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Abstract 

Mast cells, best known for their pathologic role in allergy, have recently been 

shown to have key roles in the initiation of adaptive immune responses.  These cells are 

located throughout the body just beneath barriers separating host from environment, 

possess multiple pathogen recognition systems, and store large quantities of fully active 

inflammatory mediators.  These key features make them uniquely situated to act as 

sentinels of immunity, releasing the very earliest alarm signals when a pathogen is 

present.  As a testament to the importance of these cells, mast cell-deficient mice have 

suboptimal immune responses, and mast cell activators can act as potent adjuvants for 

experimental immunizations.  Specifically, mast cells have been shown to enhance the 

number of naïve lymphocytes in infection site-draining lymph nodes, and to encourage 

the migration of dendritic cells to responding lymph nodes. 

Although infections usually occur at peripheral sites, adaptive immune 

responses are initiated in distant lymph nodes.  Despite the distance, signals from the 

site of infection result in dramatic, rapid reorganization of the node, including massive 

recruitment of naïve lymphocytes from the circulation and extensive vascular 

restructuring to accommodate the increase in size.  How such signals reach the lymph 

node is not well understood. 

When mast cells degranulate, in addition to releasing soluble mediators such as 

histamine, they expel large, stable, insoluble particles composed primarily of heparin 

and cationic proteins.  The work presented herein demonstrates that these particles act 

as extracellular chaperones for inflammatory mediators, protecting them from dilution 

into the interstitial space, degradation, and interaction with non-target host cells and 

molecules.  The data show clearly that mast cells release such particles, that the particles 
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are highly stable, contain tumor necrosis factor (a critically important 

immunomodulator), can traffic from peripheral sites to draining lymph nodes via 

lymphatic vessels.  Furthermore, extensive biochemical characterization of purified mast 

cell-derived particles was performed.  Finally, evidence is presented that such particles 

can elicit lymph node enlargement, an infection-associated phenomenon that favors the 

development of adaptive immunity, by delivering peripheral TNF to draining lymph 

nodes.  

This signaling concept, that particles may chaperone signals between distant 

sites, also has important implications for adjuvant design.  The evidence presented here 

shows that encapsulation of TNF into synthetic particles similar to mast cell-derived 

particles greatly enhances its potency for eliciting lymph node enlargement, an 

indication that adaptive immunity may be improved.  This delivery system should 

ensure that more adjuvant arrives in the draining lymph node intact, where it would 

lead to changes favorable to the development of the immune response.  Such a system 

would also facilitate the delivery of multi-component adjuvants that would act 

synergistically at the level of the lymph node when gradually released from 

microparticle carriers.  An additional advantage of microparticle encapsulation is that 

vaccine formulations of this type may require much lower doses of expensive antigen 

and adjuvants. 

The delivery of inflammatory mediators to lymph nodes during immune 

responses may be an important general feature of host defense.  Although the action of 

mediators of peripheral origin on draining lymph nodes has been described before, this 

is the first demonstration of a specific adaptation to deliver such mediators.  Not only is 
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the characterization of mast cell-derived particles important to basic immunology, but 

mimicking this adaptation may also lead to improved therapeutics. 
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1. Introduction 

1.1 Mast Cells 

Mast cells are granulated cells of hematopoietic origin (Figure 1).  They were 

discovered in 1877 by Paul Ehrlich, by virtue of their metachromasia upon staining with 

aniline dyes (1).  Although he and many others have speculated as to the functions of 

these ubiquitous cells, only recently has any real insight into their true physiologic 

purposes been gained.  That mast cells play an important role is suggested by their 

conservation throughout (at least) the chordates.  Similar cells (containing histamine and 

heparin) have been found in animals as distantly related to mammals as sea squirts (2). 

 

Figure 1: Transmission EM of a mast cell in mouse ear dermis. 

Mast cells are endowed with an impressive capacity to elicit inflammation. The 

prominent cytoplasmic granules in these cells contain large quantities of potent 
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inflammatory mediators, which are available for rapid release into the surrounding 

extracellular environment upon stimulation.  Mast cells are also capable of elaborating de 

novo mediators, including arachidonic acid metabolites and inflammatory cytokines.  

This, in combination with the fact that mast cells can respond to a wide variety of 

stimuli, suggest that they may play a primary role in the early stages of inflammation. 

Another feature that is critical to mast cell control of inflammation is their 

proximity to vascular structures.  As will be discussed in greater detail below, both the 

blood and lymphatic vasculatures are vital to innate and adaptive immune responses.  

Mast cells are often found in intimate association with blood vessels, a fact observed first 

by Ehrlich himself (1).  In some areas, this relationship is so close that they appear to be a 

structural element of the vessel (Figure 2A).  Figure 2B shows a mast cell associated with 

a venule/arteriole pair.  This image illustrates, when mast cells are activated, the 

underlying endothelium (especially the venular endothelium, which has no supporting 

cells) will be exposed to high concentrations of mast cell mediators in the event of the 

cell's activation.  Lymphatic vessels are also an important element of connective tissues, 

and mast cells are in prime locations to interact with these as well (see Figures 2C and 

2D).   

Mast cells are best known as major effector cells of allergic inflammation, because 

of their high affinity IgE receptors (Fc RI) and large quantities of stored histamine.  

Indeed, Fc RI crosslinking by allergens is among the most potent physiologic activating 

stimuli known for mast cells.  Although there is substantial evidence to show that 

allergic-type inflammation can be beneficial, such as in the expulsion of certain types of 

ticks from skin (3) and nematodes from gut (4), it seems likely that mast cells have more 

important functions. 
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Figure 2: Proximity of mast cells to vascular structures.   

(A) Confocal micrograph of whole mounted mouse ear; red: blood endothelium 
(CD31), blue: mast cell heparin. (B) TEM of a venule-associated mast cell.  V 
indicates venule lumen (5)1. (C) Confocal micrograph of mouse footpad section; 
green: lymphatic endothelium (LYVE-1), red: CD31, blue: mast cell heparin. (D) 
Confocal micrograph of whole mounted mouse ear.  Same markers as C). 
 
It is rapidly becoming clear that mast cells have a role to play in most, if not all, 

forms of inflammation.  However, in contrast to allergy, in which mast cells are one of 

the primary effector cells, they appear to have a more immunostimulatory role in other 

kinds of inflammation, in which other cell types carry out the effector functions.  Their 
                                                        

1 Used with permission from R.C. Wagner, imaged accessed on 5/12/09 at 
http://www.udel.edu/biology/Wags/histopage/empage/ect/ect13.gif  



4 

special features and location in peripheral tissues make them ideal candidates for the 

role of "immune sentinel," as they are capable of detecting pathogens and other insults 

and rapidly soundly the alarm, inducing a host response.  This early period, including 

the "recognition event" and the inflammatory events that immediately follow, has not 

been extensively studied.     

1.2 Mast Cell Specializations Critical to Sentinel Function 

This section will discuss in greater depth some of the structural and functional 

features of mast cells that enable them to effectively perform an early warning function 

in immunity. 

1.2.1 Mast Cells Can Be Activated by a Variety of Endogenous and 
Exogenous Stimuli 

Mast cells are capable of responding to a variety of stimuli, making them 

versatile detectors of tissue injury and incipient infection.  It is widely known that mast 

cells undergo dramatic degranulation with release of mediators after cross-linking of 

high affinity IgE receptors with antigen.  Mast cells also have receptors for non-IgE 

antibody isotypes, such as Fc Rs, which when cross-linked can cause degranulation and 

cytokine production (6, 7).  This may be relevant to pathogen detection by natural 

antibodies or during memory responses.  Degranulation also occurs in response to the 

complement components C3a, C4a, and C5a, which are generated early in encounters 

with pathogens (8-10).   

Many other endogenous inflammatory signals can elicit mast cell activation, 

including some cytokines, especially IL-1 (13) and SCF (12).  A number of peptides also 

elicit responses; these include bradykinin (14), substance P (15), somatostatin (16), 

adrenocorticotropic hormone (ACTH) (14), calcitonin gene-related peptide (CGRP) (17), 

vasoactive intestinal peptide (VIP) (18), and neurotensin (19), although the significance 
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of these findings remains unclear.  These peptides share structural motifs with several 

exogenous peptides that also cause mast cell degranulation, such as mastoparan (20) and 

mast cell-degranulating peptide (MCD) (14), found in wasp and bee venom, 

respectively.  All of these fall ultimately into a category of mast cell activators generally 

referred to as polybasic compounds, that operate by a common mechanism involving 

insertion directly into the membrane and interaction with cytoplasmic G proteins (21, 

22).  Several synthetic mast cell activating compounds also are thought to work through 

this mechanism (compound 48/80 (23), poly-lysine (24), polymyxin B, protamine (14), 

and a number of drugs). 

Mast cells respond directly to pathogen-associated molecular patterns (PAMPs) 

via Toll-like receptors (TLRs), with some stimuli causing outright degranulation and 

others secretion of de novo products without degranulation (25, 26).  Mast cell CD48 has 

been shown to detect Gram-negative fimbrial proteins (27).  Other pathogen-derived 

products, such as ion-conducting cytotoxins, can also elicit significant responses (28).  

Although most studies of mast cell activation has focused on a single stimulus, in an 

actual infection or other injury, many exogenous and endogenous signals are 

simultaneously elaborated, which are certain to have synergistic or at least additive 

effects.  This implies that mast cell responses are likely to be even more profound in vivo. 

1.2.2 Mast Cells Store Large Quantities of Inflammatory Mediators in 
Highly Specialized Granules 

The most morphologically distinctive feature of mast cells is certainly their 

cytoplasmic granules (see Figure 1).  These are more complex than just sacs of soluble 

chemicals, however.  The main structural determinants of mast cell granule organization 

appear to be heparin proteoglycans.  Heparin was discovered in liver extracts as an 

anticoagulant activity and has since been used very widely as such.  The basis of this 
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activity is heparin's interaction with the anticoagulant enzyme antithrombin III.  It is 

produced exclusively by mast cells.  Heparin is a highly sulfated, unbranched 

glycosaminoglycan consisting of repeating disaccharides of glucosamine and glucuronic 

acid.  This basic structure is adorned by slight modifications to the sugar residues and 

by varying quantities of sulfate substitution, making the molecule quite heterogeneous.  

In secretory cells, long heparin chains (up to 100 kDa) are attached via an O-linkage to 

serine residues on the proteoglycan core protein serglycin, so named because a section of 

the protein is composed of alternating serine and glycine residues.  Serglycin is the core 

protein for most proteoglycans involved in granule storage and destined for secretion. 

The high level of sulfation on heparin molecules gives it one of the highest 

negative charge densities of any known macromolecule, and this feature is key to its 

storage role in mast cells.  The reason for this is that nearly every other molecule stored 

in mast cell granules has a net positive charge, especially given the fact that the pH of 

the resting granule is maintained at a low 5-6 (29).  Many of the most abundant proteins, 

the mast cell proteases, have very high isoelectric points, so these are highly cationic to 

begin with, but even neutral molecules will be positively charged at this pH.  It should 

be noted that the proteases, while fully processed, are not catalytically active at this pH, 

presumably protecting other granule contents from proteolysis.  The sulfate side chains, 

on the other hand, have a pKa of around 0.5, and these retain their negative charge.  

Thus, mast cell mediators are stored in electrostatic complexes with heparin (see Figure 

3).  Because of this mechanism, the granule has a very low water content, and 

consequently very large quantities of inflammatory mediators can be loaded into the 

granules.  It also results in extensive cross-linking between individual heparin 

proteoglycan molecules, as many mediators are multivalent cations in the acidic granule.  
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This compresses the granular contents, in a sense, giving the organelle its characteristic 

electron dense appearance in micrographs. 

 

 

Figure 3: Structure of mast cell granules. 

(A) SEM of a released mast cell granule.  (B) Schematic showing relationship 
between granule contents in the intact granule. 
 
Histamine is a divalent cation at the acidic pH of the granule and binds to 

heparin electrostatically.  It is stored at very high concentrations, estimated to be on the 

order of 0.6 M (30), necessitating a counterion with very high charge density like heparin 

to maintain electroneutrality.  At this concentration, histamine is the most abundant 

cation present, whereas in the vast majority of aqueous biological systems, it is a mineral 

electrolyte, either K+ or Na+.  When degranulation occurs, the heparin matrix is bathed in 

the extracellular fluid, where sodium is the most abundant cation and where the pH is 

usually approximately 7.4.  At this pH, histamine is a monovalent cation, and is rapidly 

replaced by sodium on the heparin matrix, which acts essentially as an ion exchange 

resin.  This results in the rapid solubilization of histamine and other loosely bound 

mediators (31, 32).   
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This unique mechanism is crucial for the storage of mast cell granule contents.  

Knockout mice for the enzyme catalyzing the final step in heparin synthesis have highly 

abnormal mast cells with large, empty-appearing granules and much lower levels of 

stored mediators (33, 34). 

1.2.3 Some Mediators Remain Associated with the Granule After 
Exocytosis 

That mast cells release insoluble particles has been evident for some time from 

electron microscopic studies.  The evidence determining the nature of these came from 

observations that, of the known mast cell granule components, not all are released in the 

same relative quantities after activation.  For example, when purified rat peritoneal mast 

cells are activated, they release a much smaller percentage of their total cellular heparin 

(another mast cell product stored in granules) than they do histamine (31, 35).  The 

mechanism underlying this finding requires some correlation with μltrastructural 

studies of mast cell degranulation.  During degranulation, granule membranes fuse both 

with each other and with the plasma membrane.  This creates a labyrinth of spaces 

within the cell that is continuous with the extracellular environment.  Every granule 

within these spaces becomes visibly altered because they are now functionally 

extracellular.  Although some of these particles are actually released entirely into the 

extracellular medium, others are prevented from leaving, being retained within the 

system of spaces created by granule-granule fusion (36).  Thus, a portion of the cell's 

heparin, which remains associated with the granule core even after functional 

exteriorization, ends up remaining intracellular at the conclusion of the response.  

Histamine, on the other hand, is entirely soluble, so every granule in communication 

with the external space during the response has released its histamine, which rapidly 

dissolves away into the extracellular fluid. 
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Whereas histamine and some other granule contents dissociate from the heparin 

proteoglycan matrix rapidly after degranulation, others remain associated.  Examples of 

these include the highly cationic proteases rat mast cell protease I (RMCP-1) and mast 

cell carboxypeptidase A (MC-CPA) are known examples (31).  The large number of 

electrostatic interactions between these cationic proteins and heparin preserve the 

granule core’s structural integrity after release (see Figure 3).  The effect of this 

differential solubility on various mast cell mediators has not been explored in any depth, 

but naturally such changes are likely to alter the disposition of granule contents.  

Histamine, for example, being completely soluble, rapidly diffuses away from the 

releasing cell and therefore exerts its effects very early in the response.  The diffusion of 

the insoluble proteases, on the other hand, is restricted by their attachment to the 

extracellular granule.   

Thus far, only mast cell proteases have been examined in any detail with regard 

to their stable association with mast cell granules after exocytosis.  This focus on 

proteases is understandable, because these proteins are by far the most abundant stored 

in granules, and they have easily measurable enzymatic activities that can be probed 

using type-specific inhibitors.  One important unanswered question, however, is 

whether other molecules, including the critical immunomodulatory cytokine tumor 

necrosis factor (TNF), remain associated, as insoluble mediators likely have different 

fates and functions than soluble ones.  Central to this question is whether or not such 

mediators bind to heparin under physiologic conditions.  A large number of 

inflammatory molecules and growth factors are known to bind to heparin in vitro 

including many cytokines (37), fibroblast growth factor (FGF) family members (38), 

vascular endothelial growth factor (VEGF) (39), and essentially all chemokines (40).  

Some of these heparin binding proteins, including basic fibroblast growth factor (bFGF) 
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and vascular endothelial growth factor (VEGF), are known to be produced and stored by 

mast cells (41, 42).  There is also evidence to suggest that TNF can bind to heparin (43, 

44), so it is probable that, when released, it remains in associated with the extracellular 

granule. 

The heparin-based granule has been shown to stabilize mast cell proteases and to 

provide barriers preventing large soluble molecules from entering the complex (45).  

Also, many heparin-binding proteins are protected from proteolytic degradation by 

heparin (46-49).  Thus, granules may also act as extracellular chaperones for mast cell 

mediators.  This would mitigate many of the factors that limit the duration of action of 

soluble mediators after release from mast cells.  Specifically, this could protect mediators 

from degradation, prevent their loss of activity by dilution, and inhibit their interactions 

with other host molecules. 

The fate of these particles after their release has not been investigated in great 

detail.  The earliest reports describe their phagocytosis by adjacent connective tissue 

resident fibroblasts (50, 51).  Studies of mast cell degranulation in the rodent peritoneal 

cavity have documented their uptake by macrophages (52) and eosinophils in rat (53).  

Phagocytosis of extracellular granules has also been documented for endothelial cells 

(54), neutrophils (55), and reticular cells and macrophages in lymph nodes (56, 57).  

After internalization, the particles are eventually degraded (50, 52).  In all of these cases, 

the studies only investigated the local environment surrounding the activated cells (the 

lymph node studies were focused on lymph node-resident mast cells).  The notion that 

some particles may travel any significant distance has not been explored. 

1.3 Roles for Mast Cells in Early Inflammation 

Studies examining the role of mast cells in complex biological events like 

inflammatory responses were very difficult until the discovery of mast cell-deficient 
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animals, such as the kitW/W=v mouse, which can be specifically reconstituted with bone 

marrow-derived mast cells from their wild type counterparts (58).  Using mast cell-

deficient mouse models, many have since provided convincing evidence for the roles of 

mast cells in a variety of inflammatory situations.   

Several studies of nonspecific or irritant inflammation suggest an important role 

for mast cells.  Mast cell-deficient mice, for example, have delayed neutrophil influx in a 

thioglycollate peritonitis model (59).  The same is true in a subcutaneous pouch model of 

polyacrylamide gel-induced inflammation (60).  Inflammation in UVB irradiation 

(sunburn) also involves mast cell activation, which is associated with TNF release and 

endothelial expression of E-selectin (61, 62).  TNF release by mast cells has also been 

implicated in initiating inflammation during myocardial ischemia/reperfusion injury 

(63).  Ear thickening and associated neutrophil recruitment after epicutaneous 

application of phorbol 12-myristate 13-acetate requires mast cells (64), as does 

inflammatory cell recruitment after peritonitis induced by the calcium ionophore 

A23187 (65).  Mast cells were also required for the initiation of inflammation in a murine 

model of silicosis (66).  Each of these models involves complex inflammation in response 

to a variety of relatively nonspecific injurious stimuli.  The requirement for mast cells in 

these processes supports a general role in inflammation. 

Inflammation induced by host-derived mediators also often involves the 

participation of mast cells.  For example, injection of substance P leads to rapid 

eosinophil and neutrophil recruitment which is largely mast cell-dependent (67, 68).  

Early eosinophil recruitment also requires mast cells after intraperitoneal administration 

of eotaxin (69).  Depletion of mast cells (by repeated intraperitoneal injection of the mast 

cell activator compound 48/80, which does not so much deplete mast cells as exhaust 

their preformed mediators) reduced neutrophil influx after the injection of LTB4, 
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although it did not affect that induced by fMLP or C5a des arg, all three of which are 

canonical neutrophil chemoattractants (70).  The mechanisms behind these responses 

remain to be elucidated. 

Mast cells appear to be involved in almost every type of immunologic 

hypersensitivity reaction.  Their role in allergic diseases (type I hypersensitivity) is well 

known.  However, there is now a good deal of evidence showing their impact on other 

inflammatory processes.  One study of mast cell-deficient rats showed a defective 

neutrophil response to serum-induced pleural inflammation (71).  Furthermore, immune 

complex peritonitis (a form of type III hypersensitivity) shows mast cell dependence 

(72), which is partially leukotriene-dependent (73).  Neutrophil elicitation in this model 

was also shown to require TNF (74).  In immune complex-mediated skin inflammation 

(the cutaneous Arthus reaction), mast cell deficiency leads to diminished neutrophil 

recruitment involving complement and Fc  receptors.  A similar defect is seen in 

immune complex-mediated lung injury (75).  Delayed-type (type IV) hypersensitivity is 

also defective in mast cell-deficient mice, and this was shown to be related to the release 

of vasoactive amines by mast cells (76, 77). Experimental hypersensitivity pneumonitis is 

severely diminished in the absence of mast cells (78).  

Inflammation incited by microbial products appears to involve mast cells.  

Zymosan, a yeast cell wall component, elicits rapid peritonitis.  In this model also, mast 

cell-deficient mice show defective neutrophil recruitment.  However, the investigators 

also document reduced levels of proinflammatory cytokines well into the response, 

suggesting that mast cells initiate a cascade of effects.  Here they demonstrate that early 

neutrophil recruitment is partially histamine-dependent, but do not examine other 

mediators (79).   Another study examined peptidoglycan-induced peritonitis (a 

component of bacterial membranes).  This work shows that neutrophil influx is 
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dependent on complement, Toll-like receptor 2 (TLR2), and mast cells (80).  

Inflammation associated with the injection of lipopolysaccharide (LPS, a Gram negative 

cell wall component) in rat skin also involves mast cell activation and mediator release 

(81).  This is not to suggest that all of these agents directly act on mast cells to cause 

activation, as it is known that, at least, in vitro, LPS stimulates cytokine production but 

not preformed mediator release (82), suggesting that in vivo responses may involve more 

complex combinations of signals. 

Finally, substantial evidence now exists to the effect that mast cells are intimately 

involved in the inflammation that accompanies active infections.  In some of the earliest 

reports demonstrating a clear link between mast cells and host defense during bacterial 

infection, the presence of mast cells was shown to be required for survival in models of 

acute bacterial infection of the peritoneal cavity, requiring TNF (83, 84) and early 

recruitment of neutrophils to the site of infection (83).  Neutrophil recruitment and 

bacterial clearance was later shown to be also related to mast cell-dependent leukotriene 

production in the same model (85).  Using the cecal ligation and puncture (CLP) 

polymicrobial peritonitis model, work from another group suggests that macrophage 

inflammatory protein-2 (MIP-2; also known as CXCL2)-mediated mast cell activation 

was crucial for subsequent TNF accumulation and partially P-selectin-dependent 

neutrophil influx, although the source of MIP-2 was not identified (86).  Mast cell 

dependent neutrophil recruitment is important for host defense in experimental 

Pseudomonas aeruginosa skin infection (87).  Klebsiella pneumoniae peritonitis also requires 

mast cells for an optimal host response, and again the key feature is neutrophil 

elicitation, which in this study was shown to require the tryptase mMCP6 (88).  The 

response to murine CNS Sindbis virus infection also involves mast cells (89).  
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From this discussion, it is clear that mast cells are involved in many types of 

inflammation in addition to allergic reactions.  Although these cells are not required for 

every kind of inflammation (90), mast cell activation does appear to be a critical factor in 

many.  Although the studies above were performed in a wide variety of specific, often 

contrived models, a few general insights may be gleaned.   

First, mast cells can mediate very early inflammatory cell recruitment.  Second, 

mast cells can be activated by a variety of stimuli.  Most of the studies cited above do not 

attempt to identify the mechanism of mast cell activation, and the ones that do suggest 

various pathways.  Finally, and perhaps most importantly, mast cell-dependent 

inflammation, while often leading to similar outcomes (especially neutrophil infiltration 

and changes in vascular permeability), is not the result of any single mast cell mediator.  

The studies that have attempted to identify the responsible mediators suggest that TNF, 

tryptase, leukotrienes, and/or other mediators are required.   

The next step in understanding this critical physiology will be to integrate all of 

these findings.  Mast cells release many mediators with overlapping roles, and one 

challenge for future research in this area will be to develop a synthesis of these various 

effects.  Inflammation involves a large number of cell types and molecules operating in 

temporally and spatially complex ways, and research should attempt to more 

completely reflect this complexity.  Investigating the contributory roles of combinations 

of mast cell-derived mediators in simple models of inflammation will lead to a better 

understanding of the truly crucial molecules in the process, and will allow great 

experimental control over it.   

