
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer.

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Interferon-gamma modulates chloride flux and chloride channels in mast
cells

by

Marianna Kulka

A thesis submitted to the Faculty o f Graduate Studies and Research in partial fulfillment 
of the requirements for the degree of Doctor o f Philosophy

m

Medical Sciences - Medicine

Edmonton, Alberta 

Spring 2002

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 + 1
National Library 
of Canada

Acquisitions and 
Bibnogiaphic Services
395 WaMngton StrMt 
Ottawa ON K1A0N4 
Canada

BibliotMque rationale 
du Canada

Acquisitions et 
services bibliographiques
395, rua WaKnglon 
Ottawa ON K1A0N4

Yo irifc WtrlMtinci 

Our A* N m r m m c a

The author has granted a non­
exclusive licence allowing the 
National Libraiy of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats.

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author’s 
permission.

L’auteur a accorde une licence non 
exclusive permettant a la 
Bibliotheque nationale du Canada de 
reproduire, preter, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
electronique.

L’auteur conserve la propriete du 
droit d’auteur qui protege cette these. 
Ni la these ni des extraits substantiels 
de celle-ci ne doivent etre imprimes 
ou autrement reproduits sans son 
autorisation.

0-612-68594-2

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Library Release Form

Name o f Author: Marianna Kulka

Title o f Thesis: Interferon-gamma modulation o f chloride and chloride channels in
mast cells

Degree: Doctor o f Philosophy

Year this Degree Granted:

Permission is hereby granted to the University o f  Alberta Library to reproduce single 
copies o f this thesis and to lend or sell such copies for private, scholarly or scientific 
research purposes only.

The author reserves all other publication and other rights in association with the 
copyright in the thesis, and except as herein before provided, neither the thesis nor any 
substantial portion thereof may be printed or otherwise reproduced in any material form 
whatever without the author’s prior written permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Pulmonary Research Group
574 HMRC 
University o f  Alberta 
Edmonton, Alberta 
T6G 2S2

•Jar). 7,200.2.



University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty o f Graduate 
Studies and Research for acceptance, a thesis entitled “Interferon-gamma modulation of 
chloride flux and chloride channels in mast cells” submitted by Marianna Kulka in partial 
fulfillment o f  the requirements for the degree o f Doctor o f Philosophy in Medical 
Sciences (Medicine).

Dean Befus 
supervisor

Dr. S.'T'TPaul Ma
Member o f Supervisory Committee

Dr. P 
Memi

<p Hmloran 
:r o f  Supervisory Committee

/jjsik
0 t. Marek Duszyk •
Member o f  Supervisory Committee

Dr. Linda Pilarski 
Internal Examiner

aAc TnJI
Dr. David Proud
External Examiner. University o f Calgary

Tuesday. December 18, 2001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dedication

This thesis is dedicated to my parents who have given me unwavering support and 

have always believed in my ability to succeed. Thank you for everything.

This thesis is also dedicated to my husband who has given me his advise and help 

throughout this project. Thank you for being unwavering in your optimism and support.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Mast cells (MC) are important effector cells in innate immunity and inflammatory 

responses. Their activation and subsequent degranulation releases several pro- 

inflammatory mediators that have a variety o f targets including smooth muscle, 

lymphocytes, eosinophils and submucosal glands. A number o f biologically active 

molecules including cytokines downregulate MC mediator release and understanding 

their mechanism o f action may open new avenues to therapeutic interventions in diseases 

such as asthma where MC play a major role. Interferon-y (IFN-y), a pleotropic cytokine 

produced by T lymphocytes and several other cell types, is an inhibitor o f MC 

proliferation, differentiation, mediator release and adhesion yet the mechanism o f IFN-y- 

mediated inhibition o f MC functions is poorly understood. The central hypothesis o f  this 

project is that Cl' flux in MC is one target that is altered by IFN-y and that changes in Cl' 

channel expression might be one mechanism that mediates the effect o f  IFN-y. Studies 

using [Cl*] sensitive fluorochromes and 36C1 show that IFN-y decreases Cl* influx in 

resting MC. Light scatter measurements and colloid titration analysis show that IFN-y 

changes in Cl* flux are independent o f changes in cell volume but accompanied by a 

decrease in cell surface charge. Screening for expression o f y-aminobutyric acid type A 

receptor (G A B A aR) subunits, C1C channel members and the cystic fibrosis 

transmembrane conductance regulator (CFTR) reveals that MC expressed mRNA for all 

o f these channels. Expression o f at least one o f these channels, CFTR, is upregulated by 

IFN-y. Furthermore, blocking CFTR using pharmacologic inhibitors decreases mediator 

release from MC. Antisense oligonucleotides to CFTR mRNA and MC derived from
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CFTR knock-out mouse bone marrow methodologies were developed and open new 

avenues for future studies o f CFTR expression in MC. In conclusion, IFN-y decreases 

Cl* flux in MC perhaps by regulating the expression o f several Cl* channels.
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PBA sodium 4-phenylbutyrate
PC phosphatidylcholine
PCR polymerase chain reaction
PDZ protein-protein binding motif
p g d 2 prostaglandin D2
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pHi
PKA
PK-C
PLA2
PMA
PMC
PMSF

r a n t e s

RBL-2H3
r cm c
rOMK
RPMl
RT

S l/S ld
SCF
SCG
SH2,3
SITS
SOC
SPQ
SNARE

SNP
STAT

TB
TGFpl
TNF
TNP

VAMP
VRAC

WE
w/wv

intracellular pH 
protein kinase A 
protein kinase C 
phospholipase A2 
phorbol myrisate acetate 
peritoneal mast cells 
phenylmethylsulfonyl fluoride

regulated upon activation normal T-cell expressed and
secreted protein
rat basophilic leukemia
rat cultured mast cells
renal outer medullary K+ channel
Rosweli Park Memorial Institute
reverse transcriptase

mast cell-deficient mice lacking stem cell factor
stem cell factor (c-kit ligand)
sodium cromoglycate
protein-protein binding motif
4-acetamido-4-isothiocyano-2,2-disulfonic acid
store-operated channels
6-methoxy-N-(3-sulfopropyl)quinolinium
soluble N-ethylmaleimide-sensitive factor attachment
protein receptor
sodium nitroferricyanide
signal transducers and activators o f transcription

toluidine blue
transforming growth factor-{Jl 
tumor necrosis factor 
trinitrophenol

vesicle-associated membrane protein 
volume regulator anion channels

worm equivalent
mast cell-deficient mice lacking mast cell 
committed precursors
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Chapter 1

General Introduction
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Mast cells (MC) are important effector cells in innate immunity and inflammatory 

responses. Their activation and subsequent degranulation releases several pro- 

inflammatory mediators that have a variety o f targets including smooth muscle, 

lymphocytes, eosinophils and submucosal glands (1). A number of biologically active 

molecules including cytokines downregulate MC mediator release and understanding 

their mechanism o f action may open new avenues to therapeutic interventions in diseases 

such as asthma where MC play a major role. IFN-y, a pleotropic cytokine produced by T 

lymphocytes and several other cell types, is an inhibitor of MC proliferation, 

differentiation, mediator release and adhesion (2-4) yet the mechanism o f IFN-y-mediated 

inhibition o f  MC functions is poorly understood. Previous studies in our lab used 

differential display to analyze the mRNA expression of IFN-y-treated and untreated MC. 

Preliminary data suggested that IFN-y upregulated a 218 bp fragment. A 51 bp portion o f 

this fragment had 72% homology to C1C3, a Cl' channel, and suggested that IFN-y 

regulated Cl* channel expression and possibly Cl' channel function. Therefore, the 

central hypothesis of this PhD project is that Cl' flux in MC is one target that is 

altered by IFN-y and that changes in chloride channel expression might be one 

mechanism that mediates the effect o f IFN-y. Although IFN-y modulates the 

expression o f  more than 200 genes (5) its effect on ion movements and ion channels has 

received little attention. Furthermore, expression of specific chloride channels and their 

role in MC function is poorly understood. Therefore, the four major aims o f this PhD 

project were as follows:

A. To characterize the effect o f IFN-y on Cl' flux in MC. Cl' fluxes in resting 

peritoneal mast cells (PMC) and a rat cultured mast cell line (RCMC) were tested 

using [Cl ] sensitive fluorochromes and 36C1. Cl* flux of IFN-y-treated and 

untreated MC was compared. Since changes in ion flux are dependent upon 

changes in cell volume and surface charge, light scatter measurements and colloid 

titration techniques were used to measure differences in cell volume and surface 

charge between IFN-y-treated and untreated MC.

