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Abstract

Mast cells are not only necessary for allergic reactions, but recent findings indicate that they are also involved in a variety of

neuroinflammatory diseases, especially those worsened by stress. In these cases, mast cells appear to be activated through their Fc receptors

by immunoglobulins other than IgE, as well as by anaphylatoxins, neuropeptides and cytokines to secrete mediators selectively without overt

degranulation. These facts can help us better understand a variety of sterile inflammatory conditions, such as multiple sclerosis (MS),

migraines, inflammatory arthritis, atopic dermatitis, coronary inflammation, interstitial cystitis and irritable bowel syndrome, in which mast

cells are activated without allergic degranulation.
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1. Selective release of mast cell mediators

Mast cells derive from a distinct precursor in the bone

marrow (Rodewald et al., 1996) and mature under local

tissue microenvironmental factors (Galli, 1993). Mast cells

are necessary for the development of allergic reactions,

through crosslinking of their surface receptors for IgE

(FcqRI), leading to degranulation and the release of vaso-

active, pro-inflammatory and nociceptive mediators that

include histamine, cytokines and proteolytic enzymes

(Kobayashi et al., 2000; Galli et al., 2002). The multitude

of mediators that could be secreted has given rise to new

speculations about the possible role of mast cells in immune

responses (Gurish and Austen, 2001), whether it is acquired

immunity (Marone et al., 2002) or in response to bacteria

(Malaviya and Abraham, 2001). As the spectrum of diseases

that may involve mast cells increases, so do the questions

concerning the triggers and the mechanisms through which
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mast cells may be able to participate in such diverse

conditions without the ‘‘classic’’ degranulation by exocyto-

sis typical of anaphylactic reactions.

A main aspect of mast cell physiology that had been

largely ignored until recently is that mast cells can secrete

mediators without overt degranulation (Theoharides and

Douglas, 1978), through differential or selective release

(Theoharides et al., 1982), this process is probably regulated

by the action of distinct protein kinases on a unique phos-

phoprotein (Theoharides et al., 1980; Sieghart et al., 1978).

Unlike allergic reactions, mast cells are rarely seen to

degranulate during autoimmune (Benoist and Mathis, 2002)

or inflammatory processes (Woolley, 2003); moreover, the

‘‘mast cell stabilizer’’ disodium cromoglycate (cromolyn)

may be ineffective as a therapeutic modality (Okayama et

al., 1992). Instead, mast cells appear to undergo ultrastruc-

tural alterations of their electron dense granular core indi-

cative of secretion, but without overt degranulation, a process

that has been termed ‘‘activation’’ (Dimitriadou et al., 1990;

Dimitriadou et al., 1991; Theoharides et al., 1995a) ‘‘intra-

granular activation’’ (Letourneau et al., 1996) or ‘‘piece-

meal’’ degranulation (Dvorak et al., 1992a,b). Such

‘‘subtle’’ activation may be associated with the ability of

mast cells to release some mediators selectively (Kops et al.,



Table 1

Neuroinflammatory diseases involving mast cellsa

Disease Pathophysiological effects

Asthma Bronchoconstriction,

pulmonary inflammation

Atopic dermatitis Skin vasodilation, T cell

recruitment, inflammation, itching

Cardiovascular disease Coronary inflammation

Chronic prostatitis Prostate inflammation

Fibromyalgia Muscle inflammation

Irritable bowel syndrome Smooth muscle and myenteric

plexus irritation

Interstitial cystitis Bladder mucosal damage and

inflammation

Migraines Meningeal vasodilation and

inflammation

Multiple sclerosis Increased BBB permeability,

brain inflammation

Neurofibromatosis Skin nerve growth, fibrosis

Osteoarthritis Articular erosion and inflammation

Rheumatoid arthritis Joint inflammation, cartilage erosion

Scleroderma Skin inflammation and fibrosis

a Many of these conditions coexist in the same patients.
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1984, 1990; Van Loveren et al., 1984), as shown for

serotonin (Theoharides et al., 1982), eicosanoids (Benyon

et al., 1989; Levi-Schaffer and Shalit, 1989; van Haaster et

al., 1995) and IL-6 (Leal-Berumen et al., 1994; Marquardt et

al., 1996; Gagari et al., 1997; Hojo et al., 1996). In fact, we

recently showed that interleukin-1 (IL-1) can stimulate

human mast cells to release IL-6 selectively without de-

granulation , through a unique process utilizing 40–80-nm

vesicles unrelated to the secretory granules (800–1000 nm)

(Kandere-Grzybowska et al., 2003b).