1.3 Critical Effector Pathways in Early Inflammation 

A relatively small number of cells specialized for defense reside in peripheral 

tissues, where pathogens are first encountered and immune responses initiated.  These 
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include tissue macrophages, dendritic cells, and mast cells.  In essence, what is known 

about acute inflammation is that tissue damage and/or the presence of pathogen-

associated molecules stimulates the production of inflammatory signals leading to 

endothelial activation and initiating the innate cellular response (the recruitment of 

circulating effector immune cells).  Simultaneously these signals are eliciting responses 

from local cells as well as being amplified by the responses of other cells to the initial 

signals.  At the other “end” of the tissue lies the lymphatic vasculature, which at rest 

collects excess fluid entering the tissue from the blood.  Cells exiting the tissue (such as 

dendritic cells) must cross the lymphatic endothelium to reach the draining secondary 

lymphoid tissue, where antigen presentation occurs and the ensuing adaptive immune 

response is initiated.  Recent evidence suggests that lymphatic endothelium also 

undergoes activation that regulates cellular exit from tissues and may have other 

significant roles in inflammation, but this process is far less well understood. 

Although local responses by resident cell types have significant effector functions 

during inflammation, the participation of the circulatory system is truly crucial.  The 

cardinal signs of inflammation are calor (heat), tumor (swelling), rubor (redness), and 

dolor (pain), as described by Celsus in the first century CE.  The first three of these 

clinical indications of inflammation are direct consequences of vascular changes.  The 

main processes that underlie these signs are vasodilation and edema.  Vasodilation 

results in the increased perfusion of the inflamed tissue, making the skin warmer and 

contributing to redness.  Edema results from increased tissue fluid, which occurs 

primarily because of increased permeability of the blood vessels.  At rest, the blood 

endothelium is highly impermeable to molecules larger than about 3 nm due largely to 

the presence of highly structured interendothelial junctions (IEJs) (91).  This feature is 

critical for vascular homeostasis, as it ensures the retention of plasma proteins in the 
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intravascular space.  During inflammation, cytoskeletal rearrangements result in the 

formation of gaps at IEJs in the microvasculature, permitting large increases in hydraulic 

conductivity and greatly reduced size selectivity.   

The physiologic significance of these changes is not entirely clear.  It has been 

hypothesized that the extra tissue fluid allows "flushing" of the tissue, which might 

contribute to the removal of pathogens or debris.  Another theory is that the changes 

allow humoral factors from the blood (including large proteins like complement 

components and immunoglobulins) to enter the tissue and perform effector or signaling 

functions, as ordinarily the vascular endothelium is highly impermeable to large solutes.    

Although less obvious, another function of the vasculature appears to be of even 

greater importance in the resolution of infections and other damage.  The tissue-resident 

population of defense cells cannot control invading pathogens without assistance from 

large numbers of circulating inflammatory cells, which enter the tissue when they detect 

activated endothelium lining blood vessels at the site of injury.  At the earliest time 

points, neutrophils enter the tissue.  These critical cells are avid phagocytes with a 

significant arsenal of destructive chemicals that are required for the initial containment 

of many types of pathogens.  As they are rather indiscriminant, they are also major 

contributors to tissue damage that occurs in inflammatory disorders.  Later, other 

important cell types are recruited for more specific purposes.   

The lymphatic system is also of great importance during inflammation, although 

its activities have received far less attention than the blood vasculature.  Still, as 

discussed in greater detail below, there is evidence suggesting that the lymphatic 

vasculature also has a role in regulating tissue fluid dynamics.  Whereas the blood 

endothelium controls the entrance of circulating cells into inflamed tissues, the lymphatic 

endothelium controls the exit of inflammatory cells from the tissue, and this process is 
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regulated by some of the same mediators that regulate blood vessels.  These features are 

likely to be of fundamental importance, and should receive more attention in the near 

future, as improved models for their study are now available. 

1.4 Mechanistic Basis for Mast Cell Control of Early Inflammation 

Mast cell signaling during inflammation proceeds through several overlapping 

stages.  The first stage, which can begin to have functional effects within minutes of mast 

cell activation, is mediated by the action of preformed granular mediators.  This can be 

further subdivided into the effects of the completely soluble mediators (e.g., histamine) 

and those of partially insoluble ones remaining associated with the heparin matrix after 

exocytosis.  This latter group likely begins acting more slowly but the effects are 

potentially long-lasting, as these particles (described in greater depth below) can remain 

extracellular for hours.  Mast cells begin generating de novo mediators quickly after 

activation, and the first to be elaborated are the arachidonic acid metabolites.  With these 

come a second phase of mast cell-dependent effects beginning only minutes after the 

initiation of the response.  The production of new protein mediators takes the longest 

(an hour or longer) and contributes to the “late phase” of allergic inflammation.  The 

following discussion of mast cell mediators and their effects is structured around this 

progression.  

1.4.1 Interactions Between Mast Cells and the Blood Endothelium 

This section will describe the effects of various mast cell mediators on the 

microvascular endothelium.  Each mediator is described separately, and they are 

grouped according to the kinetics of their release.  A basic summary of this information 

can be seen in Table 1. 
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1.4.1.1 Near-Instantaneous Vascular Effects of Preformed Mast Cell Mediators 

1.4.1.1.1 Histamine 

 Acute changes in vascular permeability result in greater loss of fluid and plasma 

proteins from the intravascular space into the interstitium near the affected blood vessel, 

leading to edema.  At rest, the blood endothelium is highly impermeable to molecules 

larger than about 3 nm due largely to the presence of highly structured IEJs (91).  This 

feature is critical for vascular homeostasis, as it ensures the retention of plasma proteins 

in the intravascular space.  During inflammation, cytoskeletal rearrangement result in 

the formation of gaps at IEJs in the microvasculature, permitting large increases in 

hydraulic conductivity and greatly reduced size selectivity.  One likely purpose for this 

is to increase the delivery of defensive humoral factors (such as immunoglobulin and 

complement) to the tissue, as ordinaily the endothelium is highly impermeable to large 

proteins.  It may also make it easier for leukocytes to enter the tissue.  These effects are 

initiated during MC-dependent responses by histamine, which was first localized to 

mast cells in 1953 (92).  Histamine is stored in very high concentrations in mast cell 

granules and is immediately solubilized upon release.  It exerts its effects very quickly, 

and these effects also resolve quickly, as histamine is rapidly metabolized in the 

interstitial space (half life ~1 min) (93, 94).   

Early probings into histamine receptors were pharmacologic.  The insight that 

individual drugs inhibited only some actions of histamine led to idea that there must 

exist multiple receptors and also to the naming of the two primary receptors, H1 and H2 

(95).  The H1 receptor is expressed most strongly on venular endothelial cells and is 

responsible for most of histamine's acute vascular effects (96).  Its activation greatly 

increases the permeability of the venular endothelium via the formation of gaps between 

endothelial cells, resulting in extravasation of fluid as well as plasma proteins (97).  H1, a 
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Table 1. Vasoactive mast cell-derived mediators2 

 

  
 vascular 

permeability 
WPB 

exocytosis chemoattractant 

adhesion 
molecule 

upregulation 
Preformed         

Histamine + + - * 
Tryptase + + - - 
Chymase * - - - 

Cathepsin G + + - - 
Serglycin-heparin 

proteoglycan - - ? - 
TNF + ? - + 
IL-8 - - + - 

VEGF + + - ?/* 
bFGF - - - ?/* 

Eicosanoids         
LTB4 - - + - 
LTC4 + + - - 
LTD4 + + - - 
LTE4 + + - - 
PGD2 ?/* - - - 
PAF + + + - 

de novo Cytokines         
TNF + - - + 
IL-1 ?/* - - + 
IL-6 ? - - ? 

GM-CSF - - - - 
CCL1 - - + - 

MCP-1 (CCL2) - - + - 
MIP-1  (CCL3) - - + - 
MIP-1  (CCL4) - - + - 
MIP-2 (CXCL2) - - + - 

 

seven transmembrane-spanning receptor, is coupled to the G q/11 family of G proteins 

leading to phospholipase C (PLC) activation and production of inositol triphosphate 

(IP3) and diacylglycerol (DAG).  This results in increased cytoplasmic Ca++ levels 

(probably via both store- and receptor-operated mechanisms) and activation of protein 

                                                        

2 +: clear evidence for a role in this process.  -: no evidence.  ?: possible role or conflicting evidence.                
*: potentiates the effect of another mediator.  WPB stands for Weibel-Palade body. 
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kinase C (PKC) (98).  The calcium signaling cascade has several downstream targets, 

including most importantly endothelial nitric oxide synthase (eNOS) (99), myosin light 

chain kinase (MLCK) (100, 101), and phospholipase A2 (PLA2) (102). 

The activation of eNOS leads to the generation of nitric oxide (NO), a gaseous 

signaling molecule that is lipid permeable and exerts its influence on nearby cells.  One 

major effect of endothelial NO is the induction of vascular smooth muscle relaxation 

(thus it was originally called endothelium-derived relaxing factor) (103).  This relaxation 

is an important determinant of the vasodilation and edema observed during acute 

inflammation (104).  Endothelial NO also has autocrine effects, increasing cGMP levels 

via activation of guanylyl cyclase (105).  This opposes Ca++ accumulation, providing 

protein kinase G (PKG)-dependent feedback inhibition for agonist-stimulated Ca++ 

increases (106).  The effects of NO are primarily hemodynamic and do not appear to be 

involved in the regulation of adhesion molecule expression on endothelial cells (107). 

The phosphorylation of the myosin light chain by Ca++-calmodulin activated 

MLCK is a crucial determinant of increased vascular permeability in response to Gq-

coupled agonists such as histamine or thrombin (108).  This phenomenon correlates with 

the appearance of "stress fibers" (bundles of actin and myosin reflecting actin 

polymerization), cell contraction, and increased tension in vitro (109).  This tension 

contributes to the disruption of IEJs, resulting in gap formation. 

Histamine also induces the rapid generation of the lipid metabolites prostacyclin 

(PGI2) and platelet-activating factor (PAF) by endothelial cells via the action of 

cytoplasmic calcium-dependent phospholipase A2 (110, 111) and several downstream 

enzymes.  Prostacyclin production is dependent on the constitutively expressed enzyme 

cyclooxygenase-1 (COX-1).  It is a vasodilator and inhibits platelet activation, but it has a 

very short half-life and apparently is only produced for a few minutes after histamine 
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activation (111).  PAF, which is also produced by mast cells (see below), contributes to 

increased vascular permeability (112), and also activates integrins on circulating 

neutrophils, enhancing their recruitment to affected endothelium (113).   

The influx of inflammatory cells, which is so important for host defense, begins 

when circulating leukocytes encounter "activated endothelium".  This non-specific 

phrase encompasses a significant repertoire of possible programs executed by 

endothelial cells in various circumstances, but in general it indicates a state of enhanced 

production of factors that encourage specific circulating cell types to stop and enter the 

local tissue.  The earliest event in this process involves the preformed products of 

microvascular endothelial cells, which, like mast cell products, are also stored in 

granules, called Weibel-Palade bodies (WPBs) (114).  The calcium-dependent exocytosis 

of these elements and the mediators they contain is stimulated by several agonists, 

including histamine (115).  These mediators include von Willebrand factor (vWF) (116), 

P-selectin (117, McEver, 1989, #378) and interleukin-8 (although constitutive storage of 

IL-8 may not occur in all endothelial cells without previous stimulation) (118, 119).  

Endothelial presentation of P-selectin mediates early neutrophil rolling and tethering, 

but it is rapidly endocytosed within about twenty minutes (120).  Despite the transient 

nature of its action, P-selectin is important for leukocyte recruitment as mice without it 

have impaired neutrophil recruitment during thioglycollate-induced peritonitis (121) 

and mice without WPBs (due to genetic vWF deficiency) have a similar phenotype upon 

histamine challenge (122).  Histamine-induced WPB exocytosis can cause leukocyte 

rolling on postcapillary venules in vivo in a P-selectin-dependent fashion (123, 124).  The 

physiologic significance of the preformed pool of IL-8 in WPBs has not been 

investigated, but it is reasonable to assume that, as in other contexts, this IL-8 

contributes to neutrophil activation and diapedesis as well.  Although the amounts of 
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leukocyte-recruiting products stored within WPBs are not likely to support sustained 

influx into the tissue, it is interesting that all of the necessary elements appear to be 

present (a selectin for initial tethering and rolling and inducers of integrin activation).  It 

is likely that WPB exocytosis, in concert with early PAF generation, acts as a critical 

bridge, allowing the process to begin before the de novo products required for full-scale 

endothelial activation have been generated.  

In addition to these rapid changes evoked by histamine, the mediator also 

upregulates the synthesis of several genes relevant to inflammation.  The physiologic 

significance of these observations is unclear, however, as in general these studies were 

done in vitro with prolonged exposure to high levels of histamine.  Histamine is rapidly 

metabolized in vivo, but it is likely that it continues to be produced by mast cells (and 

potentially other cell types) throughout the response.  The upregulated genes include 

endothelial pattern recognition receptors (125) and cytokines such as IL-6 (126) and IL-8 

(127).   

Acting alone, histamine has rapid but largely transient proinflammatory effects 

on the local vasculature.  Some data suggest that it may also synergize with other 

mediators, which is to be expected since multiple mediators are acting simultaneously 

during actual inflammation in vivo.  Histamine enhances the expression of E-selectin and 

intercellular adhesion molecule 1 (ICAM-1) on endothelial cells responding to TNF 

(128).  It also increases TNF- or LPS-stimulated production of IL-6, IL-8 and monocyte 

chemotactic protein-1 (MCP-1, also known as CCL-2) (129). 

Many of the most rapid effects of mast cell activation are referable to histamine.  

Most importantly, increased vascular permeability and early endothelial activation 

occur, leading to edema and the initial stages of neutrophil recruitment.  Each of the 

signaling steps between recognition (of the pathogen or other stimulus) and endothelial 
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cell response (including presentation of the first adhesion molecules on the endothelial 

surface) is very rapid.  Remarkably, then, edema and influx of circulating leukocytes to 

the site can begin within seconds of the initial encounter, presumably enhancing the 

ability of the host to resolve the infection or other insult quickly.  Histamine signaling 

likely continues to be important throughout the response, but further study is needed to 

better define its role in this process. 

1.4.1.1.2 Tumor Necrosis Factor 

Tumor necrosis factor, for which data is presented below, is apparently not fully 

soluble after granule exocytosis, but remains associated with the heparin matrix of the 

granule.  Thus, its local effects are likely occur with delayed, but more sustained kinetics 

than if it were entirely soluble, as histamine is.  Although it is generally considered an 

inducer of transcription, TNF also has rapid effects on endothelial cells.  It, like 

histamine, can increase permeability by causing cytoskeletal rearrangements in 

endothelial cells (130, 131).  The finding that infusion of recombinant TNF can cause 

hypotension and death within minutes suggests that these effects may occur quite 

rapidly in vivo (130).  TNF, like histamine, induces stress fiber formation (131).  

However, the mechanism of activation is different, as TNF, unlike histamine does not 

induce intracellular Ca++ accumulation.  Instead, it appears to stimulate the production 

of DAG (and consequent activation of PKC) through a phosphatidylcholine-specific 

PLC, which does not generate any IP3 (132).  The molecular identity of this enzyme 

remains unknown.  PKC activation appears to be required for TNF-dependent 

endothelial contraction (133) as well as Rho, Cdc42, Rac, and MLCK (134).  As one might 

predict, some evidence suggests that the combination of TNF and histamine has at least 

an additive effect on permeability (135). 
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Still, it is the more long-term effects on endothelial cell transcription that have 

received the most attention.  Several mast cell mediators can participate in 

transcriptional endothelial activation, but thus far the evidence suggests that TNF is 

among the most important.  It has been known for some time now that TNF alone is 

capable of eliciting the upregulation of a wide variety of inflammation-related genes in 

endothelial cells, leading initially to neutrophil recruitment.  The upregulated products 

includes the crucial adhesion molecules E-selectin (136), ICAM-1 (137), and vascular cell 

adhesion molecule 1 (VCAM-1) (138).  Additionally, endothelial production of many 

chemokines is upregulated, including IL-8 (139), MCP-1/CCL-2 (140), KC/CXCL1 (141), 

and macrophage inflammatory protein 2 (MIP-2/CXCL2) (142).  Finally, production of 

cyclooxygenase 2 (COX-2), the inducible inflammatory version of the constitutive 

enzyme, is increased after TNF exposure, increasing the production of prostaglandins 

(143).  These effects are mediated by TNFR1, which is coupled to activation of the 

inflammation-associated transcription factor NF-KB.  These products fill the roles that P-

selectin, PAF, and possibly preformed IL-8 play in the earliest stage of the response once 

endothelial inflammatory transcription has commenced.  Interestingly, the 

transcriptional program induced by TNF treatment is very similar to that induced by 

lipopolysaccharide, a bacterial product that signals through TLR4 and ultimately also 

activates NF-KB (144).  The fact that TNF is prestored within mast cell granules means 

that its potent effects on endothelial cells can be exerted from the very beginning of the 

response. 

1.4.1.1.3 Mast Cell Proteases 

Proteases are the most abundant proteins stored in mast cell granules.  It is likely 

that they play a storage role, as genetic deficiency of one protease can also affect the 

storage of other granule products (145).  Although the true physiologic functions of the 
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highly abundant mast cell granule proteases remain murky, a role is being carved out 

for tryptase in the early recruitment of neutrophils.  The injection of recombinant 

mMCP6 (the predominant mouse tryptase) into the peritoneal cavity leads to rapid 

neutrophil influx.  The same study showed production of the neutrophil 

chemoattractant IL-8 in response to mMCP6 in vitro, suggesting a possible mechanism 

(146).  The same effect on IL-8 production has also been demonstrated with human 

tryptase (147).  Finally, mMCP6-deficient mice show reduced survival in a Klebsiella 

peritonitis model of infection, and this defect is associated with impaired early 

neutrophil recruitment (88).   

The link between tryptase and endothelial activation has not been entirely 

elucidated, but it seems probable that it involves the activation of one of the family of 

protease-activated receptors, PAR-2.  These G-protein coupled receptors have a unique 

mechanism of activation; protease cleavage of part of the extracellular domain allows a 

tethered “ligand” to interact with the rest of the receptor, leading to signal transduction 

through the membrane (148).  Human tryptase is able to activate PAR-2 signaling, and 

PAR-2 is expressed on endothelial cells among other cell types (149, 150).  There are 

numerous indications that PAR-2 activation in endothelial cells is relevant to 

inflammation.  PAR-2 agonists can elicit leukocyte rolling and adhesion (151), and PAR-

2 deficient animals have defective early leukocyte rolling after surgical trauma (152).  

Like histamine, PAR-2 activation stimulates an increase in cytoplasmic Ca++ via 

activation of Gq that results in exocytosis of Weibel-Palade bodies, which is important 

for early leukocyte recruitment (153, 154).  A similar effect is seen when tryptase is used 

as the stimulus (155).  Therefore, like histamine and TNF, tryptase can stimulate PAF 

production by endothelial cells.  Likewise, it has been shown in vitro that tryptase can 

effect reduced barrier function in endothelial cells (156).  PAR-2 activators upregulate 
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endothelial COX-2 (157).  Perhaps most interestingly from the perspective of mast cell 

responses is the finding that endothelial IL-6 production in response to TNF is 

augmented by PAR-2 activation (158).  This finding provides further evidence in 

support of the notion that inflammatory mediators in various combinations result in 

qualitatively or quantitatively different responses.  Because mast cells release a number 

of mediators simultaneously (including TNF and tryptase), these kinds of additive 

effects must be investigated more rigorously. 

It is also worth mentioning that a few studies have shown that tryptases (perhaps 

in concert with other enzymes) can generate kinins, which would also affect vascular 

permeability, but the significance of these findings is unknown (159-161). 

Less is known about the role of chymases in inflammation, although there is 

some evidence suggesting they are important regulators of vascular tone.  One problem 

is that it is very difficult to make generalizations concerning the chymases, as a) there 

are very significant differences between species (humans have only one chymase gene, 

for example, while rodents have several), and b) chymases have a variety of specificities.  

One study showed that intradermal injection of chymase greatly potentiated the size of 

histamine-induced wheals in allergic dogs, while not eliciting wheals when injected 

alone (162).  Such a finding further supports the idea that the effects of mast cell-derived 

mediators cannot properly be considered in isolation.  Some chymases (including 

human chymase) are able to convert angiotensin I into angiotensin II, an extremely 

potent vasoconstrictor (and in fact chymases appear to be the main source of angiotensin 

II aside from angiotensin converting enzyme) (163).  It is unclear how this activity is 

related to the vasodilatory and other effects of mast cell-derived mediators, but one 

study showed that suffusion of E. coli LPS onto a surgically exposed hamster muscle 
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caused vasoconstriction followed by vasodilation in a manner that was inhibitable by 

angiotensin receptor blockers as well as chymase inhibitors (164).   

Mast cells also store significant quantities of cathepsin G (primarily considered a 

neutrophil enzyme) in their granules (165).  The physiologic function of mast cell 

cathepsin G has not been determined, but some insight may be gleaned from the 

neutrophil literature.  This protease, like tryptase, is also capable of eliciting inositol 

phosphate metabolism and calcium flux in endothelial cells (166).  Interestingly, this 

effect was entirely abolished in the presence of soluble heparin.  It is difficult to predict 

what the effect of mast cell granule heparin would be, however, as it is largely insoluble.  

Because cathepsin G is highly cationic (isoelectric point pH 11.69 for the human protein), 

it may remain associated with the granule after exocytosis, although there is no 

published evidence to demonstrate this, and we have not detected it in purified granule 

cores from rat peritoneal mast cells (unpublished observations).  The signaling elicited 

by cathepsin G results in the formation of intraendothelial gaps (167) as well as PAF 

production (168). 

The other major protease is mast cell carboxypeptidase A.  Although this protein 

is extremely abundant, little is known about its functions.  With reference to the 

vasculature, one report suggests it may participate (along with chymase) in angiotensin 

II generation in mice (169).  Many other potential substrates of potential relevance to 

vascular function have been identified in vitro for various mast cell proteases, but the 

physiologic significance of these findings is uncertain. 

1.4.1.1.4 Serglycin-Heparin Proteoglycans 

Heparin is clearly a structural element of the mast cell granule, and in fact mast 

cells that cannot produce heparin also have significantly reduced levels of many other 

preformed mediators (33, 34).  It is also required for the maintenance of the granule 
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"core” -- the electrostatic complex of highly anionic heparin and cationic proteases that 

remains insoluble in the extracellular space after exocytosis (31).  Still, whether heparin 

has specific effects on the inflammatory process in general or on the vasculature’s role in 

that process is still largely a matter of speculation.  A few reports exist describing in vitro 

interactions of mast cell heparin with endothelial cells -- it can induce the formation of 

lacunae in endothelial monolayers and stimulate endothelial cell migration.  These 

events might be relevant to the role of mast cells in angiogenesis (170, 171).   

A few other speculative possibilities are worth mentioning.  A great number of 

biological molecules, including important extracellular signals like growth factors and 

cytokines, bind to heparin due in large part to its incredibly high negative charge 

density (37-40).  These molecules also tend to bind to heparan sulfate (a less sulfated, but 

otherwise very similar, relative of heparin), which is ubiquitous in the extracellular 

environment.  The interaction with heparin (which is almost always of higher affinity 

that with heparan sulfate) has generally been dismissed as irrelevant, as heparin is 

apparently only found in mast cell granules.  As heparan sulfate is an important 

constituent of the endothelial basement membrane (172), it seems logical that if large 

quantities of heparin are suddenly available in this area (by virtue of the degranulation 

of immediately adjacent mast cells), that this could alter the disposition of those growth 

factors and other molecules that are interacting with this structure.  Such an effect could 

be purely regulatory, as many exocytosed granule matrices are rapidly removed by 

phagocytes (55) (and can, interestingly, be phagocytosed by endothelial cells (54)).  It 

might also be relevant in the formation of gradients of chemokines that are critical for 

the guidance of leukocytes from the vessel into the tissue.  Finally, such particles, by 

moving through edematous tissues, might deliver signals to sites that would ordinarily 
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be too distant to be influenced by small quantities of preformed mediators.  These 

potential roles of mast cell heparin should be explored in the near future. 