B. To characterize chloride channel expression in MC. There are a large number 

o f ion channels and co-transporters that could facilitate the flux o f Cl* ions in MC.
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For this study, the three main classes o f  Cl' channels were investigated. MC were 

screened for mRNA expression o f y-aminobutyric acid type A receptor 

(GABAaR) subunits, C1C channel members and the cystic fibrosis transmembrane 

conductance regulator (CFTR). Although MC expressed mRNA for all o f  these 

channels, the lack o f reagents (e.g. antibodies, specific pharmacologic inhibitors, 

etc) to C1C prompted us to focus on CFTR. CFTR is a complex and multi-faceted 

chloride channel, mutations in which are responsible for cystic fibrosis. CFTR 

function in MC was characterized using cAMP analogues and pharmacologic 

inhibitors.

C. To determine the effect of IFN-y on the expression of these chloride channels.

The effect of IFN-y on GABAaR subunits and C1C mRNA in MC was assessed. 

IFN-y effects on CFTR mRNA and protein regulation were also studied and the 

role o f nitric oxide (NO)-dependent pathways in CFTR expression was examined.

D. To determine the role of chloride channels in MC function. To determine the 

possible role o f CFTR in MC function, antisense to CFTR mRNA was designed 

and used to block CFTR expression in MC. The effect o f antisense on MC 

mediator release was measured.

These aims are based upon a foundation o f literature that suggested that MC activation is 

partly chloride dependent and that chloride flux might be important in MC function.

I. Introduction to Mast Cells

A. Mast cell biology

1. Localization and morphology

Mature MC are found throughout the body, predominantly located near blood vessels 

and nerves and beneath epithelia (1,6). MC were first described by Paul Ehrlich in the 

1870’s who described them as “mast zelleri' or “fat cells” because they were abundant in 

the tissue of well-fed animals (7). He identified them by their metachromatic properties, 

which depend on the presence and degree o f sulfation of proteoglycans such as heparin
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stored in cytoplasmic granules. Basic dyes such as toluidine blue bind the negatively 

charged proteoglycans and change color from blue to red.

MC are relatively large cells (approximately 20 pm in diameter; (8» with round 

nuclei, membrane-bound granules and lipid bodies (Fig l.l) . MC granules contain stored 

mediators such as histamine, p-hexosaminidase (P-hex) and proteases in a proteoglycan 

matrix. MC circulate in the blood as committed precursors expressing CD34, CD45, 

FcsRI, FcyRII and c-kit (1,9). These precursors migrate to the tissues where it is believed 

MC undergo the last stages o f  tissue-specific differentiation. MC differentiate from MC 

committed precursors (MCCP) in the presence o f stem cell factor (SCF or c-kit ligand) 

that binds MC c-kit receptors. Knowledge of MC differentiation has largely come from 

studies of MC-deficient mice such as the WFW  MC-deficient mouse (on a WBB6F1 

background) that is deficient in MCCP (10,11) and the S l/S ld MC-deficient mouse 

(WCB6F1 background) that lacks functional SCF (12).

2. Heterogeneity and localization

MC phenotype and profile of mediator secretion in response to different 

secretogogues depend largely on their environment. Indeed, MC from different tissues 

can be heterogeneous (13). MC heterogeneity involves serine protease content, response 

to secretogogues, response to chemotactic factors and production o f  lipid mediators. In 

rodents, there at least two recognized subsets of MC, connective-tissue type (CTMC) and 

mucosal type (MMC). CTMC are present in the skin, peritoneal cavity, lymphoid organs 

and the lungs o f rodents and are particularly abundant around large and small blood 

vessels and nerve endings (1). In rodents. MMC are present in the mucosa of the 

gastrointestinal tract but human MMC are found predominantly in intestinal mucosa and 

alveolar spaces in the lung (1).

CTMC store large amounts o f histamine in their cytoplasmic granules, express 

CTMC-specific proteases, are activated via FcsRI stimulation, contain heparin 

proteoglycan and preferentially make prostaglandin D2 (PGD2). Unlike MMC, CTMC 

show little T cell dependence. MMC contain less histamine, express MMC-specific 

proteases, contain chondroitin sulfate proteoglycan and preferentially make leukotriene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5

C4 (LTC4). The presence of MMC in vivo depends on T cells since athymic mice and 

humans with T cell immunodeficiency are deficient in MMC (14,15). MC cultured from 

rat bone marrow in the presence o f IL-3 (BMMC) resemble MMC based on the high level 

o f granule-associated chondroitin sulfate, low histamine concentration and proteinase 

content (16,17).

MMC and CTMC differ in their response to stimuli. For example, a rat basophilic 

cell line (RBL) that bears close resemblance to MMC does not respond to P2 agonists 

(purinergic activation), but rat CTMC express P2 receptors, respond to P2 agonists and 

migrate toward extracellular ADP, which binds the P2 receptor (18,19). CTMC and 

MMC respond to secretogogues differently, reflecting their phenotypic distinctiveness 

(see next section).

MC also reside in the brain and belong to either CTMC or MMC phenotypes (20). 

Brain MC are found intracranially, in the dura mater, leptomeninges, choroid plexus and 

the parenchyma o f the brain (particularly the thalamus) (21-24). In the rat brain, there is a 

correlation between MC numbers and content o f histamine (25) and isolated rat brain MC 

release 5-hydroxytryptamine (5-HT; serotonin) and histamine in response to 

neuropeptides and neurotransmitters released from nearby neurons (26). In birds and 

rodents, MC numbers in the brain are increased in response to courting, taking care of 

young, aggressive behaviour, long photoperiods and hibernation (27,28), but stress and 

isolation decrease the number o f MC in the brain. Behavioural control o f migration of 

MC suggests that this trafficking is hormone dependent (29,30).

B. Mast cell activation

1. FcsR-dependent activation

MC are highly specialized effector cells that can respond to a number o f stimuli. 

One o f  the best characterized mechanisms o f activation is antigen-mediated crosslinking 

o f surface FceRI. FceRI aggregation stimulates the release o f preformed cytoplasmic 

granules (containing histamine, proteoglycans, and MC-specific proteases), newly 

synthesized mediators such as tumor necrosis factor (TNF) and lipid-derived mediators,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

including platelet activating factor (PAF) and the arachidonic acid metabolites PGD, and 

LTC4 (Fig 1.2KD.

F ceR I is composed o f  one a  chain, one P chain and two y chains (Fig 1.3). Both the 

a  and y chains must be present to have cell surface expression (31). IgE binds the a  

chain causing conformational changes and activation of the P and y chains which initiate 

signal transduction via their immunoreceptor tyrosine activation motifs (ITAM). The 

Lyn tyrosine kinase is constitutively associated with the carboxy terminal cytoplasmic tail 

o f the F ceR I p chain (32). When the FceRI is crosslinked by antigen, Lyn phosphorylates 

the ITAM in the cytoplasmic domains o f FceRI p and y chains and recruits Syk tyrosine 

kinase to the ITAM o f the y chain (33). Syk becomes activated and phosphorylates other 

kinases, activating a signalling cascade.

Some o f these proteins include phospholipase C (34) which hydrolyzes 

phosphatidylcholine (PC) to produce inositol triphosphate (IP3) and diacylglycero! 

(DAG). DAG phosphorylates and activates protein kinase C (PKC) (35) that can initiate 

granule mobilization to the plasma membrane. The other PC product. IP3, activates 

intracellular Ca2+ channels, releasing intracellular Ca2+ stores from the sarcoplasmic 

reticulum. High intracellular Ca2+ concentrations (or perhaps the depletion of 

intracellular Ca2' stores) activate store-operated channels (SOC) to initiate influx of 

extracellular Ca2* (Fig 1.4). Other ions fluxes such as Cl* are probably also important in 

facilitating influx o f Ca2+. Upon F ceR I crosslinking, for example, MC uptake Cl* and 

only in the presence o f  extracellular Cl* is maximal mediator release achieved (36). 

Threshold levels o f intracellular Ca2+ in combination with DAG activate PKC, which 

phosphorylates the myosin light chains and leads to disassembly o f actin-myosin 

complexes beneath the plasma membrane, thereby allowing granules to come into contact 

with the plasma membrane (37,38). Fusion of the granule membrane and the plasma 

membrane is mediated by interactions between soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE), SNARE vesicle-associated membrane protein 

(VAMP) and SNARE syntaxin (39). Granule fusion with the plasma membrane is 

regulated by the guanosine triphosphate (GTP)-binding form o f Ras-related Rab proteins 

(40). Activated adenylate cyclase elevates cyclic adenosine monophosphate (cAMP)
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levels, and cAMP activates protein kinase A (PKA) which may participate in a negative 

feedback loop to inhibit degranulation (41).

