red) in frozen sections does not show any obvious specificity for cells within LNs but 
rather displays broad labelling of cells, as is shown for a B cell follicle (rectangle in B). Following injection, 
only the interconnected lymphatic channels receive broad staining (rectangle in A).  
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Appendix D-2.  Segmentation of confocal blood vessel images 

The fluorescently labelled blood vascular network of a mesenteric LN was imaged using extended-volume 
confocal imaging. The generated 3D image (false-coloured: green; A) was used for segmentation using custom 
developed tools, resulting in a binary representation (false coloured: red; C).  During this process several vessel 
tubes that were only labelled by luminal stain had to be filled, which can be seen in a superimposed image of the 
raw and binary data (B). The resulting segmented image was subsequently employed for the generation of a 
computational network description.  
 
 



Appendices 

206 
 

 
 

Appendix D-3.  3D 
anatomy of the 
vasculature in 
Peyer’s patches 
 
The blood 
vasculature of a 
murine Peyer’s 
patch was fluo-
rescently labelled 
with WGA and 
imaged at the 
extended-volume 
confocal imaging 
system at 1 µm 
pixel resolution. 
Volume rendering 
of the 3D image 
data was performed 
in Imaris and shows 
the distribution of 
vessels including 
small capillaries 
(asterisk; A).  
Arterioles (arrow-
head; A) show 
smooth labelling 
which distinguishes 
them from HEV-
type blood vessels 
displaying a rough 
‘cobblestone’ 
morphology (A).   
 
An epifluorescent 
image of a resin 
embedded and 
sectioned Peyer’s 
patch with Picro-
sirius red stained 
cells (red) and 
WGA-Alexa Fluor® 
488 labelled blood 
vessels (green) 
shows the attach-
ment of cells on the 
walls of a HEV (B). 
Fluorescent 
labelling of cells 
(arrowhead) 
attached to the 
vessel lumen adds 
to the bumpy 
appearance of the 
luminal stain in 
these regions. 
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