A highly specific (i.e. not simply charge-based) and very well studied interaction 

of heparin is with antithrombin III.  This is the basis for the use of heparin clinically as 

an anticoagulant, which is certainly its most well-known activity.  While a similar role 

may be played in vivo inside the vasculature by heparan sulfate on the luminal surface of 

endothelial cells, the interaction of antithrombin III with heparin may be important 

during inflammatory events to deter the activation of the coagulation cascade in the 

interstitial space.  This is normally not a problem, since the proteins involved in 

coagulation are large and unlikely to cross the intact endothelium.  However, during 

states of increased vascular permeability (or of tissue destruction) these proteins 

extravasate to a much greater degree.  The anticoagulant properties of heparin may 

become relevant in such states to keep large amounts of fluid moving through 

edematous tissues. 

1.4.1.2 Rapid Vascular Effects of Newly Synthesized Lipid Mediators 

Many inflammatory mediators are generated de novo after mast cell stimulation, 

and the most rapidly acting of these mediators are the eicosanoids.  Meaningful 

quantities of these mediators can be released within minutes of stimulation, as no 

transcription is required, only enzymatic activity (173).  As one indication of the 

diversity of potential responses mediated by mast cells, not all degranulating stimuli 

also result in the production of large amounts of eicosanoids (174).  However, when they 

are generated, the process begins with the cleavage of membrane phospholipids by the 

enzyme phospholipase A2 (PLA2).  Then the resulting arachidonic acid is converted to 

leukotrienes (via 5-lipoxygenase) or prostaglandins (via cyclooxygenase).  Lipolysis of 
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other membrane phospholipids results in the precursor molecules for platelet activating 

factor and related mediators. 

1.4.1.2.1 Leukotrienes 

Previously known as the slow-reacting substance of anaphylaxis (because it 

cannot be detected in unstimulated tissues and its release lags behind that of histamine 

and other preformed mediators), the leukotrienes are potent inflammatory mediators. 

For the production of leukotrienes, arachidonic acid is first converted into LTA4 by 5-

lipoxygenase (175).  The production of all three cysteinyl leukotrienes (LTC4, LTD4, and 

LTE4) is dependent on the initial conversion of LTA4 to LTC4 by LTC4 synthase (LTC4S) 

(176).  Activated mast cells produce LTC4, which can be further converted to LTD4 and 

LTE4 in the extracellular environment (177).  All three of these species produce potent, 

long-lasting wheal-and-flare responses upon injection into human skin, suggesting they 

may enhance and prolong the immediate vascular changes evoked by histamine (178).  

In a hamster cheek pouch model, it was shown that LTC4 and LTD4 are 100 times more 

potent than histamine in eliciting increased vascular permeability (179). These mediators 

act primarily through the leukotriene receptor CysLT1, yet another Gq-coupled receptor 

expressed on endothelium among several other cell types (180, 181).  Like histamine or 

protease-activated receptors, leukotrienes elicit Ca++ mobilization in endothelial cells, 

leading to secretion of Weibel-Palade bodies and P-selectin externalization (182).  As 

would be expected, this results in greater neutrophil adhesion, which is also likely 

related to leukotriene-stimulated endothelial production of platelet-activating factor 

(PAF) (183).  In LTC4S or CysLT1 knockout animals, the increased vascular permeability 

seen during experimental allergic inflammation or zymosan peritonitis is greatly 

reduced (184, 185).  All in all, the effects of the cysteinyl leukotrienes on the endothelium 

appear to be similar to those of histamine and tryptase.   
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There is also evidence to suggest that mast cells may emit smaller quantities of 

LTB4 (186), which is a neutrophil chemoattractant (187, 188).  In animals deficient for 

leukotriene A4 hydrolase (the enzyme that generates LTB4), there was deficient early 

neutrophil recruitment in a zymosan peritonitis model of inflammation (189), a process 

which is known to be at least partially mast cell dependent (79).  This suggests that mast 

cell-derived LTB4 may be physiologically significant, but further study is necessary.   

1.4.1.2.2 Prostaglandins 

PGD2 is the major prostaglandin generated by mast cells (190, 191).  PGD2 

injection in human skin causes erythema without substantial edema (probably due to 

vasodilation) and increased vascular permeability in rats (192).  Like prostacyclin, it 

inhibits platelet aggregation (193).  Intriguingly, while intranasal application of PGD2 

did not cause any allergic-type symptoms in rats, when applied simultaneously with 

histamine, it increased the potency of histamine for causing these effects by 1000 fold 

(194).  However, as many of its vascular effects are subtle or vary according to species 

and vascular bed, it is difficult to generalize about its physiology. 

1.4.1.2.3 Platelet Activating Factor 

Finally, platelet activating factor (PAF) is also produced by activated mast cells 

(195, 196).  However, the most relevant source of PAF during inflammatory responses 

may be the endothelial cell itself, as the endothelium produces PAF in response to 

histamine (111), tryptase (155), LTC4 and LTD4 (183), cathepsin G (197), TNF (198), and 

IL-1 (199).  PAF was discovered by virtue of its platelet-activating activity, but it has 

since been shown to have important roles in many other processes.  Distinct from the 

arachidonic acid metabolites, its synthesis requires PLA2, which converts membrane 

phospholipids to 2-lysophospholipids.  Then another enzyme, an acetyltransferase, 

catalyzes the final reaction, generating PAF and other closely related compounds.  The 
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PAF receptor is a pertussis toxin-insensitive G-protein coupled receptor whose 

activation results in increased intracellular Ca++ (200).  Endothelial cells express PAF 

receptors linked to the same signaling pathway (201) and respond with cytoskeletal 

rearrangements (199).  In guinea pig and rat skin, PAF was shown to increase vascular 

permeability with much greater potency than histamine (112, 202). Another study 

showed leukocyte recruitment as well as increased permeability after intradermal 

application of PAF (203), and, like histamine, this is mediated through gap formation at 

IEJs (204).  In support of the idea that PAF is an important part of inflammatory 

signaling resulting in increased vascular leakiness, PAF receptor-deficient animals were 

resistant to death from experimental passive systemic anaphylaxis, and they had no 

evidence of increased pulmonary vascular permeability, whereas wild type animals did 

(205).  Similarly, intravenous PAF induces a rapid hypotensive anaphylactoid condition 

in mice, which is unrelated to platelet activation (206).  In another example of interaction 

between multiple mast cell mediators, combined PAF and H1 inhibition almost 

completely abolished the hypotension seen in passive systemic anaphylaxis (207). 

1.4.1.3 Slower Vascular Effects of Newly Synthesized Protein Mediators 

It is becoming better appreciated that mast cells are a very important source of 

cytokines during inflammatory responses, and there are reports documenting the 

production of a large variety of cytokines, as discussed in the introduction.  

Unfortunately, the physiologic effects of this mélange (and also which are produced 

when and under what circumstances) has not been much explored, and it is likely that 

not all of these have general relevance to inflammatory responses.  Nevertheless, a few 

are deserving of additional attention. 

In addition to releasing preformed TNF as has already been discussed, mast cells 

also respond to activation by actively producing and secreting it (208).  In various in 
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vitro settings, they also have the capacity to release IL-1 (25, 209, 210), IL-3 (211-213), IL-4 

(25, 209, 211), IL-5 (25, 212, 214, 215), IL-6 (25, 26, 209, 211, 212), IL-8 (214), IL-9 (212, 213), 

IL-10 (215), IL-13 (25, 214, 215), GM-CSF (214), TGF-  (216), CCL1 (217), MCP-1/CCL2 

(217), MIP-1 /CCL3 (26, 214), MIP-1 /CCL4 (217), RANTES/CCL5 (26), CXCL2 (MIP-2, 

a mouse IL-8 homolog) (26).  At this point, to assign physiologic functions to these (as 

mast cell-derived mediators) is difficult, since none of them are made exclusively by 

mast cells.  Many of these do have effects on the microvasculature, however.  IL-1, 

another important proinflammatory cytokine, has very similar effects to TNF, in that it 

enhances vascular permeability and upregulates the expression of adhesion molecules, 

chemokines, and other effectors (218, 219).  IL-1 also enhances TNF-dependent 

hyperpermeability (220).  IL-6 can also affect endothelial barrier function (221, 222), and 

may be involved in the induction of lymphocyte adhesion in some circumstances (223, 

224).  However, several recent works have taken the approach of reconstituting mast 

cell-deficient animals with mast cells lacking mediators of interest, such as TNF (225) or 

mast cell carboxypeptidase A (226).  This kind of study, which essentially generates a 

mast cell-specific knockout animal, will be valuable to investigation of the roles of mast 

cell-derived molecules that are also produced by other cell types. 

1.4.2 Interactions Between Mast Cells and the Lymphatic Endothelium 

Comparatively little is known about the activities of the lymphatic endothelium 

during inflammation, and because there is no literature on mast cell/lymphatic 

interactions, this discussion is restricted to studies testing the effects of specific 

mediators on these vessels.  Until quite recently, most of the work that had been done on 

inflammatory mediators and the lymphatic system was done ex vivo with isolated large 

lymphatic vessels.  As lymphatic trunks do tend to follow the course of blood vessels, it 

is likely that there are mast cells in close proximity to these, but the physiologic 
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significance of this is unknown.  Many vasoactive compounds (including histamine, 

serotonin, and PGF2 ) can elicit lymphatic smooth muscle contraction, which may act to 

increase lymph flow (227).   

In the past few years, improved in vitro models of lymphatic endothelium have 

been developed, resulting in many informative studies as to lymphatic endothelial 

biology.  These are perhaps more relevant to inflammation than ex vivo large lymphatic 

studies, as they model the initial lymphatics, or lymphatic capillaries. These vessels form 

the interstitium-lymph boundary and perform a barrier function in regulating the 

movement of substances into lymph.  Unlike the vascular endothelium, the initial 

lymphatic endothelium is highly permeable.  Junctions between adjacent cells are in 

some areas completely patent, although apposition between the membranes of each cell 

prevents large objects from entering the lumen in uninflamed tissues (228).  When the 

tissue becomes edematous, however, these junctions are pulled open by connections 

between the outer wall of the vessel and the surrounding connective tissue, and the 

diameter of such openings can reach several microns (229).  This process has generally 

been assumed to be purely mechanical, but there are a few hints that it is an active 

process.  First, electron microscopy of initial lymphatics during inflammation (induced 

both by thermal injury and histamine injection) shows changes suggestive of cellular 

contraction, similar to what is seen in venular endothelial cells in response to histamine 

(230, 231).  Such contraction would also serve to pull open the junctions between 

lymphatic endothelial cells (LECs), just as it does in the blood vessel endothelium.  Also, 

a recent study demonstrated that the permeability of LEC tubes in vitro is reduced by 

increased cAMP, and the same is known to be true for blood endothelial cells (232).  

Another showed that LEC tube permeability can be regulated by VEGF-C (233).  It 

should be noted that if initial lymphatic permeability is as highly regulated as venular 
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and capillary permeability, then this regulation is likely to be of importance in 

determining tissue fluid accumulation in altered states as well as at baseline.  This factor 

is generally not considered in current paradigms of fluid dynamics in tissues. 

Aside from a few well-characterized molecular differences, LECs are more like 

their better-known counterparts than they are distinct.  In a recent proteomic analysis of 

arterial, venous, and lymphatic endothelial cells, there were fewer differences between 

venous ECs and lymphatic ECs than between venous and arterial ECs (234).  In fact, 

before specific markers for lymphatic endothelium were found, such as LYVE-1 (235) 

and podoplanin (236), differentiation of the two cell types was very difficult.  Both are 

derived from the same lineage (237).  Both contain Weibel-Palade bodies (238), although 

their function and the pathways leading to their release have not been investigated in 

lymphatic endothelium.  LECs also express eNOS, and its activity is induced by Ca++ 

ionophores, histamine, and TNF just as it is in the microvascular endothelium (239).  

Two recent studies have also documented eNOS activation in human dermal LECs after 

stimulation with VEGF-C or VEGF-A (240) or IL-20 (241), although in these cases it was 

considered in the context of lymphangiogenesis and not inflammation.  Histamine can 

also upregulate the production of tissue plasminogen activator (tPA) in LECs (242).  

Given the high level of similarity between blood and lymphatic endothelial cells, it is 

reasonable to expect that many of the same rapid responses to mast cell-derived 

mediators occur in both, but this needs to be confirmed with careful study. 

Finally, it is rapidly becoming clear that lymphatic endothelial cells undergo 

significant transcriptional changes during inflammatory events.  One recent landmark 

study showed that TNF induces the production of the adhesion molecules VCAM-1 and 

ICAM-1 in dermal LECs, both in vitro and in vivo (243).  These changes were shown to be 

physiologically relevant for endothelial transmigration, as the movement of dendritic 
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cells to draining lymph nodes was impaired by VCAM-1 or ICAM-1 inhibition, and 

these cells could be seen lining up on the outside of peripheral lymphatics.  This report 

initially used a microarray approach on TNF-treated human dermal LECs in vitro, 

revealing the upregulation of a number of relevant inflammatory genes, including in 

addition to the two just mentioned E-selectin, several chemokines, IL-6, and Toll-like 

receptors.  Interestingly, also upregulated was the gene for MLCK, suggesting that TNF 

may regulate cytoskeletal activity in lymphatic endothelium through transcriptional 

mechanisms as well as by direct signaling as discussed above for the blood endothelium.  

Another group has since confirmed these findings and shown the upregulation of 

cytokines and adhesion molecules in response to IL-1  as well as TNF and various TLR 

ligands (244). 

These and many other studies are rapidly establishing that the lymphatic 

vasculature is anything but a passive player in inflammatory processes.  The direct, 

specific role of mast cells in inducing such changes has not yet been investigated, but the 

fact that the lymphatic endothelium responds to many of the mediators mast cells 

produce, as well as the close proximity of mast cells to lymphatic vessels, argues 

strongly for more specific research in this direction. 

1.4.3 Summary of Mast Cell Interaction with the Vasculature 

The complexity of nearly all biological processes is daunting, and this is 

especially true for inflammation.  The quest to understand inflammatory processes in 

particular resists attempts at reductionism, as inflammation involves the participation of 

multiple cell types and many signals in a structurally complex environment.  This is not 

to say that there is nothing to be gained by experimental attempts to avoid these 

intricacies; all of the work cited above engages in necessary oversimplification to greater 
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or lesser degrees.  Still, a critical consideration is that the physiologic significance of each 

piece of information must be confirmed in in vivo models of inflammation. 

That said, a great deal of progress has been made in our understanding of the 

interaction between mast cells and endothelial cells, which appears to be relevant to a 

greater or lesser degree in many types of inflammation.  One general principle that 

emerges is that mast cell-dependent inflammation is highly temporally organized.  This 

organization results in a great deal of potential regulatory control at each step.  The 

phases include immediately acting soluble preformed mediators, less soluble granule-

associated preformed mediators, products of arachidonic acid metabolism, and finally 

the secretion of de novo proteins.  The actual sequence of events is likely much more 

complicated than this, as transcriptional changes and enzymatic cascades can be 

programmed at different rates.  In addition to temporal organization, the mast cell 

activation program will be influenced by autocrine and paracrine signaling from the 

surrounding environment.  For each of these steps, most of the inflammatory sequelae 

are mediated directly through the vasculature.   

The vascular response is equally complex, and although here we have only 

considered the effects of mast cell-derived mediators, it is just as true that the 

vasculature is responding to autocrine and paracrine signals from other cell types as 

well.  It is interesting that so many mast cell products are interpreted by Gq-coupled 

receptors (resulting in increased intracellular calcium as a second messenger) on 

endothelial cells, and this is true of many non-mast cell inflammatory mediators also.  

The orderly temporal progression of Gq-coupled mast cell mediators, however, suggests 

that it is important to maintain this general "alarm" signal in endothelial cells 

continuously from the very beginning of the response.  The centrality of Gq-mediated 

signaling in inflammation was demonstrated recently by Korhonen, et. al., who showed 
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that mice with an endothelium-specific deficiency in Gq (and the closely related G11) 

have greatly reduced responses to specific mediators and are protected against 

anaphylaxis-induced hypotension and vascular leakiness (245). 

Inflamed blood vessels also appear to have developed methods for supporting 

several phases of response.  Like mast cells, they contain preformed mediators, in 

Weibel-Palade bodies, which are structurally and functionally similar to mast cell 

granules.  The contents of these granules, von Willebrand factor, P-selectin, and perhaps 

other inflammatory molecules such as IL-8, support the early inflammatory response so 

that cellular recruitment can begin as early as possible without waiting for a 

transcriptional response.  In addition to mast cell-derived mediators, other signals can 

support these events as well, such as kinin activation or complement (246, 247).  Finally, 

the long-term response to inflammatory signals involves the sustained production of 

new adhesion molecules and chemokines, supporting extensive recruitment of 

inflammatory cells.  These processes are crucial to host defense, as such circulating cells 

are required to control many infections.   

One area that has received far too little attention is the interaction of 

inflammatory mediators with the lymphatic microvasculature.  It has generally been 

assumed that the lymphatic capillaries are mostly mechanical, responding passively to 

changes in the condition of the tissues.  However, recent literature suggests that initial 

lymphatic vessels do actively respond to inflammatory signals in the tissue.  This may 

regulate the local inflammatory environment, but other changes, such as the expression 

of adhesion molecules, seem directed at facilitating the development of adaptive 

immunity (by enabling the entrance of dendritic cells into the lymphatics, for example).  

Thus, regulation of the lymphatic endothelium by mast cells is likely to be an important 

determinant of host defense. 
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The large number of pharmacologic agents targeting mast cell products is 

testament to their importance, although most are aimed at preventing mast cell-

dependent inflammation.  Because the mast cell-endothelial axis is so central to 

inflammation, however, the events determined by it will remain a fruitful source of new 

therapies.  Indeed, as pharmacologic science moves away from the old paradigm of 

receptor antagonists to more immunomodulatory agents, we will see more 

sophisticated, targeted therapies.  Some of these may even attempt to promote or 

support mast cell activation, such as vaccine adjuvants. 

The close association of mast cells with the vasculature is remarkable to nearly 

anyone who has examined a toluidine blue-stained tissue section.  This relationship is no 

accident, and it merits great attention.  It would appear that this relationship exists, at 

least partially, to ensure the minimum time between encountering an inflammogen 

(especially a pathogen) within protected space and mounting a response to reversing the 

situation.  This moment of contact and the very earliest events of innate immunity that 

ensue have only been investigated to a limited extent.  Nevertheless, it is clear in many 

cases that the interaction between the mast cell and the endothelial cell is one of the 

central elements of this process. 

1.5 Innate Versus Adaptive Immunity 

Many of the regulatory actions of mast cells during inflammation discussed thus 

far have been specifically related to innate immunity, the more nonspecific, but faster-

acting arm of the immune system.  In contrast, adaptive immunity is much slower (at 

least on the first exposure), but ultimately leads to long-lasting, specific memory 

responses that can eradicate primary infections and greatly increase the clearance speed 

of recurrent infections. 
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Part of the innate bias in this discussion is due to the anatomy of immune 

responses.  Infections are generally encountered in peripheral tissues, near the 

boundaries, such as skin, that form the first major line of defense against 

microorganisms.  Thus, mast cell-mediated changes in the local vasculature that cause 

the signs of inflammation and the recruitment of (initially) nonspecific effector immune 

cells, result in a potent, local innate immune response, which in many cases may be 

adequate to clear the infection. 

Adaptive immune responses, on the other hand, are initiated, not in the 

peripheral tissues where the inciting infection occurs, but in secondary lymphoid tissues 

draining the site of infection.  The two are connected by the peripheral lymphatic 

vasculature, a one-way system that begins in tiny, blind-ended vessels in peripheral 

tissues and delivers excess tissue fluid and cells to the local lymphoid tissue.  For most 

tissues, this means a lymph node.  During the early immune response, pathogen-derived 

molecules are carried by antigen-presenting cells from the site of infection to the 

draining lymph node, where they are displayed on MHC molecules to naive 

lymphocytes, which are traveling continuously between the various secondary 

lymphoid tissues and the circulation.  When a naive lymphocyte carrying an antigen 

receptor specific for the displayed pathogen-derived molecules encounters it (its cognate 

antigen), it is stimulated to divide and differentiate.  The end result of this greatly over-

simplified story is that large numbers of effector cells specific to the infection in question 

are generated, and these attack the pathogen with far greater precision and efficacy than 

the innate immune system. 

In general, robust peripheral inflammation is required for a highly effective 

adaptive immune response.  This explains why vaccines, which otherwise would only 

contain the foreign protein against which a specific response is desirable, also must 
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include in their formulation a supporting substance, or adjuvant, that causes nonspecific 

inflammation at the site where the vaccine is administered.  This suggests that there are 

important connections between the innate and adaptive immune systems, and that 

signals from the former are required for the correct operation of the latter.  The nature of 

these signals is only beginning to be elucidated. 

1.6 Roles for Mast Cells in the Induction of Adaptive Immune 
Responses 

Mast cells have been shown to participate in adaptive immune responses.  As 

mentioned, one critical event in the adaptive immune response is the migration of 

dendritic cells via afferent lymphatic vessels to the lymph node, carrying antigens 

acquired at the site of infection.  This process is mast cell-dependent in some models 

(248, 249).  In addition, these cells are required for lymph node enlargement during 

bacterial infection (225) and also in other models of inflammation (248, 250).  

Enlargement of lymph nodes draining sites of infection is a common hallmark of 

infection.  It reflects massively increased recruitment and retention of naïve lymphocytes 

from the circulation.  By sequestering a larger proportion of the body’s pool of naive 

lymphocytes in the draining lymph node (DLN), the chances that those rare cells 

expressing receptors for infection-specific antigens will be present are maximized.  

Enhancing the probability of this antigen presentation interaction increases the speed of 

the immune response, which, of course, can be a critical factor determining the outcome 

of the infection.   

1.6.1 Mechanisms of Mast Cell Control of Lymph Node Enlargement 

How mast cells perform these immunoregulatory functions is poorly 

understood.  In many cases, however, mast cell-derived tumor necrosis factor (TNF) 

appears to be involved.  This multifunctional cytokine is, like histamine, stored 
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preformed inside mast cell granules (208, 251).  This unique feature of mast cells is 

critical to their role as early responders, as TNF plays a central role in a variety of 

inflammatory events (252, 253).  When mast cell-deficient animals were reconstituted 

with bone marrow-derived mast cells from TNF knockout mice, lymph node 

enlargement was the same as in the unreconstituted animals, while wild-type mast cell-

reconstituted animals had robust lymph node hypertrophy.  Recent studies have shown 

that as rapidly as 1 hour after mast cell activation, increased levels of TNF are detectable 

in prenodal lymph (63) and in the DLNs (225).  The lack of any corresponding change in 

DLN TNF message suggested that it was not newly synthesized locally, but was derived 

from peripheral sources (225).  Since a significant period of time is required for the 

secretion of de novo cytokine after stimulation, this peripheral source appears to be 

preformed mast cell TNF, a conclusion supported by the finding that most mast cells in 

the vicinity of infection were degranulated (225).  Similar findings have since been 

reported in another inflammatory model examining lymph node enlargement after 

mosquito bite.  Here, also, lymph node changes were mast cell-dependent, and an early 

increase in lymph node TNF was documented (250).  A more recent report showed that 

IgE-mediated lymph node hypertrophy was mast cell- and TNF-dependent, but that the 

same effect elicited by peptidoglycan required mast cells but not TNF, suggesting that 

these cells may mediate downstream lymph node changes in a number of ways (248). 

One might presume that TNF, after its secretion by peripheral MCs into the 

extracellular fluid, enters lymphatic vessels and then is carried to DLNs as a soluble 

molecule in the lymph.  However, considering the route of trafficking and the significant 

distances involved, it is unclear how effective quantities of peripherally-derived TNF 

could reach the DLNs.  This scenario is especially difficult to rationalize early in the 

response when it is expected that only small amounts of TNF are elaborated (each rat 
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peritoneal mast cell contains approximately 1.4 x 104 TNF molecules, according to one 

analysis (254)), and as TNF has a very short half life in vivo (255).  This uncertainty is 

furthered by the observation that although peripherally injected chemokines can be 

detected in DLNs, it typically requires the application of large quantities of recombinant 

protein (256, 257).   