2. FcsR-independent activation

MC can also be activated by FcsRI-independent mechanisms by substances such 

as polybasic compounds, peptides, cytokines and complement-derived anaphylatoxins. 

The polybasic compound, 48/80, contains a cationic region adjacent to a hydrophobic 

moiety, which penetrates MC membranes and activates G proteins (Fig 1.4) (42-44). 

Interestingly, polybasic compounds only activate rodent CTMC, not MMC (13,45,46). 

The bee venom peptide, mellitin, and adrenocorticotropic hormone share sequence 

homology to the CH4 domain o f IgE, which allows them to bind to FceRI and activate 

MC via the Lyn/Syk pathway (47,48). Neuropeptides such as substance P induce MC 

activation in an FceRI-independent mechanism through activation of G proteins (42). 

Complement peptides such as C5a bind to specific receptors on mast cells and stimulate 

degranulation and potentiate anaphylactic reactions (49).

3. Mast cell mediators

FceRI crosslinking initiates degranulation and the release o f histamine, proteases and 

enzymes such as P-hex. These biologically active molecules have a variety o f functions 

and several can bind to receptors on different cell types.

Upon activation, MC also synthesize and secrete a wide range of cytokines such as 

IL-3, 1L-4, IL-5. IL-6. IL-8. IL-9, IL-13, IL -16, TNF and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and chemokines such as monocyte chemotactic 

protein-1 (MCP-1), monocyte inhibitory protein-1 (MIP-1 a/p) and regulated upon 

activation normal T-cell expressed and secreted protein (RANTES) (1,13). Cytokine 

production by activated MC is a consequence o f newly induced cytokine gene 

transcription. Activation of various adapter molecules by Syk leads to nuclear 

translocation o f nuclear factor o f activated T cells (NF-AT) and NF-tcB, as well as 

activation o f AP-1 by stress-activated kinases such as c-Jun N-terminal kinase. The
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presence o f cytokines in the tissues can in turn modulate MC functions. TNF, IL-6, GM- 

CSF, M IP -la  and SCF cause MC to release monoamines such as serotonin (13).

Another set o f newly synthesized products released by IgE-dependent activation o f 

MC are the lipid mediators such as leukotrienes and prostaglandins. Synthesis o f lipid 

mediators is initiated by the cytosolic enzyme phospholipase A2 (cPLA,) that is activated 

by increases in cytoplasmic Ca2r and phosphorylation by the extra cellular receptor 

activated kinase (ERK: a member o f  the mitogen-activated protein (MAP) kinases). ERK 

kinase is activated by the kinase cascade that is initiated by the receptor ITAM. Once 

activated, cPLA2 hydrolyzes membrane phospholipids into arachidonic acid, which is 

modified by cyclooxygenase or lipooxygenase enzymes to produce prostaglandins and 

leukotrienes.

4. Mast cell chemotaxis

Another consequence o f MC activation is chemotaxis. MC chemoattractants include 

antigen, transforming growth factor-)) 1 (TG Fpi), angiogenic factors, complement 

components (C lq, C3a and C5a), hematopoietic growth factors including SCF (50) and 

adenine nucleotides which are neuronal secretory products that bind PI and P2 

purinoceptors (19). MC chemotaxis is dependent on tyrosine kinase activity and G, 

activation since both genistein and pertussis toxin inhibit MC migration (50-52). As in 

neutrophils, that chemotax over vitronectin or fibronectin, MC chemotaxis is marked by 

influx o f extracellular Ca2' ions (19).

C. Mast cells are important cells in innate immunity

A principal protective role o f IgE and MC-mediated immune reactions is the 

eradication o f parasites. Mice genetically deficient in MC show increased susceptibility 

to infection by tick larvae and immunity can be restored by adoptive transfer o f  serum 

containing IgE to tick larvae (53). MC also play an important protective role as part of 

the innate immune response to bacterial infections. MC-deficient mice are less capable of 

clearing bacterial infections o f the peritoneum than normal mice (54). This protective
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effect can be restored by introduction of MC expressing toll-like receptors (TLR) which 

can bind lipopolysaccharide (55). The protective role o f MC in innate immunity is 

mediated by MC production o f IL-1, IL-6 and TNF and depends on TNF-dependent 

influx o f neutrophils to the peritoneum (55). In antigen-challenged mice, local production 

of C5a activates local MC to produce 5HT and TNF, which induces ICAM-1 and 

VCAM-1 expression on endothelial cells leading to T cell recruitment (56). MC are also 

capable o f phagocytosis o f bacteria and presentation o f bacterial antigens via MHC II to 

T cells (57).

D. Mast cells in disease

1. Mast cells in allergy

MC degranulation is a central component o f allergic diseases and pathologic 

manifestations depend on the tissues in which MC mediators have effects, as well as 

duration of the inflammatory process. Allergic individuals typically have elevated levels 

of serum IgE and express more FcsRI receptors on MC, a high proportion o f which are 

occupied by IgE (58). Inhalation or ingestion o f the allergen activates MC in the lung or 

gut respectively and initiates the allergic response. In systemic immediate 

hypersensitivity, the allergen is present systemically as with an insect bite. When 

activated by allergen systemically, it is believed that MC and basophil mediators 

contribute to vasodilation and exudation of plasma in the vascular beds throughout the 

body resulting in fall in blood pressure, constriction o f upper and lower airways, 

hypersensitivity o f the gut, over-production of mucus in the gut and lung, and urticarial 

lesions (hives) on the skin (59).

2. Mast cells in asthma

MC activation and degranulation is also important in asthma. Asthma is an 

inflammatory disease caused by repeated immediate hypersensitivity reactions in the lung 

leading to the pathologic triad of intermittent and reversible airway obstruction, chronic 

bronchial inflammation with eosinophils, and bronchial smooth muscle cell hypertrophy 

and hyperreactivity to bronchoconstrictors (60). The majority o f asthmatics show
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positive skin test responses to the injection o f one or more common allergens such as 

house dust mite allergens and in these patients, airway obstruction can be triggered by 

inhalation o f these allergens (61). The allergens activate MC via surface FceR releasing 

pro-inflammatory mediators such as LTC4 and PAF, which bind to receptors on smooth 

muscle and induce constriction. One o f the hallmarks o f MC function in asthma is their 

ability to recruit other cells such as lymphocytes and eosinophils. Allergen-activated MC 

release tryptase, IL-5 and RANTES, which recruit neutrophils and eosinophils to the lung 

(62-65). Eosinophils in the lung become activated and release several mediators such as 

PAF. LTC4. major basic protein, eosinophil cationic protein (ECP) and eosinophil 

peroxidase (EPO), which contribute to airway hyperresponsiveness and tissue damage 

(63,66,67). Activated MC also release IL-16 and a newly described chemokine, 

lymphotactin. which recruit lymphocytes to the lung (68,69). However, a smaller group 

of patients are non-atopic (58) and their asthma reactions may be triggered by non- 

immune stimuli such as drugs, cold and exercise -  suggesting that alternative 

mechanisms o f MC degranulation may underlie the disease.

3. Mast cells in other diseases

Abnormally high numbers o f MC can also cause disease. Recent genetic findings 

indicate that mastocytosis, a rare disease characterized by a primary pathological increase 

in mast cells in a variety o f tissues, is caused by mutations in the c-kit receptor (70). MC- 

mediated diseases display a sexual selectivity, suggesting that MC behave differently in 

males and females. MC express estrogen receptors and can be activated by estrogen and 

estrogen receptor antagonists and have been implicated in recruiting inflammatory cells in 

female-related bladder disease (71-73). Recent studies have shown that MC are found in 

the vicinity o f multiple sclerosis lesions and may be important in brain disease (74). 

Myelin basic protein (MBP), a major suspected immunogen in multiple sclerosis, 

activates MC to produce tumor necrosis factor (TNF), which activates astrocytes to 

produce NO and kill surrounding neurons (75). Additionally, proteases from brain MC 

are capable o f producing the Alzheimer amyloid P-protein implicated in this 

neurodegenerative disease (76).
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E. Mast cell inhibitors

There are several inhibitory compounds/receptors that attenuate FceRI-induced MC 

activation. These compounds bind inhibitory receptors that are structurally and 

functionally related. The inhibitory receptor superfamily (IRS) are single-pass 

transmembrane receptors that contain either C-type lectin (i.e. CD22, Ly49, NKG2 and 

mast cell function-associated antigen [MAFA]) or Ig-like (i.e. FcyRIIB, killer cell 

inhibitory receptor [KIR], and gp49Bl) extracellular domains (77). All IRS members 

contain immunoreceptor tyrosine-based inhibition motifs (ITIM). ITIM-containing 

inhibitory receptors differentially recruit SHP-1, SHP-2 and/or SHIP in vivo in a manner 

dependent on phosphorylation o f ITIM tyrosines (78-80). The first identified and most 

extensively studied member o f the IRS is FcyRIIB, a low-affinity IgG receptor that 

functions in regulation o f  capping, endocytosis and phagocytosis in response to binding 

multivalent antigen (81). Two forms of FcyRIIB are expressed in murine mast cells 

(81,82). Coaggregation o f  FcyRIIB 1 and FcyRIIB2 inhibits FceRI-mediated release o f 

serotonin and TNF (82).