These findings suggest that mast cells may also be

involved in inflammatory diseases (Theoharides, 1996) that

include multiple sclerosis (MS) (Theoharides, 1990),

migraines (Theoharides, 1983), arthritis (Woolley, 1995),

cardiovascular disease (Constantinides, 1995), interstitial

cystitis of the urinary bladder (Theoharides and Sant,

1994), and irritable bowel syndrome (IBS) (Weston et al.,

1993). In fact, many of these diseases (Table 1) appear to

occur concomitantly, as in interstitial cystitis (Koziol et al.,

1993; Alagiri et al., 1997).
2. Brain inflammation and MS

Stress is a basic response to diverse real or perceived

threatening stimuli. It activates the hypothalamic–pitui-

tary–adrenal (HPA) axis through secretion of corticotro-

pin-releasing hormone (CRH or CRF for factor) that

normally suppresses immune responses (Habib et al.,

2001). However, CRH has also been shown to promote

inflammation (Karalis et al., 1991; Chrousos, 1995). In-

creasing evidence indicates that symptoms in relapsing–

remitting multiple sclerosis (MS) may be precipitated or

exacerbated by acute stress (Mei-Tal et al., 1970; Warren et
al., 1982; Goodin et al., 1999; Mohr et al., 2000; Ackerman

et al., 2002). In view of the fact that blood–brain barrier

(BBB) disruption is known to precede many pathological or

clinical symptoms of MS (De Vreis et al., 1997; Johnson et

al., 1988; Theoharides et al., 1993; Kwon and Prineas,

1994), it is of interest that brain mast cells are activated

by acute stress (Rozniecki et al., 1999) leading to increased

BBB permeability (Rozniecki et al., 1999; Esposito et al.,

2002). This effect was absent in mast cell deficient mice

(Esposito et al., 2002). Stress-induced increase in BBB

permeability involved mast cell activation by CRH (Espo-

sito et al., 2002). Brain mast cells have been characterized

(Pang et al., 1996a) and shown to be located close to CRH-

positive neurons (Theoharides et al., 1995b). CRH could

influence BBB integrity either by stimulating brain mast

cells, since mast cells can express CRH-1 receptors (Theo-

harides et al., 1995b, 2003), or by affecting brain micro-

vessels directly (Esposito et al., 2003).

Evidence that stress disrupts the BBB in rats had been

published previously (Belova and Jonsson, 1982; Sharma et

al., 1991, 1995; Skultetyova et al., 1998). For instance, an

increase in BBB permeability in response to short-term

forced swimming was shown to occur in the cerebellum,

the thalamus and the hypothalamus (Sharma et al., 1991).

Moreover, the mast cell secretagogue, compound 48/80, has

been shown to stimulate brain mast cells in rats (Dimitria-

dou et al., 1990) and to increase BBB permeability in

pigeons (Zhuang et al., 1996). Acute stress also led to

BBB disruption and shortened the time of onset of exper-

imental allergic encephalomyelitis (EAE) in (Chandler et al.,

2002) a model system for the study of MS.

EAE was attenuated and delayed in W/Wv mast cell

deficient mice (Secor et al., 1991), but was fully restored

upon mast cell reconstitution even in the absence of brain

mast cell replenishment (Brown et al., 2002). This finding

suggests a possible indirect role of mast cells in the

pathophysiology of EAE, possibly by regulating the

permeability of the BBB (Theoharides, 1990). In fact,

both activating and suppressing Fc receptors were recently

shown to be expressed on mast cells and regulate EAE

disease severity in mice (Robbie-Ryan et al., 2003). The

development of EAE had previously been shown to

involve mast cell accumulation in the rat (Dimitriadou

et al., 2000) that could be due to chemotactic activity

elicited by RANTES (Conti et al., 1998) or MCP-1

(Conti et al., 1997) secreted from either glial cells or

infiltrating leukocytes. Immunocytochemistry with rat

mast cell protease (RMCP)-specific antibodies and in situ

hybridization showed that the EAE-associated increase in

brain mast cells was mostly due to RMCP-II containing

or immature mast cells that did not appear degranulated

(Rouleau et al., 1997). In this context, it is important to

note that monkey EAE was recently shown to be asso-

ciated with ultrastructurally evident intragranular brain

mast cell activation without overt degranulation (Letour-

neau et al., in press).
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Mast cells have also been reported in MS plaques