That signals originating in peripheral tissues may influence events in the DLN is 

not a new concept.  It has been suggested that the periphery signals the DLN by “remote 

control” (256, 258, 259).  For example, a chemokine, MCP-1, has been suggested to drain 

via afferent lymphatics into the DLN (259).  The signals in these studies, however, were 

all produced in large quantities by responding cells after transcriptional upregulation.  

The movement of a preformed cytokine, on the other hand, over so great a distance is 

surprising for a number of reasons.  First, TNF, like many cytokines, has a very short 

half-life in vivo, on the order of less than half an hour (260, 261).  Second, soluble 

molecules secreted into the tissue are rapidly diluted.  Finally, the architecture of the 

extracellular space is complex, with many adjacent cells with their receptors and 

extracellular matrix molecules to potentially interact with before a cytokine finds itself in 

a lymphatic vessel.  All of these factors make it very unlikely that preformed soluble 

mediators released in small quantities would be able to traverse such a large distance 

and reach active concentrations in the target organ. 

1.7 Hypothesis: Extracellular Mast Cell Granules Transport Tumor 
Necrosis Factor to Draining Lymph Nodes 

One conceivable explanation for the long-distance action of mast cell-derived 

TNF is its trafficking in a form resistant to dilution and degradation.  As discussed 

before, there is a theoretical basis for the notion that mast cell TNF is released in 
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association with heparin proteoglycans, and that it remains attached to these particles 

after exocytosis.   

Several criteria must be fulfilled in order to demonstrate that this mechanism is 

operational.  In addition to showing that mast cell-derived TNF is indeed released in 

these complexes (a novel finding), it must also be shown that the particles can enter 

lymphatic vessels and reach the lymph node.  Finally, evidence must be presented to the 

effect that the transport of TNF to lymph nodes in this form is required for it to mediate 

its effects in the target organ. 

Chapter 2 of this document will detail efforts to develop systems for describing 

and studying these particles.  Data will also be presented on their general characteristics, 

including their makeup and techniques used to manipulate them experimentally.  

Chapter 3 will then examine the role of these particles in the transportation of 

inflammatory signals from the periphery to the draining lymph node and the 

physiologic significance of this finding.  Ultimately, Chapter 4 will present a synthesis of 

the findings in this dissertation and will discuss their significance in the context of 

immunology, mast cell biology, and therapeutic applications. 
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2. Studies on the Composition and Biochemical Features of 

Extracellular Mast Cell Granules 

2.1 Introduction 

As discussed in Chapter 1, only a few studies have discussed the fate of 

extracellular mast cell granules.  Several more have investigated their composition and 

functions.  Those will be briefly reviewed here, with emphasis on the methods 

employed, as they are not widely used and impact the significance of the findings.  

Notably, the functional studies performed thus far have only investigated local functions 

of these particles. 

2.1.1 Previous Work on the Composition and Characteristics of Mast Cell 
Particles 

For many years, the basic descriptive studies of mast cells were done using 

primarily rat serosal mast cells (from the peritoneal and pleural cavities).  The main 

reason for this was that this was one of the only ways to get large quantities of pure 

material before better techniques were developed for the isolation of mast cells from 

complex tissues.  The presence of free mast cells in serosal cavities is a feature 

apparently unique to rodents, making the rat the initial object of study.  Although much 

has been learned from these studies, the caveat must be kept in mind that the mediator 

stores in rat and human mast cells differ significantly.  

One of the earliest methods for isolating mast cell granules was developed by 

Lagunoff and Benditt and first published in 1963.  This protocol involved the sonication 

of unseparated rat peritoneal lavage cells (in isotonic 0.34 M sucrose) and the subsequent 

separation of granules from debris by differential centrifugation.  This yielded granules 

without membranes, and because they were in an inorganic electrolyte-free (but 

isotonic) buffer, they retained their histamine, which was releasable by adding low 
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concentrations of NaCl.  This study measured the activity of granule-associated 

chymotryptic activity (in normal salt-containing buffer), which was named for the first 

time in this publication "chymase."  The name "tryptase" was proposed for a trypsin-like 

activity detected in dog mast cell tumor homogenates.  This work was the first 

demonstration that chymase was present in the extracellular granule (262).  Later work 

by the same authors determined that the dry weight of the intact granule was 

approximately 30% heparin, 30% protein, 10% histamine, and 30% other (263). 

The release by mast cells of insoluble ionic protein-heparin complexes was 

described biochemically by Schwartz and Austen.  They reproduced earlier findings that 

the percentage release of various granular mediators, while linear over different degrees 

of degranulation, was not the same, suggesting the retention of some contents.  The 

mediators showing lower levels of release, they found, could be eluted if the ionic 

strength was high enough.  If the concentration of inorganic ions is high enough, these 

can dissociate even the interactions between the proteases and heparin, which involve 

large numbers of ionic linkages.  This is also the basis for the elution of bound 

substances from ion exchange columns.  They found that the release of chymase could 

be increased by washing the degranulating cells with 1 M NaCl, and this was correlated 

with the disruption of granule residue retained within the labyrinth of fused granules 

(31).  Surprisingly, even 1 M NaCl was not adequate to completely solubilize these 

complexes, and the same group later found that carboxypeptidase A could be 

solubilized if 3 M NaCl was used instead (264). 

Dean Befus and his group conducted the first proteomic studies of mast cells and 

their granules in the early 1990s.  Two dimensional gel electrophoresis revealed a 

number of basic proteins contained within mast cells and their purified granules (again 

by sonication), several of which bound 3H-DFP, indicating the presence of serine 
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proteases.  RMCP-1, the most abundant protease, was identified by immunoblotting 

(265).  A later study combining 2D electrophoresis with protein sequencing also 

identified RMCP-5  (this paper discovered RMCP-5 and referred to it as such due to its 

homology to mouse MCP-5) and carboxypeptidase A in rat peritoneal mast cells (PMCs) 

(266).  An analysis of human skin mast cell proteins revealed the presence of large 

quantities of tryptase (the most abundant human mast cell protease) and cathepsin G, 

again by immunoblotting (267).  Chymase and mast cell-carboxypeptidase A were likely 

also present, as their activities have also been demonstrated in human skin mast cells, 

but antibodies to these were not used (268, 269).  Still, this comparison should 

underscore the large differences between human and rodent mast cells. 

2.1.2 Previous Work on Mast Cell Particle Function 

2.1.2.1 Proinflammatory Effects of Purified Mast Cell Particles 

A series of studies in the early 1980s was performed on the biological activity of 

mast cell granules.  Granules in these studies were isolated from purified rat peritoneal 

mast cells by initial sonication followed by sucrose gradient sedimentation to obtain a 

preparation in which 80% of granules still possessed their membranes.  These were then 

subjected to water lysis, which resulted in membrane-free granules.  Each of these 

preparations (granules with and without membranes) elicited neutrophil infiltration 

upon injection into rat skin.  As would be expected, the intact granules were more 

effective (as they still contained histamine, which as discussed in Chapter 1 contributes 

to inflammatory cell recruitment), but both preparations resulted in neutrophilic 

inflammation (270).  One limitation of with this study is the use of cellular disruption to 

purify granules.  As discussed below in the Results section of this chapter, membrane-

free granules tend to attract cationic molecules, such as histones and other cellular 

proteins.  This can complicate efforts to assign biological consequences to the effects of 
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the granules themselves, as contaminants may actually be responsible for the observed 

effects.   

2.1.2.2 Effects of Mast Cell Particles Related to Their Phagocytosis 

The first studies in this field were largely descriptive, as of course are the first 

studies in all fields.  The work of Higginbotham in the 1950s focused on the uptake of 

these particles by fibroblasts (50, 271).  In these articles it was hypothesized that the 

purpose of this phenomenon was to protect the connective tissue from the possibly 

injurious influence of the biologically active molecules stored within the granules.  

Higginbotham later extended this concept to include the attractive idea that the 

phagocytosis of mast cell granules may also serve to remove exogenous noxious agents, 

such as hemolytic components of bee venom (272).  Although heparin is known to 

neutralize or at least inhibit a number of toxins (273, 274), not much work has been done 

to explore the role of mast cells in this phenomenon.  In keeping with the idea that mast 

cell-derived particles may act as vehicles to enhance the uptake of cationic substances, a 

recent study showed that purified granules could greatly enhance the uptake by 

macrophages or smooth muscle cells of the cationic antibiotic gentamicin and the 

chemotherapy agent doxorubicin (275).  In another demonstration that binding of 

compounds of non-mast cell origin might have physiologic importance, Henderson, et al. 

showed that eosinophil peroxidase, as well as causing mast cell degranulation under 

some conditions, binds to extracellular mast cell granules, and this binds enhances its 

activity (276). 

It was later shown that phagocytosis of mast cell granule by fibroblasts in vitro 

enhanced their secretion of collagenase, suggesting a role in connective tissue 

homeostasis and/or turnover (277).  Interestingly, much more recent work has 

demonstrated that tryptase induces fibroblast proliferation (278) and type I collagen and 
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collagenase synthesis (279), supporting this notion.  An anti-inflammatory effect of 

purified mast cell granules on macrophages was suggested by two studies, which 

demonstrated reductions in superoxide production and NF-KB signaling after in vitro 

exposure to the particles (280, 281).  

In summary, mast cell-derived particles do appear to have the ability redirect the 

movement of cationic compounds from the extracellular space into phagosomes.  This 

could be important for defense against envenomation, and it may also play a regulatory 

role for endogenous molecules.  Although some studies have suggested direct effects of 

the particles on cells, it is difficult to generalize given the small quantity of data and the 

general lack of demonstrated mechanism. 

2.1.2.3 A Role in Atherosclerosis: The Work of Petri Kovanen 

An extensive series of studies into the possible role of mast cells and their 

granules in the development of atherosclerotic lesions has been conducted by Kovanen's 

group in Finland.  Their earlier studies, done with lysis-purified granules (as above), 

showed that granular proteases degraded LDL and that granules enhanced their uptake 

into macrophages (282, 283).  As the accumulation by LDL by intimal macrophages in an 

important event in the pathogenesis of atherosclerosis, and mast cells are also found in 

these lesions, the general hypothesis was that mast cells may accelerate this process.  

When these macrophages become packed with lipids, they are called "foam cells."  Using 

peritoneal macrophages, LDL, and mast cell granules, foam cells were generated in vitro 

in a later study (284).   

These findings further support the local role of mast cell granules in altering the 

extracellular fate of various substances, but this series of studies is also interesting in 

that a new technique for the purification of mast cell granules was elaborated.  This 

technique, also using rat peritoneal mast cells as the starting material, uses a 
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pharmacologic approach.  By treating live cells with the activator compound 48/80, the 

cells release granules in vitro, which can then be easily separated by differential 

centrifugation (285).  The clear advantage of this technique is that the noncytoxic 

degranulation of cells by compound 48/80 is closer to physiologic than processes 

involving the destruction of the cells.  It is also much faster and can be done in normal 

buffers without many changes in conditions.  As such, modifications of their protocols 

have been used in the studies below. 

2.2 Materials and Methods 

2.2.1 Purification of Mast Cell Granules 

For the isolation of rat peritoneal mast cells, Sprague-Dawley rats (obtained from 

Taconic) were first killed by CO2 asphyxiation.  The abdomen was then sprayed with 

70% ethanol and a midline incision made from the low abdomen up to the level of the 

xiphoid process.  Lateral incisions were then made at either end and the abdominal 

musculature exposed by separating it from the skin using a razor blade.  Then the 

peritoneal cavity was opened by carefully cutting through the musculature and 

membranes at the midline, and then extending the opening to approximately two 

inches.  Using forceps to hold one side of the incision up, 20 ml of ice cold RPMI 1640 

cell culture medium containing 2% FBS was introduced into the cavity using a bulb 

pipette.  Once the whole volume was in, the abdomen was shaken for about 15 seconds, 

and then as much lavage as possible was removed from the cavity, primarily from the 

pools on either side near the spleen and liver (usually about 17.5 ml).  This was returned 

to a 50 ml conical tube on ice.  Then, the falciform ligament was severed so that the 

abdominal diaphragm could be visualized.  Using sharp scissors, a small hole was made 

in the diaphragm near its most ventral aspect, ensuring that air entered the pleural 

space.  Then 10 ml of the same media was introduced through this hole into the pleural 



51 

cavity.  After shaking the cavity as well as possible, as much fluid was removed as 

possible, usually about 7 ml.  This procedure generated approximately 4 x 107 cells, on 

average, containing about 2% mast cells.  The cells were kept on ice, as it was found that 

they become refractory to compound 48/80 more rapidly if allowed to warm.  If the cells 

are not collected in the presence of some protein, they also will not respond (responses 

were noticeably less complete with less than 2% FBS, but BSA or gelatin may also be 

used). 

The cells were then centrifuged at 300 x g for 5 minutes at 4° C.  After decanting 

the supernatant, they were immediately treated  by resuspension in 3 ml of 37° C RPMI 

1640 containing 2% FBS and 5 μg/ml compound 48/80 (Sigma) and transferred to a well 

in a 6 well ultra-low binding plate and incubated at 37° C for 5 minutes.  One major 

problem that was encountered was inconsistent response to the cells to the stimulus.  If 

the compound 48/80 was added in a small volume to the well (to the same 

concentration), it was often noted that only cells in the immediate vicinity of the 

addition would respond.  This also occurred with ionomycin.  Also, the effective dose 

depends critically on the density of cells in the treatment volume.  It is likely that the 

drug interacts with cells rapidly, and that the concentration of free drug falls quickly in a 

volume containing large numbers of cells.  Resuspending the cells in the treatment 

volume permits all the cells to see the initial concentration for at least a few seconds 

(which is all that is required).  Degranulation was confirmed visually by observing the 

cells in the plate with a standard cell culture microscope -- the mast cells being larger 

and more refractile than other cells -- a dramatic change of morphology and the 

shedding of granules is immediately apparent.   

After 5 minutes incubation, the cells were transferred to a 15 ml conical tube and 

centrifuged at 450 x g at 4° C for 5 minutes.  After this spin, the supernatant (containing 
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free granules) was carefully transferred to 1.5 ml microcentrifuge tubes on ice.  

Approximately 100 μl was left on the cell pellet to reduce the contamination of the 

granule preparation with cells.  The supernatant-containing tubes were then centrifuged 

at 12,000 x g at 4° C for 10 minutes.  Generally, the granule pellet was visible, whitish-

tan with hazy borders.  The supernatant was then removed and the granules 

resuspended in various media depending on the application. 

For the isolation of mouse PMC-derived particles, peritoneal lavage was 

performed on 2-3 mice using DMEM and isolated cell suspensions were pooled and 

stimulated by 1 μM ionomycin (Sigma).  Ionomycin was used instead of compound 

48/80 for these studies because the responsiveness of mPMCs to the latter drug ex vivo 

was inconsistent, and also to reduce artifacts resulting from interactions between 

compound 48/80 and the particles (discussed below).  Treatment with ionomycin was 

followed by incubation for 15 minutes in a cell culture incubator, after which the cellular 

fraction was removed by two rounds of centrifugation at 500xg for 5 minutes.  

Exocytosed particles were then pelleted by spinning at 12,000xg for 10 minutes at 4˚C. 

2.2.2 Purification of Mast Cells from Rat Peritoneal Lavage 

Peritoneal mast cells were purified from other lavage cells by discontinuous 

density gradient sedimentation, as they are much denser than the other cells.  6 ml of 

22.9% nycodenz was layered atop a 5 ml 40% nycodenz cushion in a 50 ml conical tube.  

Peritoneal lavage cells in culture media were layered over the 22.9% nycodenz.  The tube 

was centrifuged at 600 x g for 20 minutes at 25° C with the brake off to minimize 

interface disruptions.  Mast cells were collected at the 22.9%/40% interface using a bulb 

pipet.  This procedure yielded preparations above 90% purity, and the cells were still 

able to respond to stimuli such as compound 48/80. 
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2.2.3 Cell Culture 

For experiments involving the culture of rat peritoneal lavage cells, the 

peritoneum was initially lavaged with 20 ml of RPMI 1640 cell culture media 

supplemented with 2% FBS.  Cells were centrifuged at 300 x g for 5 minutes at 25°C and 

the resuspended in 2.5 ml of the same media.  These were then maintained in a 5% CO2 

incubator at 37°C for up to 24 hours. 

Bone marrow-derived mast cell cultures were initiated by washing femurs of 

mice with RPMI 1640 supplemented with 10% FBS, HEPES, penicillin/streptomycin, 

essential and nonessential amino acids, and beta-mercaptoethanol.  Cells were cultured 

in this medium with 5 ng/ml IL-3 and 10 ng/ml SCF for five weeks before use, 

periodically removing the adherent cells. 

RBL-2H3 rat basophilic leukemia cells were maintained in MEM cell culture 

media supplemented with 10% FBS.  L929 cells were maintained in DMEM with 10% 

equine serum. 

2.2.4 L929 TNF Cytotoxicity Assay 

The night before the assay, L929 cells were seeded into a 96 well plate at 3.5 x 104 

cells/well in 0.1 ml RPMI 1640 + 2% FBS.  After overnight incubation, the medium was 

removed and replaced with 50 μl RPMI 1640 + 2% FBS containing 4 μg/ml actinomycin 

D.  Then, 50 μl of each standard or sample was added to each well and the plate was 

incubated for 24 hours.  After this, 10 μl of 5 mg/ml MTT was added to each well, and 

the plate was incubated at 37°C until adequate color had developed (2 - 4 hours).  50 μl 

of 20% SDS/50% DMF was added to lyse the cells and solubilize the formazan reaction 

product.  Finally the plate is read at 492 nm, and levels of toxicity calculated from these 

results.   
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2.2.5 SDS-PAGE and Immunoblotting 

Purified mast cell-derived particles were placed in Laemmli buffer under 

reducing conditions and boiled for 5 minutes.  This treatment (specifically, boiling in an 

anionic detergent) was found adequate for solubilizing granule-associated proteins.  

This was then subjected to polyacrylamide gel electrophoresis to separate the proteins.  

This was usually done on a 4-15% or 4-20% gradient gel to permit the maximum 

separation over the full range of molecular weights.  Gels were then stained with SYPRO 

Ruby (from Molecular Probes, according to their instructions) and photographed under 

UV illumination.   

If used for immunoblotting, gels were transferred to PVDF membranes, blocked 

with 5% milk in TBST, 5% BSA in TBST, or 1% fish gelatin in TBST, depending on the 

antibody.  Incubations with primary antibodies were performed overnight in blocking 

buffer at 4° C.  Membranes were washed 3 times for 10 minutes each in TBST, then 

incubated an HRP-conjugated secondary antibody in the blocking buffer for 1 hour at 

room temperature.  Finally, membranes were washed 3 times for 10 minutes and a 

fourth wash of 20 minutes before HRP detection using Femto West ultra-high sensitivity 

substrate (Pierce). 

2.2.6 Sample Preparation for Mass Spectrometry 

Rat peritoneal mast cell-derived particles were purified as described above and 

sedimented by centrifugation at 12,000 x g for 10 minutes at 4°C.  They were then 

resuspended in 0.2 ml 50 mM NH4HCO3, recentrifuged, and resuspended in 50 mM 

NH4HCO3 with 5 mM DTT and 0.1% RapiGest SF (Waters).  The sample was boiled for 

five minutes in this solution, which dissolved the particles.  To this, iodoacetamide was 

added to a final concentration of 15 mM to block cysteine residues, and the solution was 

incubated at room temperature for 30 minutes in the dark.  Finally, 1 μg of mass 
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spectrometry-grade trypsin was added to the solution (Promega V5280) and the solution 

was incubated overnight at 37°C.  In the last step prior to analysis, TFA was added to a 

final concentration of 0.5%, and the mixture incubated at 37° C for 30 minutes. 

2.2.6 Microscopy 

For cytospin preparations, approximately 250 μl of cells suspended in RPMI 1640 

with at least 2% FBS was spun out onto slides using a Shandon Cytospin 3 

cytocentrifuge.  Cells were fixed in methanol and stained with eosin and methylene blue 

or acidic toluidine blue. 

For sections, 10 μm frozen sections were made and fixed in cold acetone before 

being blocked in PBS with 1% BSA and subsequently labeled with a 1:2000 dilution of 

AlexaFluor 488-labeled avidin (Molecular Probes) in PBS with 1% BSA.  Slides were 

washed 4 times for 5 minutes, and then coverslipped in ProLong Gold antifade solution 

(Molecular Probes).  For toluidine blue staining, frozen sections were rapidly fixed in 

75% methanol, 20% formaldehyde, and 5% acetic acid and then stained in 0.1% toluidine 

blue at pH 2 for 2-3 minutes, then washed and dehydrated before mounting and 

coverslipping in Permount.  

Whole mount rat mesentery preparations were made by stretching a loop of 

bowel over a slide so that the transparent windows were spread across them, waiting for 

these to dry, and then cutting away unwanted tissue.  Then they were fixed with cold 

acetone, permeabilized and blocked overnight in PBS with 0.3% Triton X-100 and 5% 

goat serum, then labeled fluorophore (AlexaFluor-488 or TRITC, depending on the 

experiment)-labeled avidin (Sigma) before imaging using a laser scanning confocal 

microscope.  Some images were made under epifluorescence illumination.   

For scanning electron microscopy, rat peritoneal lavage cells were seeded onto 

polylysine coated coverslips in RPMI 1640 media with 10% FBS and incubated for 15 
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minutes at 37˚C.  They were then treated with compound 48/80 at 5 μg/ml for 15 

minutes.  Finally, the cells were fixed in 3% glutaraldehyde and processed for SEM.  

Coverslips were postfixed for one hour in 1% OsO4 (in water) before being dehydrated 

into ethanol and hexamethyldisilazane and finally dried.  Then they were mounted and 

coated with osmium for imaging on a XL-30 ESEM-FEG microscope (FEI Company). 

2.2.7 Generation of TNF-GFP Fusion Protein-Expressing Mast Cells 

For the generation of TNF-GFP expressing cells, total RNA was isolated from 

bone marrow-derived mast cells (BMMCs) using an RNeasy kit (Qiagen).  cDNA was 

made using the iScript cDNA synthesis kit (Bio-Rad).  The tnf gene was PCR amplified 

using the primers tnfF: GAT CTC GAG ATG AGC ACA GAA AGC ATG ATC CG, tnfR: 

GGT GGA TCC CGC AGA GCA ATG ACT CCA AAG TAG.  The PCR product was 

digested with XhoI/BamHI, and then ligated with XhoI/BamHI digested pLEGFP-N1 

(BD Biosciences) to generate pTNF-GFP.  Sequence accuracy and whether TNF and GFP 

genes are in frame were confirmed by sequencing.  The production of infectious 

retroviruses and infection of RBL-2H3 cell line and BMMCs were done as recommended 

by the vendor (BD Biosciences).  BMMCs were cultured in the presence of rIL-3 (5 

ng/ml, R&D Systems) and rSCF (5 ng/ml, R&D Systems) for four weeks followed by ten 

days of culture in 5 ng/ml rIL-3 on a monolayer of 3T3 fibroblasts before treatment.  

Both TNF-GFP expressing cell types were observed after activation with 1 μM 

ionomycin. 

2.2.8 Heparin-Based Microparticle Fabrication 

Heparin/polylysine particles were made by combining 1-2% solutions of heparin 

with 0.1% polylysine.  For the encapsulation of TNF in heparin/polylysine particles, 1 

μg recombinant murine TNF was added to a solution of 1% heparin, and this was 
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vortexed at 4° C for 30 minutes.  Then two volumes of 0.1% polylysine were added.  This 

resulted in significant encapsulation of TNF in the particles 

Synthetic heparin/chitosan particles were generated by gradually combining 1% 

heparin (Calbiochem, 375095) and 1% chitosan (Vanson) (both in dH2O) in a 1:1 ratio at 

approximately pH 5.  To produce particles, one volume of 1% chitosan was added to five 

volumes of 1% heparin and vortexed for 30 seconds.   This was repeated to achieve a 1:1 

ratio of 1% chitosan to 1% heparin.  After ten minutes at room temperature, the pH was 

then adjusted to neutrality to prevent further aggregation.  Particles were centrifuged at 

14,000xg for 10 minutes at 4˚C to form a pellet and washed with water before 

resuspension in PBS for injections or water for visualization on coverslips.   