Drugs that inhibit MC function include theophylline, prostaglandin analogues (83), 

corticosteroids. (3-agonists, and cromolyn compounds such as nedocromil sodium (NED) 

and sodium cromoglycate (SCG). The precise mechanisms by which some of these drugs 

inhibit MC activation are poorly understood. However, their effects on MC physiology 

are diverse. Theophylline is a phosphodiesterase inhibitor (84) and increases intracellular 

cAMP concentration (85). (32-agonists such as salbutamol and salmeterol inhibit the 

release o f preformed and newly synthesized MC mediators (86). NED and SCG 

downregulate TNF release in PMC by up to 40% (87-89). PMC pretreated with NED or 

SCG for 20 min and then stimulated with antigen (Ag) for 6 hr show a decrease in both 

TNF mRNA and TNF protein, an effect that is cycloheximide dependent. Interestingly, 

NED and SCG block chloride current in MC (90-92). Cromolyn inhibits Cl* channel 

activity with an IC50 of 15 + 2 pM (92). Cl* channel activity is completely blocked when 1 

mM cromolyn is applied to the intracellular side o f an inside-out patch but this inhibition
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can be reversed upon washing out cromolyn (92). The fact that drugs that inhibit MC 

degranulation also inhibit Cl* channel function initiated the central hypothesis o f this 

thesis that suggests chloride is an important ion in MC activation cascades.

The third group o f MC “inhibitors” include cytokines, which have a variety of affects 

on MC physiology some o f which are inhibitory. These cytokines include IL-10 (93), 

TGF-P (94) and interferon-gamma (IFN-y) (95).

II. Introduction to Interferon-gamma

IFN-y is secreted by activated T cells (cytotoxic and Thl), macrophages and 

natural killer (NK) cells in response to viral infection or T cell activators such as ConA or 

anti-CD3 (5). IFN-y is an acid labile homodimer composed of two heavily N- 

glycosylated proteins that bind two IFN-y receptor a  chains (IFN-yRa; Fig 1.5) (96). 

Interferons (a , p and y) were discovered based on their antiviral activity but exert several 

biological effects including modulation o f immune function and inhibition o f cell growth 

(96). As an immunomodulator, IFN-y influences the migration o f thoracic duct B and T 

lymphocytes from blood to lymph (97), inhibits mast cell-mediated cytotoxicity (4,89), 

and stimulates macrophage phagocytosis (98). IFN-y modulates immune responses 

involved in host defenses against infectious agents and tumors by up-regulating MHC 

class I and class II, affecting IgG heavy chain switching and stimulating the production of 

immunomodulatory cytokines such as IL-12 and TNF and of antiviral proteins such as 2,5 

oligoadenylate synthetase (2,5 OAS) and RNAse L (99,100). IFN-y also influences basic 

physiological functions o f non-immune cells such as epithelial cells (101), fibroblasts 

(102). and keratinocytes (103.104).

In immediate type hypersensitivity diseases, where MC play a significant effector 

role, IFN-y production is abnormal. For example, in patients with allergic asthma, the 

percentage o f IFN-y-producing T lymphocytes is considerably lower (5.7% versus 23.5 % 

in normal subjects, P 0 .0 0 1 )  but the level o f IL-4-producing T lymphocytes is the same 

(105,106). Studies o f atopic asthmatics revealed reduced expression o f IFN-y mRNA in 

bronchoalveolar lavage (BAL), 24 hr post endobronchial allergen challenge (107). In

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

adoptive transfer experiments, IFN-y has been shown to have a suppressive effect on 

airway eosinophilia (108). Therefore, it was postulated that individuals with asthma may 

possess genetic differences in IFN-y receptor (IFN-yR) genes and a study revealed that 

some common polymorphisms were associated with increased total serum IgE levels, 

although these were not correlated with severity of disease (109). Peripheral blood 

mononuclear cells isolated from children with food allergy, however, show normal levels 

o f IFN-y when stimulated with phytohemagglutinin (110) suggesting that decreased IFN- 

y production may be antigen-specific.

A. IFN-y receptor (IFN-yR)

The IFN-yR (Fig 1.3) was initially characterized in the early 1980s in radioligand 

binding studies conducted in several laboratories on a variety o f cell types (96). These 

experiments showed that most primary and cultured cells expressed a moderate level of 

high affinity binding sites for IFN-y. The interaction o f IFN-y with its receptor was not 

inhibited by other interferon classes, suggesting that IFN-y bound a receptor distinct from 

the one bound by IFN-a and IFN-p.

Subsequent experiments showed that the IFN-yR was actually composed o f two 

subunits. The ligand-binding component is referred to as the a  chain IFN-yR 1 or 

CDwl 19. The second subunit is called the p chain, accessory factor-1 (AF-1) or IFNyR2. 

For purposes o f clarity the two subunits o f the IFN-yR will be referred to as the a  and P 

chains. Each IFN-yR is composed o f two a  and two p chains (Fig 1.5). The human a  

chain is encoded by a 30 kb gene located on the long arm of chromosome 6 and the 

murine homologue is a 22 kb gene present on chromosome 10 (96). Although expression 

o f the fully mature a  chain protein varies widely among tissues (200 to 25,000 sites/cell), 

there does not appear to be a direct correlation between the extent o f  a  chain expression 

and the magnitude o f the IFN-y-induced response (96). The human P chain is encoded to 

chromosome 21 and the murine homologue resides on chromosome 16 (111). Whereas 

transcription o f the a  chain does not appear to be externally regulated, the gene encoding 

the P chain contains several potential binding sites for a variety o f externally regulated
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activated transcription factors (111). The a  chains exhibit very little overall sequence 

homology between species (52.5% between human and murine), thus the activity o f  IFN- 

y is species specific (96).

IFN-y binding to its receptor induces the dimerization o f IFN-yR subunits and 

allows association o f JAK1 and JAK2, two members o f the lanus tyrosine kinase (JAK) 

family, resulting in JAK activation by tyrosine phosphorylation (Fig 1.5). Activated JAK 

phosphoylates tyrosine at position 440 on the p chain o f IFN-yR, creating a docking site 

for signal transducer and activator o f transcription-1 (STAT1) molecules (112). STAT1 

is then phosphorylated on tyrosine 701, leading to its dimerization and translocation to 

the nucleus, where it binds to the IFN-gamma-activated site (GAS) sequences of 

promoters to regulate expression o f downstream genes (113). Following IFN-yR 

ligation, the IFN-yR/IFN-y complex is internalized and enters an acidified compartment 

wherein the complex dissociates and free IFN-y trafficks to the lysosome where it is 

degraded (114).

B. IFN-y regulated gene transcription

Treatment o f cells with IFN-y causes the transcription of genes that are otherwise 

expressed at low levels or are quiescent (5). There are more than 200 genes that are 

regulated by IFN-y either via changes in gene transcription or mRNA stability 

(5,115,116). Transcription o f IFNy-inducible genes is initiated by STAT1 translocation 

through the nuclear membrane and binding to specific sequences o f promoter regions (Fig 

1.6). There are two isoforms o f STATI termed a  and p, however only ST A T la is 

capable o f translocating to the nucleus and initiating gene transcription (117). STA Tla 

contains a conserved amino-terminal dimerization domain, an IFN regulatory factor 

(IRF)-binding domain, a DNA-binding domain, SH2 and SH3 domains and a carboxyl- 

terminal transcription activation domain (118). Phosphorylated S T A T la  specifically 

binds to unique elements called GAS with a consensus sequence o f  AANNNNNTT (119) 

and initiates transcription o f genes such as the proteasome subunit LMP2 (120,121), 

major histocompatibility complex type II (MHC II; (121)), CIITA (122) and components
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o f the respiratory burst oxidase such as gp91, p47 and p67 phox (123,124) (Fig 1.6). 

S T A T la also activates the transcription o f IRF family o f transcription factors and one o f 

these, IRF1, binds to interferon-stimulated response elements (ISRE) sequences, initiating 

gene transcription o f inducible NO synthase (iNOS) and MHC I (121,125). These 

alterations in gene transcription ultimately change the phenotype and response o f the cell.