(Olsson, 1974; Krüger et al., 1990; Toms et al., 1990;

Ibrahim et al., 1996) and could participate in demyelination

directly (Theoharides et al., 1993; Brenner et al., 1994). Fig.

1 suggests possible pathophysiologic events derived from

mast cell activation in the brain. For instance, myelin basic

protein activated mast cells leading to brain demyelination

(Theoharides et al., 1993), and both this action, as well as

that of compound 48/80 (Vliagoftis et al., 1992) and of

carbachol (Spanos et al., 1996) were shown to be enhanced

by estradiol. These finding could be important in view of the

fact that mast cells express estrogen receptors (Pang et al.,

1995a; Zhao et al., 2001) and MS occurs more often in

women. In this regard, it is noteworthy that the unique mast

cell protease tryptase (Rozniecki et al., 1995) and histamine

(Tuomisto et al., 1983) were elevated in the CSF of MS

patients. Gene microarray analysis of MS plaques revealed

increased expression of the mast cell related products 5-

lipoxygenase in acute lesions, as well as histamine-type 1

receptor and the FcqRI receptor in chronic lesions (Tomp-

kins and Miller, 2002). Most notable was the upregulation

of nuclear factor IL-6 (Lock et al., 2002), especially since

we recently showed that acute stress induced increases in

serum histamine (Huang et al., 2002a,b) and IL-6 (Huang et

al., 2003), both of which were entirely mast cell dependent.

Such findings have led to recent re-affirmation of mast cell

involvement in diseases of the nervous system (Dines and

Powell, 1997; Pedotti et al., 2003). A recent review also

hypothesized that mast cells may serve as possible targets

for MS therapy (Tompkins and Miller, 2002).
Fig. 1. The brain mast cell is depicted as having a key role in the pathogenes

demyelination, in response to a variety of endogenous and exogenous triggers.
In this context, it is critical that the histamine/serotonin

receptor antagonist, cyproheptadine, and the mast cell

activation, inhibitor, proxicromil, have been reported to

inhibit EAE (Dietsch and Hinrichs, 1991). Moreover, the

histamine-1 receptor antagonist, hydroxyzine inhibited EAE

(Dimitriadou et al., 2000) and also reduced brain mast cell

activation (Dimitriadou et al., 2000). Hydroxyzine was also

recently shown to reduce symptoms of MS in a double-

blind, placebo-controlled pilot clinical trial (Theoharides et

al., 2002).
3. Meningeal inflammation and migraines

Migraine headache is still a descriptive term that has

been used primarily to refer to the brain and is usually

associated with meningeal and cerebral vasodilation, as well

as ‘‘spreading’’ neuronal depression (Spierings, 2003). It

was hypothesized that mast cells may be involved in the

pathophysiology of migraines (Theoharides, 1983). Mast

cells are located in close apposition to neurons in the

meninges (Dimitriadou et al., 1987; Rozniecki et al.,

1999) and can be activated by neuropeptides (Goetzl et

al., 1985, 1990; Foreman, 1987; Church et al., 1989), by

antidromic nerve stimulation (Dimitriadou et al., 1991,

1992), as well as by acute immobilization stress (Theohar-

ides et al., 1995a,b). Brain mast cells activated by acute

stress lead to increased vascular permeability (Esposito et

al., 2001), an effect dependent on mast cells and CRH

(Esposito et al., 2002).
is of MS by regulating the permeability of the BBB and participating in