2.3 Results 

2.3.1 Mast Cells Release Insoluble Particles in vitro and in vivo and 
These Can Be Isolated 

Isolated rat peritoneal mast cells degranulate within seconds in response to 

compound 48/80, and release granules over a minute (see Figure 4).  This process is so 

dramatic that it can easily be observed in real time at low magnification.  Whereas the 

intact granule is very tight and darkly staining, upon exocytosis the granule expands 

greatly in size and exhibits much fainter staining (Fig. 4B).  This has been appreciated in 

many electron microscopic studies and is apparently the result of water entering the 

granule and fewer cationic substances being available to crosslink heparin 

proteoglycans.  As the particles separate entirely from the cells, it becomes possible to 

separate them from cells in a suspension of each, as the particles are much smaller than 

cells.  As such, they take longer to sediment.  This is the basis for the protocol used in 

these studies to obtain purified mast cell granules (see Methods above). 
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Figure 4: Release of particles by rat peritoneal mast cells in response to 
compound 48/80 in vitro. 

(A) and (C) Cytospin and SEM image, respectively, of a nondegranulated mast 
cell. (B) and (D) Cytospin and SEM image, respectively, of a mast cell 15 minutes 
after treatment with 5 μg/ml compound 48/80. (E) DIC micrograph of purified 
mast cells seconds after the addition of compound 48/80.  Note the appearance 
of the unactivated cell (arrow).  (F) Unactivated mouse PMC.  (G) Mouse PMC 15 
mins after compound 48/80. 
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With the electron microscope, intact mast cell granule contours could be seen 

through the plasma membrane of some, but not all unactivated peritoneal mast cells (Fig 

4C).  15 minutes after stimulation, a great number of extracellular granules can be seen 

surrounding the cell (Fig 4D).  Upon measurement, the granules averaged 917 nm in 

diameter, and they were relatively homogeneous, being composed of smaller, mostly 

spherical subunits that averaged 59.4 nm (see Figure 3A).   

The homogeneity in appearance of purified mast cells imaged in these various 

modalities suggests that all of the particles seen are identical.  That they are in fact the 

heparin-protein complexes described previously is further supported by their continued 

binding to a basic dye (methylene blue) after their exocytosis. 

Peritoneal mast cells from rats were used for the majority of in vitro studies, as 

these can be harvested in the greatest amounts.  A procedure for purifying mast cel-

derived particles from murine PMCs was developed also (described above), but the 

yields were much lower, less predictable, and required greater numbers of animals.  

Still, these cells release particles that can be purified (see Figure 5). 

It is perhaps unsurprising that these particles can so easily separate themselves 

from their parent cells in a suspension of free cells, but whether or not this occurs in vivo, 

in complex connective tissues, is another question.  In fact, when compound 48/80 is 

injected into the mouse rear footpad, extensive degranulation is observed, and the cells  

are surrounded by particles that appear to have the capacity to travel some distance 

away from their cell of origin (Fig 5B).  These cells are labeled with fluorescent avidin, a 

highly basic protein that binds strongly to mast cell granules, both inside and after their 

release.  This interaction with mast cell heparin, generally considered a "nonspecific" 

reaction, explains why streptavidin, a largely neutral protein, and various other altered 



60 

avidin derivatives have largely replaced avidin for the detection of biotinylated targets.  

The similar labeling of intra- and extracellular granules by avidin is further proof that 

these are indeed heparin-based particles. 

 

Figure 5: Mast cells release heparin-containing particles in vivo 

 (A) Confocal micrograph of footpad section 30 minutes after PBS injection.  (B) 
Footpad section 30 minutes after the injection of 5 μg compound 48/80. 
As will become clear, quantitation was a persistent challenge.   

For example, it was difficult to determine how many particles had been purified 

in each preparation.  Quantifying the number of such extracellular particles in vivo was 

also quite difficult, as sections do not adequately capture what is a three-dimensional 

phenomenon, and one that occurs differently in different directions (see Fig. 5B).  One 

anatomical site, however, did prove amenable to this sort of analysis, and that was rat 

mesentery.  Rat mesentery can be observed in whole mount and it is very thin, and it is 

by virtue of these facts that it is such an attractive model for connective tissue events.  

Here we could count extracellular granules.  Images of avidin-labeled mast cells were 

converted to binary images with the subtraction of cells so that individual particles 

could be automatically counted (see Fig. 6).  In this system, the ratio of free granules to 

mast cells was 27.4 (20.5-34.2 95% confidence interval) after the analysis of 17 such 

images.  This number is certainly an underestimate as: a) rat mesentery is probably not a 
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typical connective tissue as it is so spatially restrictive, b) this is only 30 minutes into the 

response, and c) particles so close to the cells that they cannot be separated from the 

parent cell's fluorescence are not counted. 

 

Figure 6: Quantitation of released particles by mast cells of rat mesentery. 

(A) Avidin-TRITC labeled whole-mounted rat mesentery window 30 minutes 
after the IP injection of 0.5 mg compound 48/80.  (B) Binarized version with cells 
removed for automatic particle counting. 
 

  It would have been ideal to have a sustainable in vitro source of material -- 

relying exclusively on primary cells that lose crucial abilities within an hour of their 

harvest is undesirable, for obvious reasons.  Part of the problem is that most cell culture 

models of mast cells do not produce highly mature, connective tissue-type mast cells like 

PMCs.  This is likely because the mast cell is so highly differentiated, and while tissue 

resident mast cells do apparently have proliferative potential (286), ordinarily they are 

quiescent.  As proliferation is required for cell culture, whether cell lines or with 

untransformed primary cells, these cells are less differentiated than in vivo.  The 

synthesis of heparin, in particular, is a feature of highly differentiated mast cells.  

Because heparin is required for the structure of the extracellular granule, cells that do 

not produce it presumably do not release truly stable granules.   



62 

Bone marrow-derived mast cells (BMMCs), while ordinarily fairly immature, can 

be induced to differentiate in the presence of the cytokine stem cell factor and if 

coculture with fibroblasts.  Therefore, the purification of particles from BMMCs was 

attempted.  Fibroblast-matured BMMCs did degranulate in response to compound 

48/80, although requiring a higher concentration (20 μg/ml).  In addition, particles were 

visibly shed from these cells upon treatment, although only by a small minority (Fig. 7).  

However, the material recovered using the isolation protocol described above for rat 

PMCs yielded a great deal of cellular debris as well as particles the size of the ones shed 

during activation.  This is likely a consequence of imperfect separation of fibroblasts 

from BMMCs (as they are plated on a monolayer, there is debris).  So, it would appear 

that BMMCs are not a useful source of purified granules without a great deal more 

optimization. 

 

Figure 7: Fibroblast-cocultured BMMCs release particles in response to 
compound 48/80. 

(A) through (D) Stills from a DIC video made of a BMMC degranulating and 
shedding visible particles in response to 20 μg/ml compound 48/80 over the 
course of about 30 seconds. 
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The purification of particles from the rat basophilic leukemia cell line RBL-2H3 

was also attempted, but this was likewise unsuccessful (see Section 2.3.4).  Although 

most transformed mast cells (including RBL-2H3 cells) do not produce heparin, there are 

some cell lines that do (287).  Heparin-producing cell lines might also be tried in this 

regard, but here it was observed that there are significant differences in the particles of 

different mast cell sources, implying that extensive optimization would likely be 

required to develop these sources.  Finally, mast cell tumors, mastocytomas, are the 

most common tumor of dogs, and these have been used to establish cell lines as well as 

raw material for the purification of mast cell-associated factors.  The more aggressive of 

these tumors are quite anaplastic, but some remain highly differentiated.  It is probable 

that cells dissociated from such a tumor might be a source of large quantities of mast 

cell-derived particles for studies requiring their isolation. 

In summary, it was found that mast cells release discrete particles into the 

extracellular environment upon degranulation.  This was true for free mast cells isolated 

from rodent serosal cavities and activated ex vivo, as well as for mast cells residing in 

connective tissues in vivo.  These particles were purified from mature, freshly isolated 

peritoneal lavage cells of rats and mice, and possibilities for using other sources were 

presented. 

2.3.2 Quantification of Mast Cell-Derived Particles 

Quantitation of purified granules is important for dosing in functional studies, as 

well as for performing more controlled basic studies.  There are several potential 

approaches to this problem.  The simplest, perhaps, would be to count them, and from 

there express and calculate doses, etc. in terms of number of granules.  The use of a 

hemocytometer was attempted, but at least for rat-derived particles, the relatively large 

distance between the top and bottom (generally 100 μm) of the counting chamber led to 



64 

a great deal of motion of the particles, preventing accurate counting.  The use of a 

Petroff-Hausser counting chamber (used ordinarily for counting bacteria) would likely 

be more appropriate, but even this type of chamber is 10-50 μm deep.  Given that the 

particles are less than 1 μm in diameter, this might not completely solve the problem of 

their movement.  Because of this potential problem, other techniques for quantifying 

particles published in the literature were pursued. 

Counting of bacteria is ordinarily done by measuring the turbidity of cultures 

using a spectrophotometer.  This technique generally requires calibration using actual 

counting for each type of bacteria, but it regardless allows comparisons to make between 

different preparations.  As suspensions of mast cell-derived particles are visibly turbid, 

quantitation using this method was investigated.  Purified granules have a characteristic 

absorbance spectrum that is dependent on their structural integrity.  Granules diluted 

into an isoosmolar solution, such as PBS, exhibit an identical spectrum except for 

reduction in amplitude due to dilution.  If, however, they are diluted into a high salt 

solution, such as 5 M NaCl, a treatment that completely solubilizes them, the spectrum is 

very different from the undiluted particles (Fig. 8).  The absorbance of the particles 

either at 280 nm or 600 nm (the traditional wavelength for bacterial turbidity 

measurements) is linear with their concentration, implying that this technique can 

provide at least a comparative quantitation (Fig. 9).   
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Figure 8: Absorbance spectra of purified mast cell-derived particles 

Suspensions of mast cell-derived particles have a distinctive absorbance pattern, 
that is dependent on its granular structure.  The same preparation after 
dissolution in 5 M NaCl shows greatly reduced absorbance over most of the 
spectrum. 
 

 

Figure 9: Absorbance of particle suspensions at 280 and 600 nm are linear with 
concentration. 

In the literature, mast cell-derived particles have generally been quantified using 

protein concentration determinations (275, 282), although the quantity has also been 

expressed as equivalents of starting mast cell number (281).  It is not clear, however, that 

the most commonly used techniques for measuring protein concentrations are useful in 
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this application, as they are generally used for measuring the concentrations of soluble 

proteins in aqueous solution.  As the proteins in mast cell-derived particles are in stable 

electrostatic complexes with heparin, it is possible that this will interfere with the 

accuracy of the readings.  Also, as these suspensions have intrinsic absorbance in the 

range measured in such assays, this may also be a complicating factor.  Finally, protein 

concentration assays are susceptible to interference from certain substances.  While 

neither heparin nor compound 48/80 is in the list of interfering substances for 

commercial assay kits, it was found that heparin interferes with the BCA assay at 

concentrations over 100 μg/ml (not shown).  Importantly, the concentration of heparin 

in particle preparations is probably lower than this. 

It was found that the BioRad protein assay (which is a slight modification of the 

traditional Bradford assay) provided inconsistent results, and on multiple instances, the 

final absorbance reading from the particle sample was lower than the zero standard.  

Use of the BCA technique delivered more consistent results, yielding concentrations for 

various preparations between 70 and 500 μg/ml.  Nevertheless, because of the 

considerations above (which vary substantially from experiment to experiment), 

diminish confidence in the absolute accuracy of these measurements.   

Another potential method for quantifying particles would be to measure the 

heparin content of various preparations.  The most commonly used assay for this utilizes 

the metachromasia that heparin exhibits upon binding certain dyes.  Azure A, which is 

structurally similar to toluidine blue, is the most commonly used dye in this application, 

probably because it exhibits very dramatic metachromasia.  The absorbance reading at 

the new wavelength is linear with heparin concentration (see Fig. 10).  However, it is 

linear only over a very narrow range of concentrations (approximately 0.1 - 25 μg/ml), 

and again, it may not be as accurate in measuring solid phase heparin.  In multiple 
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experiments using this technique, no non-zero measurements were obtained for granule 

preparations. 

Finally, because mast cell-derived particles are known to contain active 

proteases, an attempt was made to quantify preparations by proteolytic activity.  

Chymase has a similar substrate spectrum to chymotrypsin, and so the canonical 

chymotrypsin substrate BTEE was used.  Although chymotrypsin displayed brisk 

activity in cleaving this substrate (as measured by changes in UV absorbance over time), 

granule preparations exhibited very low or no activity above baseline. 

 

Figure 10: Azura A metachromasia is a quantifiable measure of heparin 
concentration 

In conclusion, many approaches were taken to quantitate granule 

preparations.  Although protein concentration, heparin concentration, or protease 

activity should all be viable techniques in this regard, turbidity/UV absorbance 

measurements were found to be far more practical and reproducible.  Expressing the 

quantity purified as equivalents of the starting number of mast cells would also be an 
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acceptable method, but with the caveat that the same number of mast cells doubtless 

yields varying numbers of particles on different days. 

2.3.3 Initial Characterization of Mast Cell-Derived Particles 

The first of a number of basic studies was to determine particle stability.  If they 

are to carry inflammatory signals over long distances, they must be able to persist under 

conditions similar to those in the extracellular space.  As a simple experiment to evaluate 

their stability, a preparation of particles suspended in cell culture medium was left at 

room temperature and examined microscopically at intervals.  As shown in Figure 11, 

the particles did not change appreciably over the course of 12 days (even after 11 weeks, 

their appearance was the same).  This experiment only addresses the intrinsic decay rate 

of the particles, and of course, it is not quantitative.  However, it does indicate that 

under standard conditions, they are very stable.   

 

Figure 11: Mast cell-derived particles are highly stable 

(A) DIC micrograph of a suspension of particles at t=0.  Micrographs of the same 
suspensions at t=2 hrs (B), t=23 hrs (C), and t=288 hrs (D). 
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The insolubility of the particles, while making them highly stable potential 

vehicles for inflammatory mediators, also makes them quite difficult to study.  Methods 

were required for the solubilization of granules so that the constituents could be studied 

directly.  As mentioned above, one way to accomplish this goal is to expose the particles 

to very high salt concentrations.  Unfortunately, most downstream applications will not 

tolerate high salt concentrations, so buffer exchange must be performed.  However, it is 

reasonable to expect that a return to physiologic osmolarity levels will cause the re-

establishment of the bonds that held the particles together initially.  Because the 

formation of mast cell granules occurs in a very small space delimited by the granular 

membrane, and mediators reach high concentrations, large complexes may be formed.  

In solution it is likely that much smaller complexes are formed given the low 

concentrations of heparin proteoglycans and basic proteins after granule dissolution.  

Although such complexes might be tolerable in downstream applications, it is also 

possible that they would interfere.  Furthermore, exposure to high ionic strengths 

solutions can irreversibly denature proteins, which could compromise results. 

Another effective dissolution method is boiling in anionic detergents, such as 

SDS.  This has permitted analysis of particle-associated proteins by gel electrophoresis, 

as detailed below.  RapiGest SF (obtained from Waters), a proprietary milder anionic 

detergent specifically marketed as improving trypsin digestion as a prelude to mass 

spectrometric analysis of proteins, is also capable of dissolving particles.  Of course, 

although the latter agent is compatible with trypsin proteolysis, proteins are generally 

not very good at performing their intended functions after having been boiled in 

detergent, so this technique is not optimal for biological experiments requiring activity.  

Boiling the particles in the absence of detergent caused them to aggregate, but not to 

dissolve.  Nonionic detergents, such as Triton X-100, appeared to have no effect on the 
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particles, as would be expected since the forces that hold them together are electrostatic 

(see Figure 12). 

 

Figure 12: Purified rat PMCs upon exposure to 0.05% Triton X-100 

Alterations in pH change the surface charge characteristics of proteins, so 

whether or not particles could be disrupted merely by alterations in pH was 

investigated.  As mentioned previously, the most abundant proteins in extracellular 

granules are highly basic, with an isoelectric point around 9.5.  So, it was expected that 

exposure of particles to pH 12 would dissociate them.  However, exposure to extremes 

of pH did not dissolve the particles, although it clearly changed their morphology (see 

Figure 13).  At pH 2, they probably assume a tightly-packed structure typical of intact 

granules (because of the greater number of available charge interactions for cross-

linking).  At pH 12, the opposite is likely true, and although it appears not to have been 

enough to dissociate them completely, they clearly looked looser and less distinct by 

DIC microscopy.   
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Figure 13: Effect of pH on isolated mast cell granules 

DIC micrographs of suspensions granules diluted 1:1 in PBS titrated to pH 7.4 
(A), 12 (B), and 2 (C).  Shown is the edge of a right-most edge of a droplet, so that 
a range of focal planes can be appreciated. 
 
This scenario is supported by research examining the effect of pH on the giant 

granules of mast cells obtained from the beige mouse.  This mouse has a mutation in the 

lyst gene, which encodes the lysosomal trafficking regulator, resulting in an error of 

lysosomal storage such that granulated cells have many fewer, but far larger granules 
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(up to 4 μm) (288).  There is a rare, homologous condition of immunodeficiency in 

humans called Chediak-Higashi syndrome, which has a similar phenotype due to 

mutations in the lyst gene (289).  Although granules from beige mice are probably 

abnormal in ways other than their size, they have proved a useful experimental system 

for studying extracellular granules, as the cells will release these normally in response to 

activating stimuli, and they exhibit changes similar to those of normal mast cell granules 

upon exocytosis (290).  It was shown using granules from these mice that the 

extracellular granular matrix can undergo condensation, such that it appears as dense as 

intracellular granules, under the right conditions.  In the presence of 10 mM histamine, 

the size of the granules depended on the solution of the pH, correlating strongly with 

the transition of histamine with decreasing pH from a monovalent to a divalent cation.  

Even in the absence of histamine, the particles shrank in response to lowered pH, 

although the effect was not as dramatic.  This shrinking effect can also be seen with the 

addition of polycations (like polylysine) or even inorganic divalent cations (such as Ca++ 

or Mg++) (291).  Thus, alterations in pH, while apparently able to effect changes in 

granule morphology, do not appear to be useful for granule dissolution, at least over the 

range tested.  This method would also suffer from the drawback that extremes in pH can 

also denature and degrade proteins. 

A gentler, potentially effective method would be the enzymatic degradation of 

heparin by bacterial heparinases.  These enzymes, obtained from Flavobacterium 

heparinum, have proven useful in the analysis of glycosaminoglycans, as they can 

degrade both heparin and its ubiquitous relative, heparan sulfate (292).  Unfortunately, 

although the activity of the heparinase I used was confirmed with soluble heparin, the 

enzyme had no microscopically discernible effects on mast cell-derived particles (even in 

extended incubations), although there were unsaturated uronic acid products in the 
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supernatant after this treatment, indicating that some hydrolysis of heparin had 

occurred.  The likely explanation for this is that the granule appears to exclude larger 

proteins from its interior.  Interestingly, granule-associated RMCP-I can hydrolyze small 

proteins up to about 15 kDa, but it is also active against larger proteins once it has been 

purified away from the granule structure and solubilized.  Likewise, granular RMCP-1 

can be inhibited by small molecule, but not protein protease inhibitors (45).  This 

suggests that the physiologic targets of chymase may be small proteins.  The molecular 

weight of heparinase I is 42.8 kDa, suggesting that it cannot access the interior.  Thus, 

while the enzyme appears able to catalyze some hydrolysis (presumably of exterior 

exposed heparin), it cannot dissociate the particle itself. 

2.3.4 Analysis of the Mast Cell Secretome 

Prior to focusing exclusively on TNF, basic studies on the constituents of mast 

cell granules were performed, both with the goal of demonstrating the presence of TNF 

and to identify any other inflammatory signals that might be relevant to signaling 

between sites of inflammation and draining lymph nodes.  

Initially, a cytokine-directed approach was taken, using a multiplex ELISA 

system to measure several rat cytokines in purified particles simultaneously.  The 

analytes were: IL-1 , IL-1 , IL-2, IL-4, IL-6, IL-10, GM-CSF, IFN- , and TNF (Bio-Plex Rat 

Cytokine 9-Plex A Panel obtained from Bio-Rad).  Although this technique is quite 

sensitive, it is intended for use on samples containing soluble cytokines.  Unfortunately, 

we did not detect cytokines using this method.  Because particle-associated proteins are 

in insoluble complexes, the lack of cytokine detection in this assay cannot be taken as 

proof of their absence. 

As an alternative approach, the major proteins of the extracellular granule were 

evaluated by SDS-PAGE (Figure 14).  Because the supernatant was removed during the 
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purification of these particles, this separation only includes the insoluble fraction of the 

secreted products.  These findings are consistent with other studies of the protein 

constituents of rat mast cell granules (265, 293).  Based on the work of others, the major 

bands between 25 and 37 kDa could be tentatively identified as the major mast cell 

proteases RMCP-1 (~26 kDa), RMCP-5 (~29 kDa), and MC-CPA (multiple bands from 33 

- 36 kDa) (266).  The identity of the lower molecular weight bands is unknown. 

 

Figure 14: SYPRO Ruby-stained SDS-PAGE separated mast cell granule-
associated proteins 

Because it appeared that the mixture of granule-associated proteins was of 

relatively low complexity, mass spectrometric analysis was performed on in-solution 

digests of unseparated particle proteins (Table 2).  Although no well-described growth 

factors or cytokines were identified in these studies, several patterns emerge.  First, the 

vast majority of the protein present in extracellular granules is accounted for by the 
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major proteases.  Presumably, there is also a fair amount of serglycin, the core protein 

for heparin proteoglycans, but this protein is so heavily glycosylated that it is resistant to 

trypsin (294) and so would not be detected by this assay. 

 

Table 2: Protein identifications made in six mass spectrometry experiments 
with five individual granule preparations excluding likely contaminants 

Protein # IDs Pi MW (kDa) 

6/6 9.96 35 

6/6 10.14 25 

6/6 9.93 27 

3/6 11.66 14.11 

3/6 11.05 13.99 

4/6 5.46 270.34 

3/6 11.86 21.99 

3/6 11.91 11.37 

3/6 5.15 41.74 

3/6 8.19 35.83 

2/6 7.42 38.7 

2/6 11.96 13.45 

2/6 7.84 38.68 

1/6 8.54 39.63 

1/6 9.39 23.73 

Carboxypeptidase B precursor      1/6 6.77 35.24 

Protein piccolo       1/6 6.5 555.84 

1/6 8.12 36.18 

1/6 6.41 532.35 

1/6 4.43 84.78 

1/6 8.52 50.38 

1/6 6.79 171 

1/6 8.49 7.78 

 

A number of proteins identified in this study were clearly of intracellular origin, 

such as the histones, dynein, and metabolic enzymes.  Given what is known about these 

proteins, it seems highly unlikely that they are actually loaded into the granule with 

other mast cell mediators.  It is more probable that these proteins were soluble in the cell 

suspension before mast cell activation and that they adhered to the extracellular 

granules after their extrusion.  Interestingly, most of the proteins identified either have a 
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very basic isoelectric point (histones, eosinophil major basic protein) or have well-

characterized heparin binding activity (amyloid beta A4 precursor (295), fibronectin 

(296), and annexins (297)).  This evidence provides further support for the idea, 

discussed in Chapter 1, that one function of mast cell-derived particles may be to 

regulate soluble extracellular heparin-binding proteins. 