The essential role o f STAT1 in IFN-y-dependent signalling has been demonstrated 

in cells that do not express this factor (126). However, there is also evidence for STAT1- 

independent responses to IFN-y. Expression o f kinase-negative JAK1 mutants in wild- 

type cells inhibits the development o f the antiviral response without affecting the 

activation o f STAT1 or STAT1-dependent gene expression in response to IFN-y (127). 

Although STAT1 is important for the antiviral response, STATl-null mice are 100 times 

more resistant to murine cytomegalovirus and Sindbis virus than are mice lacking 

expression o f IFN-y (128). Furthermore, IFN-y inhibits the proliferation o f wild-type but 

not STATl-null fibroblasts (117). JAK1 and JAK2 are required for the induction of 

STAT1-independent gene expression by IFN-y (127,128). It is possible that JAK 

phosphorylates other STAT family members, possibly STAT3 which can induce the 

transcription o f some of the same immediate-early genes (129-131). Most o f the STAT1- 

independent genes are induced rapidly (0.5-1 h) suggesting that they may have similar 

promoters and that de novo synthesis o f transcription factors (such as IRF1) is not 

required (131).

Many IFN-y-mediated effects are induced indirectly and are the result o f pathways 

that are initiated as a result o f IFN-y regulation o f gene transcription. One of those 

indirect messengers is NO. Nitric oxide is a radical synthesized from L-arginine and 

molecular oxygen by many cell types, including MC. IFN-y initiates production o f  NOS 

in MC as well as some of the second messengers involved with NO production (132,133). 

NO exerts a range of physiological, toxicological and immunoregulatory effects and may 

be important in immunity by influencing the balance between functional subsets o f T 

helper cells and in IgE mediated allergic reactions by inhibiting mast cell activation and 

histamine release (134,135). In fact, NO appears to be one o f the principle 

intermediaries o f IFN-y-mediated downregulation o f MC functions (133).
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C. IFN-y effects on MC

IFN-y has suppressive actions on several MC functions such as clonal 

proliferation, differentiation, TNF-mediated cytotoxicity, adhesion and mediator release 

(2.3,95,136,137). These effects appear to be transcription/translation dependent and are 

probably the consequence o f several changes in MC gene expression. However, several 

questions remain. Exactly which genes does IFN-y modulate and how? How does the 

expression of these genes effect MC functions? Currently, studies o f IFN-y effects on 

MC have created more questions than answers. For example, IFN-y induces the 

expression o f MHC class I and class II, yet downregulates the presentation o f soluble 

antigens in MHC class II (138,139). IFN-y may mediate some o f its effects by 

upregulating FcyRJ and FcyRIII expression (140). The ligation o f FcyRIIB receptor 

subsets initiates major inhibitory pathways in MC (see section I.D. above). However, this 

does not explain IFN-y inhibition o f MC degranulation in response to antigen. The exact 

mechanism of IFN-y-mediated inhibition of MC mediator release is unknown. The 

central hypothesis o f this thesis is that IFN-y inhibits MC functions in part by modulating 

chloride channel function and/or expression.

III. Introduction to chloride channels

A. Chloride channels perform a variety o f important cell functions

Chloride is the most abundant extracellular anion in nature (141). Plant, yeast, 

bacterial and mammalian cells express chloride channels to move chloride ions and 

power several important cellular functions and maintain homeostasis. Chloride ion is 

important in functions such as maintaining cell volume, resting membrane potential, and 

intracellular pH (141). Ion channels are classified according to their electrochemical 

properties (e.g. conductance, ion selectivity, voltage-dependence), their mode of 

regulation (e.g. by ligands, calcium, G-proteins) and the tissues in which they have been
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found (142). Electrochemical properties are often confusing and mechanisms o f 

activation often overlap, but there are at least three distinct classes o f  Cl' channels 

classified according to their mechanism o f activation; the volume and voltage-gated C1C, 

the ligand-gated y-aminobutyric acid-type A receptor (GABAaR) and the phosphorylation 

and nucleotide-gated cystic fibrosis transmembrane conductance regulator (CFTR). All 

three classes contain transmembrane regions that are composed o f hydrophobic amino 

acids (Fig 1.7; (142). The transmembrane regions form a pore in the plasma membrane 

through which Cl' ions pass. Although all three classes o f chloride channels facilitate the 

flax o f Cl' ions, they share no homology and have diverse roles.

B. The y-aminobutyric acid receptor (GABAaR):

The y-aminobutyric acid receptor (GABAaR) is a highly specialized chloride 

channel that is assembled as a pentamer and is mainly expressed in the brain and CNS

(143). The GABAaR was cloned a  decade ago and belongs to the family o f  multi-subunit 

proteins that form ligand-gated ion channels (143). The receptor/channel is a 

heteroligomer composed of five subunits, usually a combination of a ,  p, y, and 5 (143). 

There have also been reports o f  a sixth subunit (p) but its expression is rare (144). 

However, all GABAaR studied in the brain and CNS contain at least one a  (53 kDa) and 

one p (56 kDa) subunit (143). Each subunit is encoded by a separate gene and has four 

membrane-spanning domains, which contribute to the wall o f the ion channel (Fig 1.8). 

Sequence analysis o f  the a , P and y subunit mRNA has revealed amino acid variability 

and has created 16 subunit subtypes (6a, 4p, 3y, 18 and 2p (143)). The pharmacological 

characteristics of the GABAaR are determined by the composition o f particular subunits

(144) and variations in subunit composition confers alterations in GABA and 

benzodiazepine (BDZ) ligand binding (143). Precisely how these amino acid differences 

account for changes in ligand binding are unknown, but there is evidence that 

glycosylation sites might play a role. For example, small variations among a  subtypes 

( a  1-4) involve putative glycosylation sites (143) in a region that may contribute 

significantly to pharmacological subtype differences as well as variable cellular
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regulatory differences (143). Many o f the studies characterizing the contribution of 

different subunits to GABAaR function have come from injection o f cDNA encoding 

these subunits into oocytes. For example, Xenopus oocytes injected with cDNA for a , 

and Pi produced GABA-dependent inward currents and responded to GABA (EC50 = 2 

pM) with a reversal potential o f 27 mV (145). Therefore, studies o f  GABAaR must first 

define receptor composition.

Phosphorylation plays an important role in the regulation o f ligand-gated 

channels. The GABAaR complex is phosphorylated by several protein kinases in vitro 

and the addition o f Mg2''ATP to the internal pipette solution prevents the time-dependent 

decrease of GABA-activated currents suggesting that phosphorylation confers an 

activated (open) conformation to the channel (146). However, recent studies on rat 

neurons have shown that PKA and PKC negatively regulate the activity of GABAaR, 

probably through phosphorylation o f  the receptor (147). PKC phosphorylation sites are 

located in the intracellular domains o f the p and y2 subunits, and increased PKC 

phosphorylation causes a reduction o f GABA-activated currents in hippocampal neurons 

and those expressed in oocytes injected with mRNA (148). Also, increases in cAMP- 

dependent protein kinase activity decreases GABAaR mediated 36C1' uptake by brain 

microsacs (149) showing that GABAaR are no longer conducting a Cl' current when 

phosphorylated. These findings show that, unlike CFTR and C1C. GABAaR are inhibited 

by phosphorylation.

GABAaR is activated by y-aminobutyric acid (GABA), the principal inhibitory 

neurotransmitter in the central nervous system (CNS). GABA binding to GABAaR 

allosterically opens the channel pore allowing chloride ions to flow through the channel 

and into the cell (150). The GABAaR also has several binding sites for other compounds 

that alters its chloride channel pore by allosteric mechanisms. These compounds include 

ethanol and BDZ, which likely bind all of the subunits with different affinities (150). MC 

express BDZ binding sites and BDZ has been shown to inhibit bone marrow-derived MC 

proliferation and mediator release (151 -153).

GABA also binds GABAbR. The GABAbR receptor has only recently been 

cloned and shows similarities to the metabotropic glutamate receptor (143). GABAbR is
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not an ion channel like GABAaR but linked to G-proteins that produce several divergent 

effects (143).

C. The C1C chloride channels

A second class o f Cl' channels is the C1C whose first known member was cloned in 

1990 from Torpedo marmorata electric organ (154). C1C is the largest gene family o f Cl' 

channels and, although members have been highly conserved during evolution, they have 

less than 30% homology amongst them (155). At least nine mammalian isoforms exist 

and there are homologues in a wide range o f other species including bacteria. Drosophila 

(fly), Saccharomyces (yeast), Neurospora (mold), Arabidopsis (plant) and 

Caenorhabditis (worm) suggesting that C1C channels mediate cellular events that are 

essential for life (156-158).

The function and general structure o f most C1C channels is incompletely understood 

due to lack o f specific inhibitors and an inability to express some channels in oocytes. 