Fig. 2. Schematic representation of the sequence of events that may lead to

mast cell activation BBB permeability, and neurogenic inflammation in

response to acute stress.
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Stress is known to precipitate or exacerbate migraines,

raising the possibility of some underlying pathologic me-

chanism. One such possibility comes from the study of

children migraineurs, in whom the frequency and severity

of migraines was reduced, along with the unique mast cell

biochemical marker tryptase, when they were taught relaxa-

tion techniques (Olness et al., 1999). Recent studies have

shown that stress-induced neurogenic inflammation depends

on NK-1 receptors, but does not require substance P (SP)

(Kandere-Grzybowska et al., 2003a), while it may involve a

direct action of CRH on brain microvessels (Esposito et al.,

2003). Yet, delayed responses may also involve IL-6 and

nitric oxide elevations in dura macrophages (Reuter et al.,

2001). These findings have led to a new model for the

pathogenesis of intracranial neurogenic inflammation (Fig.

2). Hypothalamic CRHmay act on the sensory nucleus of the

trigeminal nerve, which has been reported to express CRH

receptors (Rivest et al., 1995), leading tomast cell stimulating

peptides including CRH or urocortin (UCN) to be released

from nerve endings; they, in turn, may action mast cells

and / or directly on the vasculature (Theoharides et al., in

press).
4. Skin inflammation

The important role of mast cells in skin hypersensitivity

reactions, a variety of other pathophysiological processes and

diseases, as well as wound healing, has been reviewed

extensively (Leung et al., 1997; Charlesworth, 1997; Church

and Clough, 1999; Noli and Miolo, 2001; Jarvikallio et al.,
2003). Skin mast cells are located close to sensory nerve

endings (Wiesner-Menzel et al., 1981) and are known to be

activated by neuropeptides (Goetzl et al., 1985, 1990; Fore-

man, 1987; Church et al., 1989), such as SP (Fewtrell et al.,

1982), neurotensin (NT) (Carraway et al., 1982), and pitui-

tary adenylate cyclase activating polypeptide (PACAP) re-

leased from human dermal neurons (Odum et al., 1998). In

fact, skin mast cells contain SP (Toyoda et al., 2000); cultured

mouse and human mast cells also contain and secrete nerve

growth factor (NGF) (Xiang and Nilsson, 2000).

Many dermatoses, such as atopic dermatitis and psoriasis,

are reportedly triggered or exacerbated by stress (Katsarou-

Katsari et al., 1999). It was recently suggested that skin may

have its own equivalent of a hypothalamic–pituitary–adre-

nal (HPA) axis (Slominski and Wortsman, 2000; Slominski

et al., 2000) because CRH and its receptors were shown to be

present in the skin (Slominski et al., 2001); CRH-2 receptor

was further shown to be up-regulated in stress-induced

alopecia (Katsarou-Katsari et al., 2001). Acute restraint

stress was shown to induce increased skin vascular perme-

ability (Singh et al., 1999b); this effect was inhibited by a

CRH receptor antagonist and by a NT-receptor antagonist,

while it was absent in mast cell deficient mice (Theoharides

et al., 1998a,b; Singh et al., 1999a; Singh et al., 1999b).

CRH (Theoharides et al., 1998a,b) and its structurally

related peptide, urocortin (Singh et al., 1999a) also activated

skin mast cells and induced mast-cell dependent increase in

vascular permeability in rodents. CRH also increased vascu-

lar permeability in human skin shown bymicro-iontophoresis

(Clifton et al., 2002). It was recently shown that acute stress

induces local release of CRH in the skin (Lytinas et al., 2003),

further implicating a local stress-induced HPA axis (Slomin-

ski et al., 2000). In addition, proteases released from mast

cells could act on plasma proteins like albumin to generate

histamine releasing peptides (Carraway et al., 1989;

Cochrane et al., 2003) that would further propagate mast cell

activation and inflammation. Acute stress has also been

shown to induce redistribution of leukocytes from the sys-

temic circulation to the skin (Dhabhar and McEwen, 1996)

and to exacerbate skin delayed hypersensitivity reactions

(Dhabhar and McEwen, 1999) and chronic contact dermatitis

in rats, an effect dependent on mast cells and CRH-1

receptors (Kaneko et al., 2003). Acute stress also exacerbated

eczema (Graham andWolf, 1953), and acne vulgaris (Chiu et

al., 2003) in humans. Moreover, there was CRH receptor

upregulation in affected areas of alopecia areata induced by

acute emotional stress (Katsarou-Katsari et al., 2001). The

immunoendocrine responses to stress in chronic inflamma-

tory diseases of the skin were reviewed recently (Buske-

Kirschbaum and Hellhammer, 2003).
5. Inflammatory arthritis

A number of papers have reported the presence of mast

cells in joints (Crisp et al., 1984; Koldewijn et al., 1995;
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Woolley, 1995; Tetlow and Woolley, 1995; de Paulis et al.,