A quantitative proteomic analysis of granule-associated proteins was also 

performed (Table 3).  In this experiment, the only proteins identified that were not most 

likely serum or keratin contaminants were the mast cell proteases (alcohol 

dehydrogenase is added to the mixture as a control for quantitation).  The weight ratio 

of the proteases (5.41 : 1.49 : 1 for MC-CPA : RMCP-5 : RMCP-1) approximates that 

reported previously for rat mast cells.  One study found that 50% of the granular protein 

was chymase (31), whereas here the value was about 30%.  It is possible that the 

chymases may have dissociated to some limited extent during particle purification as 

well, as they are known to be less tightly bound to the granule than MC-CPA (264).  This 

could result in an underestimate of the actual levels.  Finally, it is worth noting that any 

granule-associated protein present must be less than 1% as abundant as MC-CPA on a 

molar basis, assuming that the quantity of the least abundant observed protein 

represents an approximate lower limit for detection.     
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Table 3: Quantitative proteomic analysis of granule-associated proteins 

Protein MW (Da) fmol present ng present 

Mast cell carboxypeptidase  (MC-CPA) 35763 3878.2175 138.7865 

Mast cell protease III precursor (RMCP-5) 27551 1384.3846 38.1664 

Mast cell protease I precursor (RMCP-1) 28598 896.8084 25.6642 

Trypsin precursor  EC 3 4 21 4 24393 215.1292 5.2512 

Alpha 2 HS glycoprotein precursor  Fetuin A   Asia 38394 126.081 4.8439 

Serum albumin precursor  Allergen Bos d 6 69248 122.5014 8.4886 

Alcohol dehydrogenase I  EC 1 1 1 1 36668 50 1.8346 

Alcohol dehydrogenase II  EC 1 1 1 1 36577 37.8616 1.3858 

Keratin  type II cytoskeletal 1  Cytokeratin 1   K 65846 36.6583 2.4153 

Hemoglobin beta fetal chain  Hemoglobin gamma chai 15849 32.7979 0.5201 

 

As the presence of highly abundant proteins, probably accounting for over 99% 

of total granule-associated protein, may have impaired the detection of rarer species, an 

attempt was made to exclude these, as their major bands all migrate between 25 and 37 

kDa (see Figure 14).  Because TNF, the mature, secreted form of which is 17 kDa, was of 

particular interest, the analysis was limited to proteins between 14 and 19 kDa by 

separating the proteins by SDS-PAGE and then cutting out that region and preparing it 

for MS analysis.  Again, all three major proteases, but not TNF, were identified (Table 4).  

This is not entirely unexpected, as there is already evidence that some smaller molecular 

weight bands are probably protease degradation products (293).  Human keratins (the 

search was limited to rat, but they are highly homologous) are a frequent contaminant in 

protein identification experiments.  Since histones were identified in multiple separate 

experiments (see Table 2), it seems likely that the prominent band around 15 kDa 

(Figure 14) is accounted for by these proteins, although protease fragments may also 

contribute.  The origin of these histones is unclear, but it is probable they are derived 

from the small percentage of killed cells and cellular debris in the initial peritoneal 

lavage. 
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Table 4: Granule-associated proteins between 14 and 19 kDa identified by MS1 

Protein name MW (kDa) 

Mast cell protease 1 precursor - Rattus norvegicus (Rat) 25 

Mast cell carboxypeptidase A precursor - Rattus norvegicus  35 

Chymase precursor - Rattus norvegicus (Rat) 27 

Keratin, type I cytoskeletal 10 - Rattus norvegicus (Rat) 56.52 

Keratin, type II cytoskeletal 5 - Rattus norvegicus (Rat) 61.84 

Histone H2B type 1 - Rattus norvegicus (Rat) 13.99 

Keratin, type II cytoskeletal 1 - Rattus norvegicus (Rat) 64.85 

Histone H2A type 1-C - Rattus norvegicus (Rat) 14.11 

Bone marrow proteoglycan precursor - Rattus norvegicus (Rat) 13.45 

Annexin A1 - Rattus norvegicus (Rat) 38.7 

Histone H3.1 - Rattus norvegicus (Rat) 15.28 

Cofilin-1 - Rattus norvegicus (Rat) 18.53 

Hemoglobin subunit beta-1 - Rattus norvegicus (Rat) 15.85 

  

Finally, the soluble proteins released during degranulation were analyzed by 

mass spectrometry as well, both to evaluate the presence of TNF and other signals in this 

fraction, and also to confirm that effective separation of the two fractions is taking place. 

This experiment was controlled by incubating lavage cells in medium and then spinning 

them out of this medium, saving it as the control fraction.  The cells were then 

resuspended in the same medium containing compound 48/80 and incubated under the 

same conditions before removing the cells again by centrifugation.  Both supernatants 

were then centrifuged much faster to sediment extracellular granules in the preparation.  

The results of this experiment are expressed as comparisons between identifications 

made in the pre- and post-48/80 media. 

Several proteins were identified only in the post-compound 48/80 media, 

including multiple mast cell-specific proteins, suggesting that the results do reflect 

proteins secreted from mast cells (Table 5).  Among these were the mast cell proteases 

identified in the granule-specific experiments, which is not surprising given their 

abundance.  The identification of relatively abundant quantities of tryptase, which was 

                                                        

1 Except for the proteases, molecular weights presented here are calculated from sequence. 
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never identified in the particle-associated fraction, confirms that a separate soluble 

fraction has been isolated.  Unlike human tryptase, which binds strongly to heparin, rat 

tryptase does not, and so finding the enzyme among the soluble proteins is not 

surprising (298).  The storage and activation-related release of dipeptidyl peptidase II by 

mast cells has also been previously documented, although its significance remains 

unknown (299, 300).  The lysosomal hydrolases -hexosaminidase (not shown, but 

detected with lower confidence in this experiment and also by using other methods) and 

-glucuronidase are known constituents of mast cell granules (301), but the presence of 

DNase-2 has not been noted previously.  Again, several proteins that are probably 

cytoplasmic in origin were identified, suggesting that the treatment (or the extra 

centrifugation step) may have caused some cytotoxicity.  Neither TNF nor any other 

well-described signal was identified in this experiment (aside from a low confidence 

identification of interleukin 24, about which essentially nothing is known outside the 

context of cancer), but again, such proteins are probably not very abundant compared to 

many of the proteins identified here. 
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Table 5: Semiquantitative analysis of soluble proteins released during 
compound 48/80-induced degranulation 

Name MW Control 48/80 

Mast cell protease 1 precursor  29 kDa 0 362 

Tryptase precursor  30 kDa 0 11 

Dipeptidyl-peptidase 2 precursor  55 kDa 0 7 

Vimentin  54 kDa 0 6 

Mast cell carboxypeptidase A precursor  48 kDa 0 6 

Deoxyribonuclease-2-alpha precursor  38 kDa 0 6 

Sulfated glycoprotein 1 precursor  61 kDa 0 5 

14-3-3 protein theta  28 kDa 0 5 

Pyruvate kinase isozymes M1/M2  58 kDa 0 4 

78 kDa glucose-regulated protein precursor  72 kDa 0 4 

Adenylyl cyclase-associated protein 1  52 kDa 0 3 

Glyceraldehyde-3-phosphate dehydrogenase  36 kDa 0 3 

Beta-glucuronidase precursor  75 kDa 0 3 

Chymase precursor  28 kDa 0 3 

Coronin-1A  51 kDa 0 2 

Calreticulin precursor  48 kDa 0 2 

Protein disulfide-isomerase A3 precursor  57 kDa 0 2 

Aldose reductase  36 kDa 0 2 

Granulins precursor [Contains: Acrogranin; Granulin-1  63 kDa 0 2 

 

Interestingly, there was a group of proteins whose abundance decreased after 

compound 48/80 treatment (Table 6).  Included among these were LTA4 hydrolase, an 

enzyme required for the synthesis of the neutrophil chemoattractant leukotriene B4, and 

leukocyte elastase inhibitor A.  Both of these proteins have important potential roles in 

inflammation that may be regulated by their adsorption to mast cell-derived particles.  

For example, local reductions in leukocyte elastase inhibitor concentrations could 

enhance the activity of neutrophil-derived elastase.  This phenomenon should be 

carefully explored in future studies. 

                                                        

2 Numbers indicate number of identified peptide spectra normalized to percentage of total spectra. 
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Table 6: Proteins identified in control supernatants that were reduced after 
48/80-induced degranulation 

Name MW Control 48/80 

L-lactate dehydrogenase A chain  36 kDa 24 8 

Leukotriene A-4 hydrolase  69 kDa 12 3 

Serum albumin precursor  69 kDa 19 0 

Peptidyl-prolyl cis-trans isomerase A  18 kDa 12 0 

Creatine kinase B-type  43 kDa 7 0 

Malate dehydrogenase, cytoplasmic  36 kDa 7 0 

Moesin  68 kDa 5 0 

Ubiquitin  9 kDa 5 0 

Thymosin beta-10  5 kDa 6 0 

Phosphoglycerate kinase 1  45 kDa 6 0 

Leukocyte elastase inhibitor A  43 kDa 7 0 

Parathymosin  12 kDa 5 0 

Cofilin-1  19 kDa 5 0 

WD repeat-containing protein 1  66 kDa 3 0 

Tropomyosin alpha-3 chain  29 kDa 5 0 

Fructose-bisphosphate aldolase A  39 kDa 2 0 

 

TNF and other inflammatory signals were not identified in these studies.  

However, this was not entirely surprising, as one study calculated the quantity of 

preformed TNF per mast cell at 0.404 fg/rat PMC (254), which is less than 1/1000 of 1% 

of the total cellular protein (assuming 100 pg total protein/cell).  Still, several interesting 

observations were made that have implications for the biological functions of mast cell-

derived particles, which are still essentially unknown.   

First, these studies more adequately describe the major protein constituents of 

the mast cell secretome than previously available work.  In particular, they demonstrate 

that rat peritoneal mast cells store large, nearly equivalent quantities of three cell type-

specific proteases, RMCP-1, RMCP-5, and MC-CPA.  Although RMCP-1 and RMCP-5 

are both chymases, the specificity of RMCP-5 is closer to that of elastase than it is to 

chymotrypsin (302).  In other words, the extracellular granule matrix contains three 

active proteases with different specificities.  Although the physiologic substrates for 

mast cell proteases remain obscure, perhaps this is partly a function of the fact that they 
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have only been studied in isolation, when, in vivo, they are retained in close proximity 

after their secretion.  The arrangement suggests cooperative action of the proteases on 

substrates, and this has in fact recently been shown for at least two mast cell granule-

associated proteases in the regulation of angiotensin II regulation (169). 

Also, these studies provide more evidence for the as yet unproven hypothesis 

that these particles regulate levels of important immunomodulatory proteins by 

removing them from the soluble aqueous phase of the extracellular environment.  This 

promising idea should be easy to test, assuming a good candidate molecule could be 

designated.  From this work, investigating the effect of changes in leukocyte elastase 

inhibitor levels would be a reasonable starting point. 

2.3.5 Mast Cell-Derived Particles Contain Tumor Necrosis Factor 

As a proteomics-based approach to the detection of TNF in mast cell-derived 

particles failed, probably due to its low abundance, more specific methods were 

pursued.  Initially, immunoblotting for TNF on SDS-PAGE separated granule-associated 

proteins was utilized.  As seen in Figure 15, a polyclonal antibody against TNF detected 

a band at ~17 kDa in separated granule proteins, which is the size of mature secreted 

TNF.  Soluble fractions were also assayed (as before with both a pretreatment control 

and a post-compound 48/80 sample).  Although a new band appears in the post-

treatment lane at ~55 kDa, this experiment was done in 2% FBS, so the vast majority of 

proteins in these lanes is derived from bovine serum.  Also, it is associated with the 

relative reduction in intensity of a slightly higher molecular weight band at ~60 kDa, 

suggesting that the new band may be the result of proteolysis (mediated possibly by 

released mast cell proteases). 
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Figure 15: Detection of TNF in granule-associated, but not soluble, proteins 
released by mast cells after activation 

Lane 1: control lavage supernatant.  Lane 2: lavage supernatant after compound 
48/80 treatment.  Lane 3: sedimented granule-associated proteins from lavage 
supernatant after compound 48/80 treatment.  Membrane was blotted with a 
polyclonal anti-human TNF antibody (Cell Signaling Technology #3707).  Cross-
reactivity with rat TNF was verified using recombinant protein in separate 
experiments (not shown). 
 

Because this polyclonal anti-TNF antibody was somewhat nonspecific, also 

detecting RMCP-1 and MC-CPA to a limited extent among granule-associated proteins 

(already a low complexity mixture), this finding was confirmed with a second anti-TNF 

antibody (Santa Cruz sc-1350).  These results are shown in Figure 16.  Soluble TNF was 

again assayed, but in this experiment the lavage was split into two parts, one of which 

was treated with compound 48/80 in serum-free media in an attempt to limit serum 

protein contamination of the supernatant.  Although rat PMCs will degranulate in 
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response to compound 48/80 in the absence of serum, recovery of particles is difficult 

(perhaps because they adhere more readily to cells and surfaces), so the remainder of the 

cells (for particle isolation) were treated in the presence of 2% FBS.  Soluble proteins 

were concentrated over 10-fold before loading on the gel using spin concentrators with a 

molecular weight cutoff of 5 kDa.  This experiment shows a band in the granule-

associated protein lane 3 that comigrates with recombinant rat TNF (rrTNF).  Although 

there is also a band in the soluble proteins lane, it appears to be of a slightly greater 

molecular weight than rrTNF.  However, the release of some soluble TNF by 

degranulating mast cells is not incompatible with the hypothesis proposed by this work. 

 

Figure 16: Presence of TNF in granule-associated proteins demonstrated with a 
second polyclonal anti-human TNF antibody 
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Bizarrely, this totally separate polyclonal anti-TNF antibody obtained from a 

different vendor also reacted with RMCP-1.  Because there are some relatively abundant 

proteins in this size range (see Figure 14) that were mostly accounted for by histones and 

other small proteins, an effort was made to detect granule-associated TNF using a 

monoclonal antibody, which should theoretically be more specific (clone TN3-19.12, 

Sigma T2824).  Interestingly, it may have actually been the least specific of the anti-TNF 

antibodies used, but it did detect the same band that the others did (Fig. 17).  Regardless, 

the detection of this 17 kDa species, which is the known size of mature TNF, and which 

comigrates with recombinant rat TNF, by three different antibodies is strong evidence 

that TNF is in fact released from mast cells in this form. 

 

Figure 17: Detection of TNF in granule-associated proteins using a monoclonal 
anti-TNF antibody  

The detection of TNF was also attempted using the L929 fibroblast cytotoxicity 

bioassay and ELISA, but these methods were unsuccessful.  This is probably due to the 

fact that they are intended to be performed on entirely soluble samples and are not 
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likely to detect TNF contained in insoluble complexes.  Slight dose-dependent 

cytotoxicity was noted in L929 cells treated with purified granules, but it was not 

sensitive to TNF neutralization (Fig. 18).  It is possible that this effect was caused by 

compound 48/80 concentrated within the purified particles, as compound 48/80 is a 

polycation and can precipitate heparin in vitro (not shown).  This drawback of the 

particle purification procedure used in these studies could be addressed in the future by 

using a neutral secretagogue, such as calcium ionophores.  

 
Figure 18: Granule-induced cytotoxicity is not neutralized by anti-TNF. 

Actinomycin D-treated L929 fibroblasts were treated with nothing (white bars), 
recombinant TNF, or purified granules (MCGC).  Black bars: stimulus plus 1 
μg/ml control goat IgG, grey bars: stimulus plus 1 μg/ml neutralizing anti-TNF 
antibody (R&D Systems AF-410-NA). 
 

Both the cytotoxicity bioassay and ELISA were able to detect TNF, as they easily 

quantitated the low levels of de novo synthesized TNF in rat peritoneal lavage cultures 

treated with compound 48/80 (Figs. 19 and 20).  These experiments indicate that de novo 

TNF is not secreted at detectable levels until about an hour after the stimulus, 

confirming that the cytokine observed in the other studies at earlier time points is 

actually preformed.  Also, in the L929 assay a short spike of soluble TNF (as the 

insoluble fraction was removed by centrifugation) is observed at 5 minutes that is no 
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longer detectable at 15 minutes, consistent with other studies of peritoneal mast cell TNF 

release (74).  The earliest time point in the ELISA study was 15 minutes, so this spike 

may have been missed.  Again, the presence of a soluble pool of preformed TNF does 

not imply that granule-associated TNF is without importance.  The ELISA study, which 

goes out to 24 hours, reveals an eventual slow decline in TNF production, but at this 

point, there is significant cell death in the lavage culture, which has been maintained in 

normal cell culture media supplemented only with FBS.  This is not surprising for such a 

population of primary cells, so this trend likely does not reflect the pattern that occurs in 

vivo. 

 

Figure 19: Release of soluble TNF by rat peritoneal lavage cells treated with 
compound 48/80 measured by L929 cytotoxicity assay 

Expressed as direct reading of cytotoxicity readout -- proportional to TNF 
release. 
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Figure 20: Release of soluble TNF by rat peritoneal lavage cells treated with 
compound 48/80 measured by ELISA 

  
Finally, in order to produce additional evidence for the storage and release of 

TNF by mast cells in association with granules, in vitro mast cell models expressing TNF-

GFP fusion proteins were generated.  This was done both in the RBL-2H3 rat basophilic 

leukemia cell line, which expressed high levels of the fusion protein, and in BMMCs, 

which expressed it less consistently.  In both cases, activation was accomplished using 

the calcium ionophore ionomycin instead of compound 48/80, as RBL-2H3 cells are not 

responsive to 48/80 and BMMCs have reduced responsiveness.  BMMCs were first 

cocultured with 3T3 fibroblasts to increase their heparin production and enhance 

granule maturity.  Both cell types released fluorescent particles after activation, 

suggesting that the fusion protein remained associated with the granule in the 

extracellular environment. 
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Figure 21: TNF-GFP fusion protein remains with the granule after exocytosis 

Confocal still micrographs from videos of mast cells degranulating in response to 
ionomycin showing retention of fluorescence in extracellular granules.  (A)-(C) 
TNF-GFP expressing RBL-2H3 cells.  (D)-(F) TNF-GFP 3T3 fibroblast-coculture 
BMMCs. 
 

A few conclusions can be drawn based on the findings of these studies.  First, a 

significant proportion of the preformed, granular TNF stored by mast cells remains 

associated with the granular residue after exocytosis, although there also appears to 

exist a soluble pool of TNF.  The inability to detect the granule-associated TNF using 

several methods implies that it is indeed well-insulated from external interactions while 

in this form.  It was only observable after the particles had been boiled in Laemmli 

buffer for SDS-PAGE.  This is consistent with this work's hypothesis, which is that this 

insulation is critical to delivering this TNF to its intended target, the draining lymph 

node.   
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2.3.6 Development of a System for Modeling Mast Cell-Derived Particles  

Purifying mast cell-derived particles, even using large numbers of animals, only 

yields a limited amount of material.  Furthermore, as was suggested in the previous 

section, the use of agents like compound 48/80 during the protocol may affect the 

activity of the particles.  The potential for conducting controlled experiments using 

purified particles is relatively poor.  What is being investigated in such experiments is 

specifically the phenomenon of mast cell mediators being delivered in this insoluble 

form, as opposed to as soluble molecules.  As no reliable method for dissolving the 

particles without using harsh conditions has been developed, this kind of comparison is 

difficult to make rigorously. 

The granule is held together in the extracellular space by electrostatic interactions 

between two polyelectrolytes: heparin and basic proteases.  The stability comes from the 

large number of such interactions.  The fact that no covalent bonds are involved means 

that similar complexes can be made in vitro quite easily, simply by mixing solutions of 

oppositely charge polyelectrolytes.  Upon such mixing, particles form semi-randomly as 

the polyelectrolytes precipitate with each other.  The process continues until all excess 

binding sites are occupied.  Thus, there are opportunities for controlling particle size and 

composition simply by changing minor variables during fabrication.  Also, soluble 

molecules included during particle formation will be encapsulated to a lesser or greater 

degree (depending primarily on whether or not the cargo molecule binds to one of the 

polyelectrolytes initially).   

This concept is quite attractive for drug delivery and is in active development.  It 

is especially favorable for particle formulations of biological therapeutics (especially 

proteins) as no harsh conditions are required for the fabrication of the vehicle (303, 304).   
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Heparin was chosen as the polyanion component of the synthetic particles, as it 

is a major constituent of natural mast cell-derived particles and also because heparin is 

widely available.  Of course, it must be noted that commercial heparin is produced from 

tissue homogenates and is reduced to relatively small pieces during the course of its 

processing.  As mast cell proteases are not as widely available, alternatives were 

considered for the polycation.  The first was poly-lysine, which is widely available and 

has a very high charge density.  Upon adding a 0.1% solution of poly-l-lysine to a 2% 

solution of heparin (both in water), turbidity rapidly developed, reflecting the 

precipitation of large numbers of particles (Fig. 22). 

 

Figure 22: Particles formed upon addition of 0.1% polylysine to 2% heparin 

Scalebar is 15 μm. 
 

This turbidity, measured at 400 nm (a wavelength at which none of the soluble 

constituents alone exhibits absorption), correlates linearly with the particle 

concentration.  As was the case for the natural purified particles themselves, this proved 

the most practical method for quantitation (Fig. 23).  The synthetic particles were also 

similar to mast cell-derived ones in that they were dissolved under the same 
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circumstances.  A few significant differences were observed.  The particles could not be 

reliably labeled after fabrication by usual mast cell granule stains, including toluidine 

blue and fluorescent avidin.  This is probably due to the fact that in mast cell granules, 

many anionic sites on heparin are ordinarily bound by histamine and other soluble 

molecules, meaning that after the tissue has been fixed and washed, there are ample 

binding sites for dyes.  In the synthetic particles, on the other hand, the vast majority of 

these sites are occupied by polylysine.  This fact made the particles difficult to identify in 

tissues. 

 

Figure 23: Linear relationship between heparin/polylysine particle 
concentration and turbidity 

To test the effect of delivering TNF in particle vs. soluble form, it was necessary 

to develop techniques to encapsulate the cytokine into these particles.  TNF 

encapsulation was achieved as described in the Methods.  This protocol was successful, 

as shown in Figure 24.  The particles were washed three times in PBS, and little TNF was 
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recovered in these washes.  Over the course of 24 hours, however, the particles released 

a significant quantity of their encapsulation TNF. 

 

Figure 24: Encapsulation of TNF in heparin/polylysine particles 

After initial fabrication, the particles were washed three times in PBS -- these 
washes are shown as indicated.  Then they were incubated at room temperature 
overnight, after which they were centrifuged again and resuspended.  The 24 
hour supernatant is shown, indicating the amount of TNF released over that 
period.  The boxed lane, containing the microparticles, still contains a substantial 
amount of TNF after 24 hours. 
 

In addition to not interacting normally with basic dyes, the synthetic particles 

showed a much greater tendency to aggregate, probably due to the fact that the content 

of polycation is much greater than that found in the natural granules.  Polylysine also 

has a much higher charge density than mast cell proteases do, meaning that it is even 

stickier.  Because of this, and for other reasons discussed later, polylysine was eventually 

abandoned in favor of chitosan.  This polysaccharide, obtained from shellfish, has 

unique properties that make it ideal for this application. 

Chitosan is also a polycation and fully water-soluble at slightly acidic pH, but at 

neutral pH, it is uncharged and insoluble.  Due to this property, chitosan forms 
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polelectrolyte complexes with heparin and other polyanions when it is charged, but its 

insolubility contributes to the structural integrity of the resulting particles once pH 

neutrality is restored.  Heparin/chitosan particles, then, should not have regions of high 

positive charge density as heparin/polylysine particles do.  This should make them less 

prone to aggregation and also more similar to mast cell-derived particles, the surface of 

which is also dominated by negative charge.   

2.4 Discussion 

Several key findings have been presented in this chapter.  First, methods were 

established for the purification and study of mast cell-derived particles.  Although a 

robust protocol for the reliable purification of the particles was developed for rat 

peritoneal mast cells, there is still vast room for improvement.  Perhaps most 

importantly, purification of particles from a source other than peritoneal mast cells 

would be good.  Some possible alternatives were discussed above, but at present not 

enough is truly understood about the processes that govern mast cell differentiation.  

The factors that govern the responsiveness of the cells to agonists need to be better 

understood, so that a more rational procedure for obtaining and maintaining peritoneal 

lavage cells can be used.  Finally, there remains a need for a way to completely solubilize 

the particles without otherwise irreversibly denaturing their contents.  It is possible that 

enzymatic digestion with bacterial heparinases or mammalian heparanases, which can 

degrade heparin also (305), can be optimized into usefulness. 

Limitations of many conventional techniques were recognized that make them 

unsuitable (without modification) for the characterization of these particles.  Although 

turbidity measurements allow comparative quantitation to be calculated, for the 

purposes of preparing doses, etc, an absolute method would be preferable, ideally one 
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based either on the number of particles or on the total quantity of one of their major 

constituents. 