C1C protein monomers have predicted molecular masses ranging from 69 to 110 kDa and 

hydropathy analyses indicate that they possess 13 hydrophobic domains o f which 12 may 

span the cell membrane (Fig 1.7). The COOH and NH, terminals o f the protein are 

located in the cytoplasm (159).

Mutations in some o f these C1C can cause severe diseases (160,161). Mutations 

causing loss o f function o f C1C-5 result in Dent’s disease characterized by low molecular 

weight proteinuria, hypercalciuria, nephrolithiasis and renal failure (162). Mutations o f a 

kidney-specific C1C (CIC-Kb) result in Banter’s Syndrome characterized by hypokalemic 

metabolic alkalosis and renal salt wasting (163). Generalized congenic myotonia 

(Becker’s) and dominant myotonia (Thomsen) are muscle disorders transmitted as 

autosomal recessive traits and caused by allelic mutation o f C1C-1 (164). Mutation in 

C1C-7 can result in infantile malignant osteoporosis (165).

C1C-1 is specifically expressed in skeletal muscle and accounts for approximately 75 

% o f  the ionic conductance o f the resting sarcoplasmic membrane (166). In contrast, 

C1C-2 is widely expressed with strong expression in brain neurons and lung epithelia
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(167). ClC-2 can be activated by cell swelling and acidic extracellular pH and is involved 

in limiting intracellular Cl* concentration (168). C1C-3 is Ca2'-sensitive, volume

regulated Cl* channel that maintains a variety o f cellular functions during osmotic 

perturbation (169). C1C-3 channels are opened by changes in cell volume and are 

expressed in epithelial cells, hepatocytes and neuronal cells (170-172). C1C-3, C1C-4 and 

C1C-5 belong to the same branch in the C1C family and are highly homologous (173). 

C1C-4 is expressed in human skeletal and vascular smooth muscle and is activated by 

external pH changes, inhibited by DIDS and has consensus sequences for protein kinase 

A (PICA) phosphorylation (174,175). C1C-5 is mainly expressed in endocytic vesicles o f 

proximal tubule cells o f the kidney and mutation results in Dent’s disease (161,162,176). 

ClC-6-mediated currents are inhibited by extracellular cAMP or the Cl* channel inhibitor 

5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) (177) and there is some evidence 

that C1C-6 is expressed in vascular smooth muscle (174). C1C-7 resides in late

endosomal and lysosomal compartments (178) and is important in bone resorption by 

osteoclasts (165). The C1C-K channels are kidney-specific and a recent CIC-K1 knock­

out mouse model has implicated malfunctions o f this channel in diabetes insipidus (159).

Patch clamp studies have shown that MC exhibit Cl* channel activity (36,92,179). 

These Cl* channels are activated by antigen in sensitized MC, and blocked by 4,4 '- 

diisothiocyano-2,2’-stilbenedisulphonate (DIDS) and NPPB, Cl* channel inhibitors 

(180,181). Inhibition o f the Cl* current by extracellular DIDS is voltage and time 

dependent and also inhibits antigen and 48/80-stimulated p-hexosaminidase release (182). 

In a human mast cell line (HMC-1), patch-clamp studies have identified the presence o f 

Ca2'-activated Cl channels and RT-PCR has confirmed that HMC-1 express mRNA for 

CIC3 and C1C5 (183). However, the identity o f specific C1C members in rat MC is 

unknown.
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D. The cystic fibrosis transmembrane conductance regulator (CFTR)

1. CFTR structure and activation

A third class o f C l' channels currently has one member, the cystic fibrosis 

transmembrane conductance regulator (CFTR), cloned in 1989 (184). CFTR is a cAMP- 

activated Cl' channel that belongs to the gene family o f ATP-binding cassette (ABC) 

transporters which generally function as active transporters driven by ATP hydrolysis. 

Yet, CFTR is unique among the ABC transporters since it is the omy member that can 

conduct Cl' currents and inhibit EnaC activity (185). CFTR has 12 transmembrane spans 

arranged in two domains joined by a large, negatively charged regulatory (R) region, 

attached to two nucleotide binding folds (NBF) (Fig 1.7). The R domain contains 

consensus sequences for phosphorylation by protein kinase A (PKA) and by protein 

kinase C (PKC) (186). PKC phosphorylation o f CFTR is diacylglycerol-dependent but 

Ca2"-independent since PKC inhibitors or antisense oligonucleotides to PKC-e block 

cAMP-activated CFTR Cl' current (187). In intestinal epithelium, studies have shown 

that membrane targeting o f  cGMP-dependent protein kinase (cGK) type II induces CFTR 

Cl* channel activity (186). Therefore, CFTR activity is controlled by phosphorylation 

events but. unlike GABAaR, phosphorylation opens the CFTR Cl' channel. CFTR 

activity is also regulated by ATP hydrolysis at the NBF. Evidence suggests that 

hydrolysis of one ATP molecule at NBF1 opens the channel and hydrolysis o f one ATP 

molecule at NBF2 closes the channel (186).

2. CFTR is a chloride channel and conductance regulator

In normal secretory cells such as lung epithelial cells, CFTR plays a predominant role 

in both cAMP and Ca:*-activated secretion of electrolytes (Fig 1.9). Cl' ions are taken up 

from the blood (basolateral side) by the Na"-K"-2C1' cotransporter which also takes up K*. 

Cl' leaves the cell via apically expressed CFTR, Na" is secreted via the paracellular shunt 

and K" is secreted via K* channels. Increases in intracellular cAMP or prostaglandin E, 

(PGE,) activates CFTR-mediated Cl' transport (Fig 1.9). In absorptive epithelial cells, in 

the sweat glands for example, Na" is absorbed by the luminal Na* channels (ENaC) and
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CI‘ is absorbed via the basolaterai shunt and probably via CFTR Cl' channels. Na* is 

pumped out o f  the cell by the basolaterai Na'-lO-ATPase, whereas Cl' and FC leave the 

cell via Cl' channels, respectively. In absorptive epithelial cells that coexpress CFTR and 

ENaC, stimulation of CFTR leads to inhibition o f ENaC (185).

The structure/function o f most ion channels is characterized by using pharmacologic 

agents to block the channel pore. Unfortunately, there are no known peptide blockers o f  

CFTR and no known organic blockers that exhibit a high affinity and exclusive 

selectivity for CFTR. However, some Cl' channels can be blocked by three classes o f 

compounds; the disulfonic stilbenes, the arylaminobenzoates and sulfonylurea 

compounds. The disulfonic stilbenes, such as DIDS, block a wide variety o f Cl' channels 

(188) but DIDS does not block CFTR-mediated whole cell Cl' currents (189). The 

arylaminobenzoates such as diphenylamine-2-carboxylate (DPC), flufenamic acid (FFA), 

and NPPB, are the most heavily studied blockers o f the CFTR Cl* channel. Sulfonylureas 

such as glibenclamide and tolbutamide reduce the open probability of CFTR in a 

structure-dependent and concentration-dependent manner by direct interaction with the 

channel as recorded in cell-free membrane patches (188). In each case, glibenclamide 

inhibition was reversible and had an inhibitory concentration (IC50) o f approximately 2 to 

30 pM (188). Both DPC and glibenclamide block CFTR by accessing intracellular 

binding sites and inhibit single channels at hyperpolarizing membrane potentials with 

simple kinetics (188).

In addition to its role as a Cl' channel, CFTR acts as a “conductance regulator," 

coordinating an ensemble o f transmembrane ion fluxes in polarized epithelia. Like at 

least two other members o f the ABC transporter family, CFTR modulates ion channel 

activity of ENaC, an outwardly rectifying Cl' channel, Ca2"-activated and volume- 

activated Cl' channels, the ROMK K." channel; anion exchangers and the aquaporin 3 

water channel (190,191). In fact, CFTR expression (independent o f Cl' channel activity) 

is sufficient to modify other ion channels. For example, volume-activated chloride current 

(Iriswdi) via volume regulator anion channels (VRAC) is significantly (66.5 + 8.8 %) 

reduced in cells transfected with wild-type CFTR and is independent o f activation o f 

CFTR (192). Activation o f the C1'/HC03' anion exchanger requires CFTR expression
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but not Cl' channel activity (193). CFTR’s conductance regulation may be mediated via 

protein-protein interactions via the NBF2 since mutations in the NBF2 (see Fig 1.7) alters 

regulation o f exchanger activity independent o f their effect on Cl' channel activity (193). 

NBF1, however, may also be involved in conductance regulation since cAMP-dependent 

activation o f CFTR inhibits ENaC activity via NBF1 (185). Other mechanisms o f CFTR- 

mediated conductance regulation may involve ATP release and autocrine activation of 

signalling pathways that modulate permeation pathways (194). The COOH terminus of 

CFTR interacts with adenosine 5’-monophosphate-activated protein kinase (AMPK) and 

inhibits CFTR whole-cell Cl' conductances (195).