1996, 1997; Gotis-Graham et al., 1998) and it was justi-

fiably argued that they may be involved in inflammatory

arthritis (Woolley, 2003). It was recently reported that mast

cells are required for autoimmune arthritis (Lee et al., 2002).

At the same time, we showed that acute stress could not

induce any increase in vascular permeability in the knee

joints of W/Wv mast cell deficient mice as compared to their

+/+ controls (Huang et al., 2002a). We subsequently showed

that carrageenin-induced inflammatory arthritis was associ-

ated with activated articular mast cells and it also did not

develop in mast cell deficient mice (Mattheos et al., 2003).

Inflammatory arthritis was also significantly reduced in

CRH knockout mice (Mattheos et al., 2003) and in mice

treated with the CRH receptor-1 antagonist, Antalarmin

(Webster et al., 2002). These findings are even more

interesting in view of the fact that mast cells in the joints

of rheumatoid arthritis patients express CRH receptors

(McEvoy et al., 2001). Moreover, CRH (McEvoy et al.,

2001; Lowry et al., 1996) urocortin (Uzuki et al., 2001;

Kohno et al., 2001) and CRH receptors are increased in the

joints of inflammatory and rheumatoid arthritis patients in

whom the symptoms worsen by stress (Thomason et al.,

1992; Herrmann et al., 2000). Proteases released from mast

cells can, themselves, act as signaling molecules, by

stimulating protease-activated receptors on other immune

cells, triggering the release of inflammatory molecules. In

addition, proteases released from mast cells or other in-

flammatory cells can generate biologically active peptides

like histamine-releasing peptide (HRP) from plasma albu-

min (Cochrane et al., 1993) and HRP is found in synovial

fluids obtained from patients with RA (Cochrane et al.,

1989, 2003; Carraway et al., 1987) Moreover, cells

obtained from fluid aspirated from joints of patients with

arthrosynovitis express RANTES and MCP-1 (Conti et al.,

2002), both of which are mast cell chemo-attractants (Conti

et al., 1997).
6. Cardiopulmonary inflammation

The role of mast cells in asthma is undisputed and has

recently been re-emphasized (Cho et al., 2002; Bradding,

2003; Brightling et al., 2003). Moreover, recent reports have

indicated that stress can induce asthma exacerbations

(Laube et al., 2002; Schmaling et al., 2002; Kilpelainen et

al., 2002; Lawrence, 2002; Liu et al., 2002; Bienestock,

2002; Joachim et al., 2003). In fact, one study indicated that

maternal stress may be responsible for the cellular response

in childhood asthma (von Hertzen, 2002). However, any

association with pulmonary mast cells is yet to be made.

On the other hand, increasing evidence implicates acute

psychological stress and cardiac mast cells in cardiovascular

pathology, especially unstable angina and silent myocardial

ischemia (MI). MI occurring without angina on presentation

now appears to be a sizable portion of the MI population
(Deanfield et al., 1984; Freeman et al., 1987; Rozanski et

al., 1988; Deedwania, 1995). There is growing evidence that

cardiac mast cells (Patella et al., 1995) participate in the

development of atherosclerosis, coronary inflammation and

cardiac ischemia. Mast cells have been identified in coro-

nary arteries during spasm (Forman et al., 1985), and

accumulate in the shoulder region of human coronary

atheromas, especially in association with plaque rupture

(Kaartinen et al., 1994; Constantinides, 1995), and MI

(Laine et al., 1999). The human mast cell proteolytic

enzyme chymase has been shown to be the main cardiac

source of converting enzyme generating the coronary con-

strictor angiotensin II (Jenne and Tschopp, 2003). Cardiac

mast cell-derived histamine (Gristwood et al., 1981), can

constrict the coronaries (Genovese and Spadaro, 1997); and

can sensitize nerve endings (Christian et al., 1989); this

action is rendered probable by the recent findings showing

adventitial mast cells localized close to nerve endings in

atherosclerotic coronary arteries (Laine et al., 2000).