These were then characterized biochemically.  In agreement with previous work, 

the main protein constituents of rat peritoneal mast cell heparin-protein complexes were 

identified as RMCP-1, RMCP-5, and MC-CPA.  A quantitative analysis of these revealed 

their relative quantities and also, importantly, revealed that there are no other detectable 

proteins present within 100-fold abundance.  The presence of these three proteases with 

their different specifities in what appears to be approximate molar equivalence suggests 

that future investigations into their physiologic roles should focus on their combined 

activity on possible substrates, in the context of the extracellular granule if possible. 

Also, the presence in granule preparations of several cationic proteins that, 

although it is possible, are probably not actually loaded into mast cell granules, suggests 

a scavenger role for mast cell-derived particles.  This may be one method for removing 

debris, including DNA (which is bound to histones after cell death) from the 

extracellular environment.  It may also act to bring molecules into close proximity that 

have some combined action.  Or, it might act simple to regulate the free levels of 

heparin-binding proteins in the extracellular milieu.  Naturally, this is pure speculation 

at this point.  It will be exciting to see this story unfold as it is pursued. 

The presence of the critical immunomodulatory cytokine TNF was unequivocally 

demonstrated in mast cell-derived particles by immunoblotting and by an in vitro 

analysis showing the extracellular disposition of a TNF-GFP fusion protein after 

experimental degranulation.  Some studies also suggested the presence of a soluble pool 

of preformed mast cell TNF, which may also be highly relevant for its more local effects. 

Finally, a simple protocol for generating synthetic polyelectrolyte complex 

particles was developed using anionic heparin and cationic polylysine or chitosan.  Such 
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synthetic complexes represent an important tool, as they enable control over 

experimental conditions that is simply not available using the purified mast cell-derived 

particles.  Working with such particles is also likely to enable a better appreciation for 

the factors that determine the characteristics of natural particles.  For example, by 

attempting to recreate the granule outside of the cell, insights will certainly be gained as 

to the role of pH, the disposition of soluble mediators, etc.



97 

3. Studies Investigating the Role of Mast Cell-Derived Particle-

Mediated Transport of Inflammatory Mediators in Draining 

Lymph Node Responses 

3.1 Introduction 

3.1.1 Studies on the Fate of Mast Cell-Derived Particles 

The first studies on the fate of mast cell-derived particles were performed by 

Higginbotham in the 1950s.  Using a mouse skin air pouch model of inflammation and 

examining connective tissue spreads afterwards, degranulation of mast cells was 

observed in response to the injection of a number of substances.  Uptake of granules by 

fibroblasts (identified by morphology) within 15 - 60 minutes was observed, followed by 

their degradation by 3-4 hours.  Fibroblasts selectively internalized granules, but not an 

innoculum of staphylococci, suggesting a process distinct from classic phagocytosis (50).  

A later report by the same group, using antigen as the stimulus, presented evidence that 

under conditions of very extensive mast cell degranulation, some material is not rapidly 

degraded, but remains extracellular for up to 24 hours or inside fibroblasts for several 

days (51). 

In 1958, Smith and Lewis made a series of fascinating observations of the fate of 

mast cell granules using the rat mesentery.  After intraperitoneal injections of either 

distilled water or compound 48/80, extensive degranulation of mesenteric mast cells 

occurred.  In fixed tissue, phagocytosis of granules was observed to begin at 15 - 30 

minutes by fibroblasts, macrophages, and incoming leukocytes.  By 7 hours, there are 

very few extracellular granules, and by 24 hours, there are none. By the latter time point, 

granules are beginning to be transformed into amorphous masses of metachromatic 

material, and by 4-5 days, no metachromatic material is evident anywhere in the 
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mesentery.  More interestingly, observations on granule fate were made using the rat 

mesentery in vivo.  After the injection of distilled water, the mesentery was observed 

microscopically with constant superfusion with a buffer solution, and granules were 

visualized using toluidine blue as a vital dye.  In this system, released granules show 

"Brownian motion and freely bounce about."  Also, previously immobile tissue 

macrophages migrate towards the granules and begin to internalize them.  Large 

numbers of leukocytes begin to enter the tissue from the vasculature by 2-4 hours.  

Fibroblasts do not show any motion, but granules in motion encountering them are 

internalized.  Again the focus in this study was on phagocytosis.  There is no mention of 

granules leaving the tissue, but as discussed above, only some areas of the rat mesentery 

are drained by lymphatics (306). 

Since that time, phagocytosis of granules has also been documented in rat 

eosinophils (53), mouse free peritoneal macrophages (52), rat lymph node reticular cells 

and macrophages (56), bovine endothelial cells (54), human endothelial cells (307), dove 

neurons (308), and rabbit smooth muscle cells (275).  In general, these studies thus far 

have been phenomenological, and little is known about the mechanisms underlying this 

uptake.  Aside from phagocytosis, there appears to be no other literature on the fate of 

these particles. 

3.1.2 The Structure of the Initial Lymphatic Endothelium and Its 
Permeability to Particulate Material 

As discussed briefly in Chapter 1, the endothelium of initial lymphatic vessels is 

very highly permeable in comparison to most blood endthelium.  The main basis for this 

permeability is that, although interendothelial junctions (IEJs) do have many of the same 

adhesion molecules found in the blood endothelium, there are significant areas of 

discontinuity (309).  The structure of junctional complexes between endothelial cells in 
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initial lymphatics was recently studied in some detail.  Whereas in blood vessels and 

downstream large lymphatics, the entire IEJ has junctional molecules, which by 

immunofluorescence microscopy appear as dense lines that encircle the entire border of 

each individual cell.  In contrast, junctional proteins (including VE-cadherin, claudin-5, 

zona occludens-1, endothelial cell-selective adhesion molecule (ESAM), and junctional 

adhesion molecule- A (JAM-A)) are restricted to "buttons" in initial lymphatic 

endothelium, and between these are gaps without junctional proteins of apprxomiately 3 

μm.  Endothelial cells are still apposed at these gaps, but the cells are not connected to 

each other, and these sites correspond to sites of entry for migrating cells (310). 

The outside of the initial lymphatic wall is connected to the surrounding 

connective tissue by "anchoring filaments" (309),  and this connection depends on the 

integrity of hyaluronic acid proteoglycans in connective tissue ground substance (311).  

When the space between connective tissue elements is increased, such as during edema, 

these anchoring filaments exert radial tension on the exterior wall of the vessel, which 

dilates the vessel as well as pulling open the noncontinuous sections of IEJs (311).  

Scanning electron microscopy of the interior of initial lymphatics during edema reveals 

the presence of dramatic openings at junctions (as the underlying connective tissue 

fibers can be seen through the opening) well over a micron in width (231). 

That the injection of particulate matter can be used to identify lymphatic vessels 

has been known for a very long time (312).  Many studies of the relationship between 

particle size and ability to enter lymphatic vessels have been performed, studied, but it 

appears that for particles around 50 nm, there is little or no barrier to lymph node 

accumulation (313).  Particles above this size can enter lymphatics, but they are more 

restricted by extracellular matrix elements (fluid channels in the interstitium are 
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ordinarily about 100 nm in diameter (314)), so they take longer to reach the lymphatic 

wall.  In edema, these "pre-lymphatic" spaces are greatly enlarged. 

Given the anatomy of the average connective tissue, it is unsurprising that the 

majority of released mast cell-derived particles remain near their cells of origin long 

enough to be engulfed by a variety of cells.  Still, the finding that after mast cell 

degranulation in rat mesentery the granules move enough for it to be visibly perceptible 

as Brownian motion suggests that they are not immediately hemmed in after leaving the 

mast cell.  During a peripheral reaction, it would only take a small percentage of 

granules to leave the tissue to carry signals to local lymph nodes.   

3.1.3 The Movement of Peripheral Signals to Draining Lymph Nodes: 
Remote Control 

The transport of molecules to draining lymph nodes has received some attention, 

and recently a number of exciting reports have emerged showing the control of lymph 

node events by signals generated in the periphery.  In order to understand how 

peripheral signals may control lymph node dynamics, understanding lymph node 

structure is crucial.  The anatomy of the lymph node can be roughly divided into two 

compartments.  The first, the sinus system, consists of the subcapsular, paracortical, and 

medullary sinuses and is continuous with both the afferent and efferent lymphatics 

bringing lymph to the node and taking it away, respectively.  It is lined by LYVE-1+ cells 

that are functionally analogous to the lymphatic endothelium in larger lymphatic vessels 

(and most blood endothelium): it is mostly impermeable to proteins and particles (315).  

Though continuous with lymphatic vessels, it is packed with phagocytes and it not a 

space through which particles may freely pass.  The second lymph node compartment 

contains the lymphocytes, which mostly enter the node through specialized high 
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endothelial venules (HEVs) and exit by crossing the sinus endothelium and leaving in 

efferent lymph.   

It has been shown that specialized "conduits" connect the subcapsular sinus to 

the high endothelial venules, providing a potential avenue for peripheral-origin signal 

molecules, such as chemokines, to control incoming lymphocytes (316).  The same report 

also presented evidence that molecules above approximately 60-70 kDa cannot enter 

these conduits.  Given this, mast cell-derived particles are far too large to reach the HEV 

from the subcapsular sinus, but they may elute soluble signals near these conduits, 

which could in this manner influence HEVs.  As shown in Figure 24, synthetic particles 

similar to mast cell granules do elute encapsulated TNF over time, so this is plausible. 

One of the earliest reports to document the possibility that peripheral signals 

may reach lymph nodes and even have functional effects there investigated the role of 

luminal presentation of CCL21 on HEVs as a central requirement for naive T cell 

recruitment.  In this study, cutaneous injection of CCL21 was administered to correct a 

defect in T cell recruitment in plt/plt mice, which do not express CCL21.  Significantly, 

the dose of peripheral CCL21 used in this study was 1 μg (257).  In a related study, 2.5 

nmol (over 20 μg) of CCL19 or CCL21 was injected to detect its presentation on HEVs 

and to induce functional effects (256).  These two studies, however, did not assert that 

the production of these chemokines in the periphery was the physiologic mechanism 

behind the normal expression of the chemokine on HEVs, only that the defect could be 

corrected by the peripheral injection of chemokine. 

In the first study to describe a role for a peripherally produced inflammatory 

mediator in the draining lymph node, and the first to invoke the term "remote control," 

cutaneous inflammation was induced by the injection of complete Freund's 

adjuvant/keyhole limpet hemocyanin (CFA/KLH).  This was associated with high 
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levels of cutaneous expression for the chemokine MCP-1 and significant increases in 

protein levels for this chemokine both in the skin and the draining lymph node.  No 

change in expression levels was observed in the lymph node, and as injected, labeled 

chemokine could be detected in the node it was concluded that the rise in LN MCP-1 

was a consequence of peripheral production and subsequent drainage.  Again, luminal 

presentation of the signal on HEVs was a relevant factor, as the lymph node outcome 

affected was recruitment of monocytes from the blood into the node (259). 

The accumulation in lymph nodes of functional peripheral signals has now also 

been documented for TNF (225, 250), VEGF (317), and CCL27 (258), at least.  In these 

cases, however (aside from TNF), the peripheral signals in question were produced 

chronically at high levels during established inflammatory processes.  Also, in studies 

where chemokines have been injected (as above), truly enormous quantities must be 

injected to see functional effects.  Preformed TNF, however is present in very small 

quantities, so it is unlikely that simple soluble trafficking in lymph can account for its 

effects.  

3.1.4 Mechanisms Underlying Lymph Node Enlargement During 
Immune Responses 

Changes in lymph node size are primarily referable to accumulation of naive 

lymphocytes.  Numbers of other cell types change also, but because naive lymphocytes 

account for the vast majority of lymph node mass, those changes are dominant.  There 

are two possibilities for effecting the accumulation of something: one can get more of it 

or one can lose less of it.  As lymphocytes are continuously shuttling through the node 

(as described briefly above), both are options, and in fact it appears that both are 

operative. 
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A certain proportion of bloodborne lymphocytes will adhere and cross the high 

endothelium and enter the lymph node.  This process is functionally analogous to the 

transmigration of neutrophils and other cells across inflamed blood endothelium, but 

with different molecules.  Interactions between PNAd and L-selectin mediate rolling, 

binding of LFA-1 to ICAM-1 and VLA-4 to VCAM-1 is enhanced by luminal expression 

of chemokines, CCL19/21 for T cells and CXCL12 and CXCL13 for B cells (318).  The 

expression of each of these molecules by HEVs could potentially be modulated in 

inflammation to affect changes in the proportion of passing lymphocytes that enter the 

node.  One study demonstrated, for example, that HEV expression of CCL21 and ICAM-

1 could be upregulated by fever-range hyperthermia (224).  The report describing mast 

cell-derived TNF-dependent lymph node enlargement observed an associated increase 

in LN VCAM-1 levels (225).  As TNF upregulates the expression of a variety of adhesion 

molecules in the blood endothelium during inflammation, it is conceivable that it has 

parallel effects on high endothelial cells. 

Inhibition of lymphocyte egress from lymph nodes also appears to contribute to 

lymph node enlargement.  A study in sheep examining lymphocyte numbers in efferent 

lymph observed a significant drop early in responses to various stimuli with near-

simultaneous increases in recruitment (319).  The mechanisms behind this remained 

obscure until the discovery of a drug, FTY720, a S1P1 sphingosine-1-phosphate receptor 

agonist, a drug that causes lymphopenia by preventing lymphocyte egress from 

peripheral lymphoid tissues (320).  The exact mechanism remains a little unclear, as 

agonism at the receptor is required for egress, but excess agonism appears to abrogate it 

(321).   
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As mast cells do generate extracellular S1P after activation, it is possible that this 

is part of how mast cell-dependent lymph node enlargement is effected (322), but more 

study will be required to address this hypothesis. 

3.2 Materials and Methods 

3.2.1 Animals 

All experiments involving wild-type mice were done with C57BL/6 mice 

(obtained from the NCI animal production facility), usually females 6-8 weeks old.  For a 

few experiments, KitW-sh/W-sh mast cell-deficient mice (obtained originally from Jackson 

Laboratories, then bred at Duke) were used.  These mice are on the C57BL/6 

background.  For experiments involving rats, outbred, male Sprague-Dawley rats 

(obtained from Taconic) of various ages were used.  All animals were housed under 

standard conditions in Duke University facilities. 

3.2.1.1 Intraperitoneal Injections 

Mice were injected with doses of 5 - 32 μg of compound 48/80 in a volume of 0.1 

ml PBS intraperitoneally.  After time periods ranging up to 6 hours, they were sacrificed 

by CO2 asphyxiation and peritoneal lavage was obtained for downstream analysis. 

Rats were injected with a dose of 0.5 mg compound 48/80 in a volume of 10 ml 

PBS intraperitoneally.  The large volume was required to degranulate resident mast cells 

of the thin mesentery.  After 30 minutes, the animals were sacrificed by CO2 

asphyxiation and peritoneal lavage was collected. 

3.2.1.2 Footpad Injections 

For all footpad injections, 32 μg compound 48/80, fluorescent microspheres, 

purified mast cell-derived particles, or heparin/chitosan microparticles were injected in 

a volume of 0.02 ml PBS or normal saline.  After the duration of the experiment (up to 24 
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hours), the animals were sacrificed as above and popliteal lymph nodes and footpads 

collected for analysis.  For popliteal lymph node weights, nodes were dissected out and 

immediately weighed wet on a highly sensitive scale.  Weights were recorded once the 

reading had equilibrated and was declining slowly (due to evaporative water loss). 

3.2.1.3 Tail Injections 

Mice were anesthetized with ketamine/xylazine intraperitoneally and then 

injected subcutaneously near the tip of the tail with fluorescent microspheres suspended 

in PBS in a volume of 0.01 ml.  After 30 minutes the animals were sacrificed and the tails 

examined on an epifluorescent and confocal microscope in whole mount. 

3.2.1.4 Epicutaneous PMA application 

For in vivo tracking studies, 10 μg PMA (Sigma) in acetone (1 μg/μl) or acetone 

alone were applied in two sequential treatments to the footpads of mice anesthetized 

with pentobarbital. Footpads were allowed to dry completely between applications.  

DLNs and footpads were harvested after 2 hours.  

3.2.1.5 Mast Cell Reconstitution 

For experiments requiring the reconstitution of KitW-sh/W-sh mice with TNF-GFP or 

mMCP5-GFP expressing BMMCs, the cells were produced as discussed in Chapter 2.  

106 cells were injected into mouse footpads in a volume of 0.02 ml PBS.  5 weeks later, 

animals were considered reconstituted and were injected with compound 48/80 or PBS 

in the footpad and then sacrificed for tissue harvest.   

3.2.2 Flow Cytometry 

For immunophenotyping of mast cell-derived particle-internalizing cells, 

peritoneal cells were collected by lavage in cold RPMI 1640 cell culture media 

supplemented with 10% FBS.  These were blocked in this solution for one hour on ice.  
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Then an anti-CD11b mAb (clone M1/70, BD 550993) conjugated to PerCP-Cy5.5 was 

added at a dilution of 1:200, and the cells were incubated on ice for one hour.  Cells were 

washed in cold PBS and centrifuged at 500 x g for 10 minutes at 4° C.  They were then 

resuspended in 0.5 ml of 4% paraformaldehyde and incubated for one hour on ice.  Then 

cells were washed in PBS and recentrifuged.  They were resuspended then in the 

blocking buffer as above containing 0.05% saponin for permeabilization.  After 30 

minutes of permeabilization, AlexaFluor488-conjugated avidin (Invitrogen A-21370) was 

added at a dilution of 1:2000.  Labeling was carried out for one hour, and then cells were 

recentrifuged and finally reuspsended in PBS with 1% BSA before flow cytometry was 

performed. 

3.2.3 Microscopy 

Mouse mesentery whole mounts were prepared as for rats described in Chapter 

2, except that for staining they were fixed for a few seconds in methanol, then rapidly 

stained with methylene blue/azure A and eosin. 

LYVE-1 immunohistochemistry was performed as followed.  Paraffin embedded 

sections were deparaffinized and brought through graded alcohols to distilled water.  

Then they were washed two times 5 minutes in TBS + 0.025% Triton X-100.  Blocking 

was done in TBS + 10% FBS + 1% BSA for 2 hours at room temperature.  The primary 

antibody was an anti-LYVE-1 rabbit pAb (Abcam ab14917) and was used at a dilution of 

1:100 in the blocking solution.  Slides were washed twice for 5 minutes each with TBS + 

0.025% Triton X-100 before placing them in 0.3% H2O2 for 15 minutes at room 

temperature to quench endogenous peroxidases.  Then a secondary goat anti-rabbit 

conjugated to HRP (Bio-Rad 170-6515) was added at a dilution of 1:1000 in TBS + 1% 

BSA for one hour at room temperature.  After three washes of 5 minutes each in TBS, 

DAB substrate was added for 10 minutes at room temperature, after which slides were 
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washed in tap water for 5 minutes.  Then slides were counterstained with 0.1% toluidine 

blue pH 2 for 2 minutes before dehydration and mounting in Permount. 

3D deconvolution of confocal volumes was achieved using AutoQuant X 

(AutoQuant Imaging, Inc.).  3D rendering of confocal volumes was done in AutoQuant 

X or Volocity (improvision).  The enhanced depth of field brightfield micrograph was 

constructed from an image stack in ImageJ (NIH) using the Extended Depth of Field 

plugin (Alan Hadley).  Enhanced contrast toluidine blue image created by selecting 

metachromatic (purple) areas from the image in GIMP (GIMP Development Team) 

using the select-by-color tool and subtracting all other areas. 

3.2.4 Encapsulation of TNF in Heparin/Chitosan Microparticles 

In order to load particles with TNF, 5 ng recombinant murine TNF was vortexed 

for 10 minutes in 1.25 ml 1% heparin before the stepwise addition of 1% chitosan 

solution as described in Section 2.2.8. 

3.3 Results 

3.3.1 Local Fates of Mast Cell-Derived Particles 

As it has been previously reported that mast cell-derived particles are 

phagocytosed by nearby cells after their release, this was investigated as an alternate fate 

to entering lymphatics and trafficking to local secondary lymphoid tissues.  First, the 

fate of granules released by free peritoneal mast cells was evaluated.  It was found in the 

mouse that after injection of a mast cell activator such as compound 48/80, granules 

were rapidly taken up by other free peritoneal cells, apparently mostly macrophages. 
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Figure 25: Toluidine blue-stained mouse peritoneal lavage 1 hour after IP 
injection of compound 48/80 

A flow cytometric analysis of peritoneal lavage cells after IP compound 48/80 

treatment revealed that it is in fact CD11bhi macrophages that are responsible for most of 

the phagocytosis of extracellular granules (Fig. 26). 

 

Figure 26: CD11bhi peritoneal macrophages take up released mast cell granules 

Red solid curve represents intracellular avidin-FITC staining of peritoneal 
macrophages (gated on CD11bhi cells) from a PBS-injected mouse.  Black and 
yellow lines show avidin-FITC staining of peritoneal macrophages from two 
mice each injected with compound 48/80. 
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A time course of granule fate was performed using compound 48/80-treated rat 

peritoneal lavage cells ex vivo (Fig. 27).  A large number of particles was released within 

seconds of treatment, and these are much larger and less distinct that native, intact 

granules.  They gradually adhered to other lavage cells (probably also macrophages) 

and were beginning to be internalized by 10 minutes.  Once internalized, the granules 

become much smaller and more darkly staining, appearing much like native granules in 

mast cells.  By 24 hours, viability in the culture diminishes (only 80% by trypan blue 

exclusion).  But even after 24 hours, granules can clearly be discerned in the cytoplasm 

of presumed macrophages, although they are now much smaller, suggesting that some 

degradation has occurred. 
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Figure 27: Kinetics of mast cell granule uptake and degradation by peritoneal 
macrophages 

Duration of treatment: (A) 1 minute, (B) 5 minutes, (C) 10 minutes, (D) 45 
minutes, (E) 12 hours, (F) 24 hours 
 
Serosal cavities are probably not representative of most connective tissues, which 

ordinarily present much more formidable barriers to the movement of particles, due to 

the high concentration of extracellular matrix molecules.  Therefore, mast cell-derived 
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particle phagocytosis was also examined in more typical tissues, including mouse 

mesentery and footpad (Fig. 28).  As early as 2.5 hours after activation in thin mouse 

mesentery, no extracellular granules are evident in the tissue, those that remain in the 

tissue having been internalized by fibroblasts.  Six hours after activation in mouse 

footpad, the majority of extracellular granules have been gathered into groups, also 

suggesting internalization (compare the picture at 30 minutes, Fig. 5). 

 

Figure 28: Phagocytosis of mast cell-derived particles in tissues 

(A) Whole mounted mouse mesentery 2.5 hrs after IP injection of compound 
48/80, stained with methylene blue/azure A and eosin.  (B) Low magnification 
confocal micrograph of mouse footpad 6 hrs after compound 48/80 injection.  
Green: heparin labeled with avidin, showing the locations of extracellular and 
intracellular granules.  Red: c-kit labeling, showing the position of mast cell 
membranes. 
 

These data confirm the findings of others that released mast cell granules can be 

removed from the tissue by nearby cells, including macrophages and fibroblasts.  The 

significance of this is unknown, although as discussed previously it might have 

modulatory effects on the cells taking up the particles, or it may serve as a mechanism 

for regulating the levels of heparin-binding molecules in tissues.  Finally, it may be 

advantageous to limit the duration of local effects for granule-associated mediators.  

Although many particles are clearly removed by phagocytosis, this finding does not 
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imply that this is the fate of all.  In fact, it does not account for the possibility that some 

particles may be leaving the tissue entirely, as will be shown below. 

3.3.2 Mast Cell-Derived Particles Can Enter Initial Lymphatics 

Given the anatomy of connective tissues, there are three potential fates for 

particles the size of mast cell granules.  First, they could remain in the extracellular 

space, but this appears not to be the case outside of the first hour or so.  Second, they 

may be removed from the extracellular space by phagocytes, and this clearly does occur.  

Finally, they may enter initial lymphatic vessels, which as discussed above, are highly 

permeable.  Especially in inflammatory situations where edema is present, 

discontinuities between adjacent endothelial cells should easily admit particles the size 

of released granules.  This possibility has not been investigated previously.   