Recent evidence shows that CFTR also interacts with numerous intracellular 

signalling and scaffolding proteins. The COOH terminus o f CFTR contains a PDZ 

domain-binding m otif that is capable o f binding the Na'/H* exchange regulatory factor 

(NHERF or EBP50), which also contains two PDZ domains (196). It has been speculated 

that NHERF functions as a scaffold in a macromolecular complex that facilitates the 

trafficking and localization o f CFTR (196). These observations have re-defined CFTR as 

a regulatory molecule, modulating the activity of a multi-protein complex colocalized at 

the plasma membrane.

3. CFTR expression in non-epithelial cells

While CFTR expression was generally considered to be epithelial cell specific, 

evidence for CFTR expression and/or function has also been observed in other cell types, 

including lymphocytes, Sertoli cells, heart muscle cells, tracheal submucosal gland cells 

and hypothalmic neurons (197-201). CFTR-dependent Cl' transport is responsible for 

modulation o f membrane potential in several cell types, lymphocyte activation, CD8' T 

cell-mediated cytotoxicity and volume regulation. However, the physiological relevance 

o f CFTR expression in non-epithelial cells is unknown (198,202,203).

4. Regulators o f CFTR expression

There are several substances that modulate CFTR expression and function. 

Interestingly some substances increase CFTR expression while inhibiting CFTR-
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dependent Cl' flux. Sodium 4-phenylbutyrate (PBA), a short-chain fatty acid that 

functions as an ammonia scavenger enhances CFTR protein expression 6 to 10 fold and 

increases the intensity o f CFTR staining in the apical membrane but reduces CFTR Cl' 

current across the apical membrane of epithelial cells (204). Paradoxically, butyrate 

restores cAMP-activated Cl' current in AF508 CF epithelial cells by increasing the 

expression of AF508 CFTR in the plasma membrane (205).

5. CFTR mutations and disease

Mutations in CFTR result in the common genetic disease cystic fibrosis (CF) 

characterized by defective fluid transport and excessive mucus production in a variety o f 

epithelial cells. In normal airways, ion transport is switched from net absorption under 

resting conditions to a net secretion when exposed to secretogogues (Fig 1.10A). 

However, CF airways are unable to enhance their secretory transport upon stimulation 

(Fig 1.1 OB). The CF abnormality is due in part to the impaired secretion o f Cl' located 

preferentially in the submucosal glands and the enhanced absorption of Na+ and 

consecutive hyperabsorption of electrolytes, which takes place in the surface epithelium 

(Fig 1.10). The reduced airway surface liquid layer results in improper clearing o f  mucus 

from the submucosal glands and impaired mucociliary clearance in CF airways. Impaired 

secretion in pancreatic cells is dependent upon CFTR-mediated abnormalities in gap 

junction coupling (206).

Although lung disease is the major cause o f  mortality, gastrointestinal disease is the 

first hallmark of CF in affected newborns and remains a major cause of morbidity 

throughout life (207). Intestinal disease in CF is primarily targeted to the small intestine 

and is characterized by defective alkalinization of secretions in the proximal small 

intestine, luminal obstruction by thick mucoid secretions, and malabsorption (208). The 

hyperactivation of CFTR Cl' channels in intestinal epithelium by several enterotoxins 

causes a massive secretory diarrhea that is responsible for a large part of the infant death 

in developing countries.

The most common abnormality in CF epithelial cells arises from an inability to 

synthesize and translocate CFTR to the surface of the cell (209). CFTR proteins are
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synthesized and properly folded in the endoplasmic reticulum (ER). CFTR folding and 

maturation in the ER is an inefficient, temperature-sensitive process, and between 70- 

80% of wild-type CFTR is degraded via ER-associated protein degradation (ERAD) 

pathway (210). The ERAD involves the recognition, dislocation and proteolysis of 

misfolded polypeptides by the 26S proteasome, a multicatalytic enzyme complex 

localized to the cytoplasm and nucleus. However, inhibition o f proteasomes has failed to 

promote the processing o f core-glycosylated wild-type as well as AF508 mutated CFTR 

(210). Only about 20-30% o f newly synthesized CFTR enters the secretory pathway after 

its ATP-dependent conformational maturation assisted by cytosolic and ER-resident 

chaperones such as heat shock proteins 70 and 90 (Hsp 70 and Hsp 90) and the ER 

lumenal chaperone calnexin (211-214). These chaperones are thought to facilitate CFTR 

maturation because they transiently associate with CFTR in the ER and their dissociation 

coincides with CFTR maturation. Processing o f the high mannose N-linked glycan to 

complex oligosaccharides in the cis/medial Golgi region decreases the electrophoretic 

mobility of CFTR (approximately 180 kDa), providing a convenient method to monitor 

trafficking of CFTR (210). Once expressed on the cell membrane, CFTR has a relatively 

slow turnover in vivo o f more than 12 hr (215). Defective CFTR-mediated Cl' 

conductance o f CF epithelia is principally caused by abnormal CFTR trafficking. The 

most common AF508 point mutation impairs biosynthetic processing of CFTR by 

disrupting posttranslational folding at the ER (209).

Abnormalities associated with CF are thought to occur because o f inadequate CFTR 

expression in epithelial cells. However, some findings suggest that defective CFTR 

expression in immune cells may also contribute to the pathophysiology o f CF. Impaired 

CFTR function in T cells, for example, results in abnormal IL-10 production (216). 

Neutrophils isolated from CF patients show deficient PKC-mediated mediator release and 

chemotaxis (217).

6. Animal models o f CF

A number o f mouse models o f CF have been developed by targeted disruption o f the 

CFTR gene. This approach has had mixed success in providing a valid model o f human
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disease because most CFTR (-/-) mice develop lethal intestinal obstruction, uncommon in 

human CF. It is not surprising that CF mice do not have the same disease as humans 

since there are few similarities in anatomy and physiology between mouse and human 

that are pertinent to lung and pancreatic function. For example, CFTR is not expressed at 

high levels in the mouse pancreas, but in humans, the most abundant CFTR expression is 

in the pancreas (218). Further, the mouse pancreatic ducts express high levels o f a 

calcium-activated chloride channel that might compensate for the presence o f a mutant 

CFTR channel (219). Lastly, there are significant differences in villus distribution for 

CFTR in the mouse proximal small intestine compared to those reported for human (220).

The rat model o f CFTR dysfunction may be more relevant to human disease since the 

cellular distribution of CFTR in the rat intestine resembles that o f human (221). The 

recent generation o f cloned sheep has focused attention on an ovine model o f CF. Ovine 

CFTR cDNA shows a high degree o f conservation at the DNA coding and predicted 

polypeptide levels with human CFTR, much greater than the similarity between mouse 

and human CFTR (222). The development o f CFTR expression in sheep is equivalent to 

that observed in humans and the sheep and human lungs show anantomical and 

electrophysiological similarities (222). Therefore, CF studies may eventually move to 

other, more physiologically relevant species such as the rat or sheep.

E. Chloride channels in mast cells

Electrophysiological measurements show that MC in the resting state express currents 

indicative of inwardly rectifying and outwardly rectifying FT channels, several types of 

Ca:" channels. GTP-activated Na* channels and Cl' channels. (36,179,223). The best 

described currents in the MC are 1C currents recognized in resting cells, during 

differentiation and during response to stimuli. MMC grown from bone-marrow, express 

two K ' conductances that are absent in progenitor cells, and an outwardly rectifying FC 

conductance initiated by ligation o f the P2 receptor (224). Ligation o f the P2 receptor on 

RBL cells also activates an outwardly rectifying FC channel (225). The P2 receptor is 

coupled to G proteins and can stimulate mediator (225,226) release, suggesting that FC
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conductances may be involved in mediator release. FcsRI crosslinking increases the open 

probability o f an inwardly rectifying K* channel that affects Ca2* uptake in RBL cells and 

may potentiate mediator release (227).

Although the expression o f N a' channels in non-excitable cells is rare, MC express a 

voltage and GTP -dependent Na" current (228). The role of this Na* current is unknown, 

although studies o f other cell types suggest that increases in intracellular Na* can regulate 

cell volume (229), modulate excitability through changes in activities o f  the Na*/Ca2* 

exchanger, and ATPases (230) and regulate Na*-activated ICchannels (231). Studies 

using 86Rb\ an analogue o f Na*, show that FcsRI crosslinking increases 86Rb* uptake by a 

Ca2"-independent mechanism, possibly via the Na*/K* dependent ATPase (232). The 

absence of extracellular Na* ions increases MC sensitivity to Ca2* such that addition o f 

extracellular Ca2* can act as a stimulus (233). These data suggest that Na* uptake may be 

important for FcsRI-mediated signalling and possibly mediator release.