Acute stress induced rat cardiac mast cell activation,

documented morphologically, an effect blocked by the

‘‘mast cell stabilizer’’ disodium cromoglycate (cromolyn)

and by a NT-receptor antagonist (Pang et al., 1998a). It was

later shown that acute stress induced histamine release from

mouse heart (Huang et al., 2002a,b), and elevated serum

histamine and IL-6 (Huang et al., 2002a,b, 2003). These

effects were greater in apolipoprotein E (ApoE) knockout

mice that develop atherosclerosis, but were still entirely

dependent on mast cells (Huang et al., 2002a,b, 2003).

These findings are significant since serum IL-6 elevations

in patients with MI were shown to derive primarily from the

coronary sinus (Deliargyris et al., 1997), and both histamine

(Clejan et al., 2002) and IL-6 (Suzuki et al., 2003) are

significant predictive risk factors of coronary events.
7. Bladder inflammation

Interstitial cystitis (IC) is a syndrome that appears to

occur primarily in women with symptoms of urinary fre-

quency, urgency, nocturia and suprapubic/pelvic pain

(Messing and Stamey, 1978; Sant, 1991; Pontari and Hanno,

1995). A recent population estimate in the USA based on

the nursesV Health Study (NHS) I and II, that started in 1976
and 1989, respectively, provided a prevalence of about 60

cases/100,000 women (Curhan et al., 1999). The symptoms

worsen periodically in 40–50% of premenopausal women

and common triggers include psychological or physical

stress (Rothrock et al., 2001). Many women with IC have

endometriosis and chronic pelvic pain or dyspareunia;

moreover, > 50% of IC patients have skin or systemic

allergic problems, about 40% have irritable bowel syndrome

(IBS), and another 30% have fibromyalgia or rheumatoid

arthritis (Koziol et al., 1993; Alagiri et al., 1997). In view of

these findings, IC has been considered a neuroinflammatory

condition (Theoharides et al., 1998a).



T.C. Theoharides, D.E. Cochrane / Journal of Neuroimmunology 146 (2004) 1–126
IC patients with nonulcer disease have variable degrees of

bladder inflammation on biopsy (Johansson and Fall, 1990).

IC patients with bladder inflammation usually present with

more pronounced symptoms and increased levels of urine

IL-6, but obtain greater relief with bladder hydrodistention

(Erickson et al., 1997). Bladder biopsies from IC patients are

characterized by some evidence of mucosal damage (Parsons

et al., 1991) and an increased number of activated mast cells

(Theoharides et al., 1995a; for reviews, see Theoharides and

Sant, 1994; Theoharides et al., 2001a), which are positive for

IL-6 and/or stem cell factor (SCF) (Pang et al., 1998b;

Peeker et al., 2000). Bladder mast cells in IC were located

close to increased nerve endings (Christmas et al., 1990;

Lundeberg et al., 1993), many of which were SP-positive

(Pang et al., 1995a,b); IC bladder biopsies also had higher

expression of NK receptors (Marchand et al., 1998). Such

mast cells had ultrastructural signs of activation without

overt degranulation (Letourneau et al., 1996).

In vivo animal studies showed that the human bladder

symptoms could be mimicked since acute stress led to

bladder mast cell activation in rodents (Spanos et al., 1977),

an action blocked by a NT-receptor antagonist (Alexacos et

al., 1999); in contrast, intravesical immune stimulation led to

bladder mast cell activation and inflammation through NK-1

receptors; that were not expressed on mast cells (Saban et al.,

2002), indicating that different triggers stimulated mast cells

through different neuropeptide pathways.
8. Gastrointestinal inflammation

The role of mast cells and their interaction with local

nerve endings in gastrointestinal pathology (Marshall and

Bienenstock, 1994), especially in the intestinal response to

bacterial infections (Marshall and Waserman, 1995; Casta-

gliuolo et al., 1994; Pothoulakis et al., 1998); has been

reviewed extensively. Mast cells are located close to intes-

tinal neurons (Newson et al., 1983; Skofitsch et al., 1985;