Initially, the fate of exogenous trackable particles was investigated.  Using the 

mouse tail, which has a superficial hexagonal lymphatic network that is relatively easy 

to image in whole mount (323), 1 μm, 0.5 μm, and 0.1 μm diameter fluorescent 

polystyrene microspheres were injected subcutaneously.  30 minutes later, all three 

populations of microspheres could be visualized within the lymphatic network (Fig 29). 

 

Figure 29: Fluorescent microspheres inside superficial lymphatic vessels of 
mouse tail 

(A) Green fluorescent 1 μm diameter microspheres.  (B) Red fluorescent 0.5 μm 
diameter microspheres.  (C) Blue fluorescent 0.1 μm diameter microspheres 
(difficult to see on background of tissue autofluorescence). 
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Experiments directly examining interactions between mast cells and initial 

lymphatics were initially carried out in the rat mesentery, a tissue containing a very high 

density of mast cells.  The tissue can also be examined in whole mount, enabling the 

entire connective tissue drainage to be visualized.  Finally, although not all mesenteric 

"windows" (the translucent, extremely thin areas between the gut and vascular bundles) 

contain lymphatic vessels, some possess extensive networks (see Figure 30). 

 

Figure 30: Network of initial lymphatic vessels in rat mesentery windows 

Green: lymphatic vessels (LYVE-1), Blue: mast cells (heparin) -- inset: higher 
magnification view showing proximity of mast cells to lymphatic vessels. 
 

Although mesentery-resident mast cells are separated from the peritoneal space 

by a layer of mesothelium, they can be activated by an intraperitoneal injection of 

compound 48/80.  In fact, very dramatic degranulation is evident 30 minutes after such 

a treatment.  Widespread colocalization between mast cell-derived particles and initial 

lymphatics occurred (Fig. 31). 
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Figure 31: Colocalization between mast cell-derived particles and initial 
lymphatics after intraperitoneal compound 48/80 instillation 

(A) Confocal micrograph of LYVE-1 staining, showing the position of lymphatic 
vessels.  (B) Avidin staining, showing mast cells and extracellular particles.  (C) 
Merge.  (D) Image showing only areas of signal colocalization. 
 

In several areas, granules were clearly inside vessels, although this could not be 

proven definitively in these preparations as the vessels are collapsed during processing.  

Such an area is shown in Figure 32. 
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Figure 32: Mast cell-derived particles inside an initial lymphatic vessel in rat 
mesentery 

(A) Confocal micrograph of LYVE-1 staining for lymphatics (B) Heparin staining 
(avidin) showing mast cell particles.  (C) Merge. 
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Because it was difficult to determine the topographical relationship between 

particles and lymphatic vessels in mesentery whole mounts, cross sections were 

examined.  This proved quite difficult, as the mesentery collapses on itself when 

removed from its attaching structures.  Also, only a few areas contain lymphatic vessels, 

and identifying these before tissue processing for sectioning is difficult.  To identify 

these areas, mesentery windows were cut in half and one half was processed for LYVE-1 

and avidin staining in whole mount, and the other half for sectioning.  Tissue blocks 

matching a half found to have lymphatics in whole mount were then prepared for 

sectioning.  Immunohistochemistry for LYVE-1 combined with toluidine blue 

counterstaining revealed both mast cells and lymphatics in sections (Fig. 33).  Very few 

patent vessels were found, but the experiment did suggest that lymphatic vessels fill the 

vast majority of the space between mesothelial layers, suggesting that particles 

colocalizing with vessels are indeed inside those vessels. 

 

Figure 33: Cross section of rat mesenteric lymphatic vessel demonstrated by 
LYVE-1 IHC counterstained with toluidine blue 

Brown areas indicate deposition of peroxidase reaction product.  Contrast has 
been enhanced so that the unstained borders of the upper loop of mesentery are 
visible.  The mast cell in this image (below the right hand end of the open 
lymphatic) is in another section of mesentery that is closely apposed to the one 
with the lymphatic. 
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Peripheral initial lymphatics in the mouse footpad after compound 48/80 

injection were examined to identify patent vessels near mast cells.  In the footpad, 

edema develops rapidly after compound 48/80 instillation, while in the mesentery this 

does not really occur, as the tissue is not very expandable and most areas are not served 

by nearby blood vessels.  Dilated lymphatics were observed in this tissue, and they were 

frequently near to degranulating mast cells.  A micrograph of one such vessel containing 

a clearly intraluminal mast cell-derived particle is shown (Fig. 34). 

 

 

Figure 34: A mast cell-derived particle in the lumen of an initial lymphatic 
vessel 

(A) Confocal micrograph of a lymphatic vessel cross-section (green: LYVE-1) 
with an adjacent degranulating mast cell (blue: heparin). (B) 3D isosurface 
reconstruction of confocal volume shown in (A) demonstrating luminal particle.  
(C) and (D) Another angle of view with (C) and without (D) LYVE-1 signal 
showing no significant overlap and showing that intraluminal particle is in fact 
an isolated particle.  Scale: 8 μm. 
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These studies clearly demonstrate that mast cell-derived particles can enter 

peripheral lymphatic vessels.  Although it would appear that this is the fate of a 

minority of particles (the majority of which are phagocytosed in the local tissue), the 

transport of small quantities of potent signals to draining lymphoid tissue can have very 

significant effects. 

3.3.3 Mast Cell-Derived Particles Can Traffic to Local Lymph Nodes 

Experiments on the ability of peripheral particles to reach draining lymph nodes 

were performed using exogenous fluorescent microspheres.  These were injected into 

the mouse footpad and after 30 minutes, the popliteal lymph node was evaluated for the 

presence of microspheres.  It was reasoned that 30 minutes was not enough time for 

microspheres to be actively carried to the lymph node by phagocytes, and so their 

presence would be proof that they had entered the vessels without assistance and had 

drained there as independent objects.  Migration of cells into lymphatics is an active 

process that requires complicated maneuvers, including directed migration and crossing 

the lymphatic endothelium.  This entails changes in transcription.  Time is also required 

for phagocytosis.  The microspheres used are so bright that they can easily be 

appreciated with the lymph node in whole mount on a slide.  Although, clearly, this 

permits only a limited focal plane, it gives some sense for the distribution of particles in 

the lymph node subcapsular sinus (where afferent lymph enters the node).  These data 

are shown in Figure 35.  As can easily be appreciated from these images, particles 

entering the lymph node are widely distributed in the subcapsular sinus, suggesting that 

even after they have entered they are able to cover significant distances.  Lymph nodes 

draining the site of a PBS injection did not display fluorescence (not shown). 
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Figure 35: Peripherally injected fluorescent microspheres rapidly appear in the 
draining lymph node 

(A) 1 μm diameter fluorescent microspheres.  (B) 0.5 μm diameter fluorescent 
microspheres.  (C) 0.1 μm diameter fluorescent microspheres. 
 

As mast cell-derived particles are readily identified in tissues, popliteal lymph 

nodes were also examined after the footpad injection of compound 48/80.  Indeed, many 

free particles were observed in the subcapsular sinus of lymph nodes after this treatment 

(Fig. 36).  Unfortunately, the origin of the particles identified in these studies could not 

be ascertained with certainty, because no dose of compound 48/80 could be found that 

activated footpad mast cells without also activating subcapsular sinus-resident mast 

cells. 

This problem was later addressed by the use of epicutaneous application of 

PMA, a treatment known to cause dermal mast cell degranulation a (64).  As PMA is a 

lipid soluble substance, it was reasoned that it should not reach lymph nodes in 

appreciable quantities.  Indeed, when popliteal lymph nodes were examined after this 

treatment, no detectable mast cell degranulation had occurred (Fig. 37), whereas it was 

dramatic after compound 48/80 injection.  After this treatment, too, mast cell-derived 

particles could be observed in the draining lymph node.   
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Figure 36: Mast cell-derived particles in the subcapsular sinus of the murine 
popliteal lymph node after footpad injection of compound 48/80 

(A) Popliteal lymph node section stained with acidic toluidine blue.  Background 
staining of nuclei and structural elements is blue, while staining of mast cell-
derived particles is purple due to heparin metachromasia.  This image was made 
using a stack of images at slightly different focal planes to extend the depth of 
field.  (B) Same image, but only metachromatic areas are shown in black.  Scale; 
30 μm. 
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Figure 37: Mast cell-derived particles in popliteal lymph node after 
epicutaneous footpad PMA application 

Toludine blue-stained sections of DLN tissue 2 hours after (A) injection with 32 
μg compound 48/80 (scale: 50 μm for A-D), (B) topical application of vehicle 
alone, or (C) topical application of 10 μg PMA.  (D) and inset (E) Free 
metachromatic granules could be visualized within the DLNs of PMA-treated 
footpads; scale: 20 μm.  
 
In another attempt to circumvent the problem of lymph node-resident mast cells, 

local footpad mast cell reconstitution of mast cell deficient KitW-sh/W-sh mice was explored.  

BMMCs expressing the TNF-GFP or mMCP5-GFP fusion protein were used for the 

reconstitution, so that in addition to demonstrating the movement of the particles, the 

movement of the fusion protein could also be assessed.  mMCP5 is a mast cell chymase 

that is an abundant, granule-associated protease (homologous to RMCP-5) that was 

intended as a positive control for granule association.  These BMMCs were injected into 

the footpads of KitW-sh/W-sh mice, and five weeks later they were injected with compound 

48/80 or PBS, after which the popliteal lymph nodes were assessed for the presence of 

particles and the fusion protein.  Unfortunately, the reconstitution was not very 

effective, except in the lymph node itself, which had an apparently normal complement 
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of resident mast cells.  Detection of the fusion protein could also not be detected.  Only 

one LN draining a PBS injection was sectioned (the other nodes were homogenized for 

fusion protein detection).  Interestingly, there were enormous numbers of apparently 

extracellular granules in these lymph nodes, despite the fact that no activating stimulus 

was given (Fig. 38).  The significance of this is unknown, although, speculatively, 

perhaps the initial reconstitution bolus of cells sensitized the animals to GFP and this is 

the outcome of the ongoing response against the grafting cells.   

 

Figure 38: Popliteal lymph node of a mast cell deficient mouse footpad-
reconstituted with mMCP5-GFP expressing BMMCs and injected with PBS 

This section was darkly stained with toluidine blue.  The reddish-brown coloring 
is probably hemosiderin deposition from bleeding that occurred either during 
the initial reconstitution or in the PBS injection. 
 

Whether or not footpad-injected mast cell-derived particles could be detected in 

popliteal lymph nodes was also examined.  To avoid the resident mast cell problem, 

mast cell-deficient mice were used again.  Although this experiment was attempted 

several times using particles purified from rat peritoneal mast cells, particles could not 

be identified in the draining lymph node.  This may be due to the use of compound 
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48/80 in the purification of rat mast cell-derived particles.  When particles of mouse 

origin were purified using ionomycin as the secretagogue, however, they were 

detectable in the popliteal lymph node after footpad injection (Fig. 39). 

 

Figure 39: Presence of purified mouse mast cell-derived particles in popliteal 
lymph node after footpad injection 

(A) Toluidine blue staining of DLN tissue sections from a sash mouse injected 
with isolated MC-derived particles; scale: 50 μm.  (B) Same area as in A) showing 
only metachromatic staining.  The location of the edge of the DLN is depicted by 
a dashed line.  (C) Inset from A; scale: 10 μm. 
 

Because heparin/chitosan microparticles were used in later experiments on the 

functional aspects of mast cell-derived particles, it was necessary to demonstrate that 

these also could reach the draining lymph node after peripheral application.  

Microparticles were labeled with FITC-conjugated polylysine by adding a small quantity 

of FITC-PLL to the heparin solution before combining it with chitosan.  After injection, 

they could easily be detected in the popliteal lymph node (Fig. 40). 
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Figure 40: Heparin/chitosan microparticles in the popliteal lymph node 30 
minutes after footpad injection 

Green: FITC-polylysine labeled heparin/chitosan microparticles.  Blue: LYVE-1 
staining showing the lymph node sinus system. 
 

3.3.4 Mast Cell-Derived Particles and Their Associated TNF Mediate 
Lymph Node Enlargement 

At this point, it has been demonstrated both that extracellular mast cell granules 

retain preformed TNF and that these particles can reach the draining lymph node from 

peripheral sites of inflammation.  As it is known that mast cell-derived TNF is required 

for mast cell-induced hypertrophy (225), it remains only to show causation between 

these correlated processes.   

Although it has already been shown that peripheral mast cell degranulation 

leads to lymph node enlargement (225), it is unknown whether or not mast cell-derived 

particles by themselves, in the absence of soluble mediators can mediate this effect.  To 

investigate this, particles were purified from rat peritoneal mast cells and injected into 

murine footpad.  Twenty-four hours later, significant popliteal lymph node enlargement 

was observed (Fig. 41). 
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Figure 41: Popliteal lymph node enlargement twenty-four hours after footpad 
injection of purified rat mast cell-derived particles 

n=7, p=0.03 by two-tailed, paired t test. 
 

To demonstrate that TNF is the critical principle in mast cell-derived particles 

determining lymph enlargement, particles were purified from wild-type and Tnf-/- mice.  

These were then injected into the footpads of mice and their effects on lymph node size 

evaluated at twenty-four hours.  As shown in Figure 42, only particles derived from 

wild-type mice could elicit lymph node enlargement, strongly suggesting that TNF is the 

required factor for this activity. 

In order to exclude the possibility that there are meaningful differences between 

wild-type and TNF knockout mast cell-derived particles other than lack of TNF that 

might account for the differences observed in the previous experiment, lymph node 

enlargement experiments were also carried out using TNF-loaded heparin-based 

microparticles.  Initial experiments using heparin/polylysine microparticles were 

abandoned after it was discovered that these particles could cause lymph node 

enlargement without TNF.  This is perhaps unsurprising, as polylysine (like many 
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polycations) is known to degranulate mast cells and probably elicits inflammation on its 

own (24). 

 

Figure 42: Mast cell-derived particles purified from wild-type mice elicit 
popliteal lymph node enlargement after footpad injection while those from TNF 

knockout mice do not 

n=3 for each group, p=0.004 by two-tailed, unpaired t test. 

Chitosan, on the other hand, is a favored material for drug delivery and other in 

vivo applications, as it is very biocompatible and is not inflammatory.  So, TNF-loaded 

heparin/chitosan microparticles were used.  As the actual amount of TNF encapsulated 

in the particles could not be ascertained for technical reasons (although this should be 

possible), the dose was determined assuming 100% encapsulation.  Other studies using 

model cargo molecules and rTNF suggest that encapsulation is almost never more than 

30% using the procedures described here (not shown).  As shown in Figure 43, 

heparin/chitosan microparticles carrying no more than 1 ng TNF elicited much greater 

levels of lymph node enlargement than 10 ng of soluble TNF.  Furthermore, empty 

particles did not cause hypertrophy, and mixing soluble TNF with soluble heparin and 

chitosan (at neutral pH no particles form) did not enhance its potency.  This implies that 
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its delivery in particle form in particular (and not simply a combinatorial effect with 

heparin or chitosan) that mediates the greater than ten-fold increase in potency 

achieved.   

 

Figure 43: TNF delivered inside heparin/chitosan microparticles elicits more 
lymph node hypertrophy than soluble TNF 

Less than 1 ng rTNF encapsulated in particles similar to MC granule particles 
elicits more LN enlargement than 10 ng of soluble protein when injected into the 
footpads of mice (black bars: particles with and without encapsulated TNF, open 
bars: soluble TNF, hatched bar: soluble TNF mixed with soluble chitosan and 
heparin, n=3 for each group, * indicates p<0.05 for comparison vs. 10 ng soluble 
TNF, ** indicates p<0.01 for comparisons vs. particles without TNF, 1 ng soluble 
TNF, and 1 ng soluble TNF mixed with soluble chitosan and heparin, data 
analyzed by one-way analysis of variance followed by Tukey's Multiple 
Comparisons test).  
 
 

3.4 Discussion 

In this chapter, evidence has been presented discussing the fate of mast cell-

derived particles after degranulation and their role in mediating lymph node 

enlargement during inflammation.  The release of insoluble particles from the granules 

of mast cells is both morphologically striking and perplexing.  Heparin was the 

component by which mast cells were discovered, due to its unusual interactions with 
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basic dyes (1).  The basis of this interaction is also the property that enables the 

structural integrity of mast cell-derived particles: its extremely high negative charge 

density.  Although specific structural motifs govern heparin's interaction with certain 

proteins (such as antithrombin III), its charge also contributes to many of its protein 

interactions.  Interestingly, many proteins heparin interacts with are also important 

extracellular signaling molecules, such as cytokines and growth factors.  The physiologic 

significance of this fact is unknown.  The reason for this is that, in general, heparin has 

only been used as a convenient tool to investigate the interactions of proteins with 

heparan sulfate.  These are also certainly important, as heparan sulfate is ubiquitous in 

mammalian biology.  But heparin proteoglycans are found throughout the phylum 

Chordata, even if they are stored and produced only by one cell type, mast cells.  It is 

rapidly becoming clear, however, that this cell type is physiologically important in host 

responses to infection and injury.  Given heparin's interaction with so many signaling 

molecules, and the importance of said molecules in inflammatory responses, it is 

surprising that this area has not received more attention. 

The work described herein contributes to the existing body of work concerning 

the local fates of heparin-based mast cell granules, in that they are avidly internalized by 

a variety of cell types.  This is very likely to have physiologic significance both in the 

removal of injurious substances from tissues (many of which are cationic and 

presumably would bind to heparin) and in the regulation of host-derived heparin-

binding molecules. 

In addition to this fate, which does appear to be the destiny of the great majority 

of mast cell-derived particles, the evidence presented in this chapter demonstrates that 

such particles can also enter initial lymphatic vessels and are then carried to and 

deposited in the local draining lymph node.  Together with the work presented in 
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Chapter 2 showing that these particles contain TNF, these experiments suggest that mast 

cell-derived particles do, in fact, carry the cytokine from the site of their release in the 

periphery to the draining lymph node. 

The biological relevance of this phenomenon was shown by experiments 

indicating that this mechanism for transporting TNF to the draining lymph node does 

enhance lymph node enlargement.  Granules obtained from TNF knockout mice did not 

elicit lymph node changes, while these changes were impressive after administration of 

wild-type granules.  The specific importance of "particulate-ness" was demonstrated by 

directly comparing the efficacy of soluble TNF to particle-based TNF, which was shown 

to be over ten times more potent for eliciting LN hypertrophy. 

The mechanistic details of what exactly happens when mast cell-derived particles 

arrive in the node remain to be explored.  Does TNF act directly on the high endothelial 

venule to enhance lymphocyte recruitment?  This would seem the simplest explanation, 

and previous experiments have shown that TNF enhances LN VCAM-1 expression, 

which contributes to the recruitment of lymphocytes (225).  While synthetic particles 

certainly elute TNF, it is not known whether natural particles behave similarly.  Also, it 

is possible that the action of extracellular heparanases may enhance this process.   

Whether or not egress is affected by mast cells is also unknown.  It is known that 

mast cells express sphingosine kinases and that extracellular sphingosine-1-phosphate is 

generated after activation (322).  It is tempting to speculate that granule-associated 

sphingosine kinase might bring this process directly to the lymph node.  As the granule 

is deposited in the subcapsular sinus initially, such S1P would be in a good position to 

shut down lymphocyte exit routes. 

These questions await experimental treatment in the future.  This work 

establishes that this highly novel form of communication between peripheral sites of 
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inflammation and local secondary lymphoid tissue occurs and that it is of biological 

relevance. 
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4. Conclusions and Discussion 

In conclusion, the existence of a novel form of extracellular communication over 

long distances has been demonstrated.  The use of the circulatory system to deliver 

extracellular signals is well known, as endocrine signaling involves the transport of 

hormones from their secreting cells to distant targets.  However, this has mainly been 

studied in the context of signals that reach easily measurable concentrations.  Such 

hormones, for example insulin, are secreted in great quantities by large populations of 

cells devoted to that purpose.  This kind of signaling is relatively untargeted, insofar as 

sufficient concentrations are reached in the circulation that the soluble mediator can be 

detected easily by most cells in the body, or at least by a receptor-bearing subset.  

Endocrine signaling is also important during immunologic responses, take for example 

the induction of the systemic acute phase response following initiation of inflammation 

(324).   

This work suggests that there may also exist a much less obvious, but equally 

important, parallel secondary system of long distance inflammatory communication 

earlier in responses, involving much lower concentration of signals.  Because most 

inflammatory signals are not very long-lived, it is reasonable to expect that adaptations 

must have developed in order to a) prolong the survival of extracellular signals, and b) 

ensure their delivery to specific targets.  This kind of adaptation is already well known 

for many blood-borne endocrine signals whose solubility and targeting are regulated by 

serum carrier proteins (325, 326).  The delivery of TNF to draining lymph nodes during 

inflammation by mast cell-derived particles appears to provide an example of such an 

adaptation.  As opposed to the kind of untargeted signaling discussed above, mast cell-

derived particles seem to be specialized for the delivery of very small quantities of cargo 

from one specific site (the site of inflammation) to another specific site (targets in the 
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draining lymph node that can mediate changes favoring the development of adaptive 

immunity).  Heparin, the predominant component of mast cell particles, has the highest 

negative charge density of any molecule known in mammalian biology, which likely 

minimizes interaction with adjacent cells and other structures in the extracellular 

environment, this charge favoring their movement into the lymphatic drainage (327).  

On the other hand, the size of extracellular granules (while likely retarding their 

movement through peripheral tissues) would also prevent them from moving through 

the lymph node to the efferent lymph, resulting in their sequestration in this target 

organ (328).  This scenario is favored by our finding that packaging TNF in similar 

heparin-based synthetic particles greatly enhances its potency relative to soluble TNF. 

This work also makes important contributions to the basic fund of knowledge on 

mast cells.  It is the opinion of this author that science as an enterprise has far too much 

disdain for descriptive science, which is the foundation of all science.  This is not 

specifically a defense of this work, although clearly it has some descriptive aspects.  The 

assumption, made by many, that the time for mere observation is past, is incorrect as 

new techniques are constantly being developed that permit more exact depictions of 

biological structures and processes than were possible previously.  The human genome 

project is a good example, and there are many more techniques that need to be applied 

to description in a comprehensive manner in order to more firmly establish the anatomy 

of biology.  Although this work only inches towards this goal, high quality proteomic 

descriptions of every cell type should be available.  A little more information on what 

mast cells are made of, nevertheless, is a step in the right direction. 

Synchronization and collaboration between the periphery and the draining 

secondary lymphoid tissue is crucial for a rapid and effective host response to infection.  

DLN enlargement alone can shorten the time between pathogen entry and antigen 



133 

presentation by increasing the chances that the extremely rare circulating lymphocytes 

carrying receptors for antigens specific to the infection are present.  The delivery of 

inflammatory signals by this unusual mechanism may help to explain how this MC-

dependent process occurs so rapidly given the small amount of prestored cytokine 

available.  It is also possible that particle-associated molecules other than TNF might be 

important in aspects of lymph node remodeling; MC proteases are clearly present in 

large quantities, and other low abundance signaling molecules may also be present.  For 

example, there is some evidence that MCs also prestore fibroblast growth factor-2 (42) 

and vascular endothelial growth factor (329), two well known heparin-binding growth 

factors, which could be involved in the regulation of lymph node vascular remodeling 

during immune responses. 

MCs reside at the crossroads between the external environment, the blood 

vasculature, and the lymphatic system.  They are ideally situated to orchestrate events 

during the earliest stages of immune responses, and it seems likely that this is their 

physiologic role in mammalian biology.  In fact, their proximity to these critical 

structures suggests that they influence them directly in many ways in addition to those 

that have already been described.  This work indicates one way in which these 

important cells may also influence events in distant lymphoid tissues.   

Finally, many other immune cells including neutrophils (330), eosinophils (331), 

basophils (332), and cytotoxic T lymphocytes (333) store biologically active compounds 

in granules.  The granular matrix in these cell types is comprised of serglycin 

proteoglycans which, in addition to their role in storage, can contribute to the 

extracellular function of the bound mediators (334).  To date, only the local effects of 

such complexes have been investigated.  Our studies suggest that they may also be 

specialized to deliver their cargo of signaling proteins to far more distant targets. 
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