Dvorak et al., 1992b; Williams et al., 1995). Even though

mucosal mast cells cannot be commonly activated by

neuropeptides, it was recently shown that mucosal-like mast

cells could make functional associations with neuronal

processes through SP (Suzuki et al., 1999) at distinct points

of contact (Mori et al., 2002), and could express NK-1

receptors (van der Kleij et al., 2003). Moreover, in rats, NT

has been shown to play a significant role in Clostridium

difficile-induced colonic inflammation and the accompa-

nying activation of mast cells (Castagliuolo et al., 1999).

Neuroimmune interactions have been implicated in food

allergies (Frieling et al., 1994), as well as in IBS (O’Sullivan

et al., 2000) and in cyclic vomiting syndrome (Fleisher,

1995), both of which can be precipitated by physical or

psychological stress (Farthing, 1995; Fleisher, 1997). Re-

cent studies have shown that acute stress by immobilization

leads to colonic responses (Williams et al., 1987) associated

with gastrointestinal mast cell activation (Castagliuolo et al.,
1996, 1998). This process was dependent on CRH (Casta-

gliuolo et al., 1996). We further showed that CRH can

induce intestinal mast cell degranulation directly leading to

increased vascular permeability (Theoharides et al., 1999).

In fact, mast cells are increased in the intestine of IBS

patients (Weston et al., 1993; O’Sullivan et al., 2000), as

well as in the intestine and the bladder of a patient with both

IBS and IC (Pang et al., 1996b). In both conditions, mast

cells were seen in close proximity to local nerve endings

(Pang et al., 1996b; Park et al., 2003).
9. Mast cells and the HPA axis

CRH can stimulate mast cells, that express CRH recep-

tors (Theoharides et al., 2001) and are localized close to

CRH-positive neurons in the median eminence (Theoha-

rides et al., 1995b). Mast cell mediators could, in turn,

influence CRH release. For instance, the median eminence

of the hypothalamus is rich in mast cells (Pollard et al.,

1976; Panula et al., 1984) and contains most of the hista-

mine in the brain (Yamatodani et al., 1982). Histamine had

been considered a major regulator in the hypothalamus

(Roberts and Calcutt, 1983), and was later shown to increase

CRH mRNA expression in the hypothalamus (Kjaer et al.,

1998). In fact, hypothalamic mast cell activation led to

stimulation of the HPA axis (Bugajski et al., 1995a,b;

Gadek-Michalska et al., 1991; Matsumoto et al., 2001).

Moreover, human mast cells were recently shown to syn-

thesize and secrete large amounts of both CRH and urocor-

tin (Kempuraj et al., in press), implying that they are both a

source and a target of stress-related neuropeptides. More-

over, mast cells are also found in the human pituitary

(Cromlish et al., 1987) and can be stimulated by pituitary

products such as luteinizing hormone releasing hormone

(Sundaram et al., 1988) or PACAP (Seebeck et al., 1998). In

addition, NT, which is known to activate mast cells (Carra-

way et al., 1982) is present in the pituitary and median

eminence (Bello et al., 1999). NT has also been shown to

participate in stress-induced activation of mast cells (Alex-

acos et al., 1999; Pang et al., 1998a) and in stress-related

HPA activity (Rowe et al., 1997). Inhibition of mast cell

activation, therefore, could be of critical importance in

treating inflammatory and autoimmune disorders. Certain

dietary supplements (Theoharides, 2003) have recently been

shown to be effective in this regard (Theoharides, 2003)

because they combine chondroitin sulfate (Theoharides et

al., 2000) and quercetin (Middleton et al., 2000; Theoha-

rides et al., 2001b) both of which have mast cell inhibitory

and anti-inflammatory actions.
10. Conclusion

In summary, the mast cell has emerged as a unique

immune cell that could be activated by many non-immune
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processes, including acute stress (Theoharides, 2002), and

could participate in a variety of inflammatory diseases in the

nervous system, skin, joints, as well as cardiopulmonary,

intestinal and urinary systems (Theoharides, 1996).
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