There is evidence to suggest that Cl* may also be important in MC functions. For 

example, resting MC display a Cl* current. Whole cell patch clamp has revealed small 

reversible, outwardly rectifying currents suggesting a Cl* current (234). In addition, 

resting PMC uptake 16C1 ion and presumably reach an equilibrium distribution o f Cl* ions 

(36). Stimulation of PMC with anti-IgE induces a significant and rapid uptake of 

extracellular 36C1* compared to unstimulated cells and in the absence o f extracellular j6Cl*. 

anti-IgE-induced histamine release is decreased by at least 30% (235). In contrast, 

A23187 (0.1 pM), substance P (20 pM) or 48/80 (0.1 pg/mL) induced histamine release 

is unaffected by the removal o f extracellular Cl*, even though the release o f  histamine is 

comparable to that of anti-IgE (235). A23187, substance P and 48/80 also had no effect 

on 36C1* uptake suggesting that Cl* uptake is associated with FceRI aggregation and not 

with these secretogogues. 48/80 and substance P are thought to trigger MC secretion by 

activating G proteins, while A23187 initiates MC secretion by directly elevating 

intracellular Ca2" (42,236) (see section I. A above).

Friis et al. demonstrated that antigen-mediated histamine release from rat PMC is 

inhibited when extracellular chloride is replaced with either isethionate or gluconate 

anions (36). This study also showed that resting MC absorb 36C1 at a  constant rate.
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reaching a steady state after 1 hr. Following antigen stimulation, the rate o f 36C1 uptake 

increases 25 fold (36). Uptake o f chloride ions following anti-IgE stimulation has been 

correlated to histamine secretion, suggesting that chloride ion influx is involved in 

histamine secretion (235).

The role of Cl' flux is most likely a complex process, possibly involving several other 

ion channels. Release o f histamine from antigen-activated PMC is blocked by the 

putative Cl' channel blockers, DIDS and NPPB (36,235,237). NPPB also blocks 

increases in 36C1 following IgE-mediated stimulation (235). However, DIDS does not 

have any effect on 36C1 uptake following stimulation suggesting that DIDS-sensitive 

chloride channels are not involved in MC mediator release (36). Preincubation o f  Cl' 

channel inhibitors with polycationic secretogogues has a profound effect on their potency. 

DIDS and a related compound, SITS, inhibit histamine release from 48/80 stimulated 

PMC only when 48/80 and DIDS are added separately to PMC (238) (see discussion of 

DIDS specificity in Chap 8). Mixing o f 48/80 with DIDS prior to addition to PMC 

showed very little inhibition of histamine release suggesting that the polycationic 48/80 

and the inhibitor molecules may interact electrochemically and less free 48/80 may be 

available for MC stimulation. PMC preincubated with DIDS for 10 min and stimulated 

with anti-IgE potently inhibited histamine release (238). PMC preincubated with SCG 

(another inhibitor o f Cl' current) for 10 min and stimulated with either 48/80 or anti-IgE 

also showed decreased histamine release (238).

Cotransporters o f chloride or other ion channels may also play a role in chloride 

movement in MC. However, ouabain which inhibits the NaVIC ATPase, has no effect on 

antigen-stimulated chloride uptake in PMC (36). Furosemide, an inhibitor o f Na7K72Cl' 

significantly reduces anti-IgE stimulated chloride uptake (235).

F. Nitric oxide regulates ion channel function

Recent studies have shown that MC produce NO in response to stimuli such as IFN-y 

(132) (Fig 1.11). Production o f NO could have profound effects on MC ion channels 

since NO is an important messenger that allows channels to communicate with remote
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sensors (physically separate molecules such as receptors) via cAMP, cGMP and G 

proteins. In fact, neuronal NOS type-1 coclusters with several ion channels such as 

Shaker-type K* channels and N-methyl-D-aspartic acid (NMDA)-receptors which may 

reflect site-specific NO signalling pathways (239,240). The study o f  NO modulation o f 

ion channels in MC is very immature yet MC express several ions channels all o f  which 

may be regulated by NO. For example, exogenous NO can activate CFTR Cl' currents 

and MC express CFTR (182). Patch clamp recordings show that in epithelial cells and 

normal T cell clones, NO can activate a cGMP-dependent CFTR-mediated Cl' current 

which is absent in cells derived from CF patients (198). Loss o f CFTR activity by over- 

expressing its regulatory domain, reduces NOS mRNA expression and decreases overall 

NO production in epithelial cells (241).

In endothelial cells, NO production is triggered by an influx of Ca2\  but is 

independent o f intracellular Ca2' concentration (242). Release o f Ca2'  from intracellular 

stores by histamine in the presence o f an inhibitor of receptor-activated Ca2' influx does 

not induce the production o f NO (242). Thus, NO production appears to require influx of 

Ca2'  through Ca2'  channels and may be dependent upon close proximity between Ca2' 

channels and NOS. It has been shown that eNOS resides in calveoli, which also contain 

calmodulin and various ion channels including Ca2' and K.' channels (239) (Fig 1.11). 

When activated by an agonist. Ca2' channels can open, facilitating the entry o f 

extracellular Ca2' and increasing the local concentration o f  Ca2* on the internal side o f the 

plasma membrane. Ca2* ions bind calmodulin and induce the formation of the NOS-Ca- 

calmodulin complex, thereby dissociating the enzyme from the plasma membrane and 

activating its catalytic activity.

NO modulates smooth muscle contraction via cGMP-dependent activation o f K* 

channels (243). In some instances, such as hypercholesterolemia, the reduced 

contribution of NO in resting vasomotor tone is accompanied by an increase contribution 

o f NO-dependent Ca2'-dependent K ' (KcJ channels (244). This data suggests that there 

exists a tightly controlled balance between NO-mediated and NO-independent KCl 

channel contributions to resting vasomotor tone and that the NO-independent group o f K ' 

channels is activated whenever NO regulation is absent and vice versa.
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V. Conceptual Model and Central Hypothesis

Since MC mediators cause deleterious effects on surrounding tissue in diseases 

such as asthma and anaphylactic shock, understanding the mechanisms of MC mediator 

release and MC function has become increasingly important. The observation that 

cytokines can alter MC phenotype and inhibit many o f  their functions has provided a 

useful tool for dissecting these activation signals. IFN-y is a potent downregulator o f 

several MC functions including proliferation, adhesion and mediator release but the 

mechanism o f its effect is unknown. As reviewed above, IFN-y signals through the 

JAK/STAT1 pathway and regulates the expression o f genes in MC such as MHC class II 

and FcyRI (245). Aggregation o f FcyR after IFN-y treatment induces mediator release 

and IFN-y-mediated MFIC class II upregulation turns MC into potent antigen-presenting 

cells when activated via FcsRI (139,246). However, these observations do not explain 

the nature o f IFN-y-mediated changes in MC phenotype resulting in inhibition of 

activation.

One important facet o f MC activation (both in mediator release and chemotaxis) 

may be Cl' tlux, which is required for maximal MC mediator release induced by at least 

some secretogogues. Chloride currents and one particular chloride channel, CFTR are 

regulated by IFN-y in epithelial cells, suggesting that a similar effect may occur in MC 

(Fig 1.12). Based on these observations and the data reviewed above, we hypothesize 

that IFN-y has an effect on CT flux and/or chloride channel expression in MC. 

Specifically. IFN-y binding to its receptor regulates transcription o f several genes, some 

o f which may be chloride channels, resulting in changes in MC Cl' flux (Fig 1.10). 

Although direct effects o f IFN-y on ion channel function appear to be rare (e.g. N a-'-K '- 

2C1' cotransporter data, (247)), IFN-y may also modulate chloride channel function via 

STAT-independent pathways. These chloride channels may involve C1C, GABAaR or 

CFTR any of which may modulate Cl' flux during MC activation. Therefore, this project 

has three aims as mentioned in section I; (1) to determine the influence o f IFN-y on Cl' 

flux in MC; (2) to characterize the expression of three major chloride channel types (C1C,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

GABAaR and CFTR); and (3) assess the effect o f IFN-y on expression of these chloride 

channels.
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nucleus
granules

nucleus

Figure 1.1. Morphology of a mast cell. (A) Schematic diagram of a mast cell showing 
granules, nucleus and ruffled membrane. (B) Phase contrast photograph showing three rat 
cultured mast cells with their large nucleus and granular cytoplasm (625 X).
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Figure 1.2. The role of mast cells in immediate hypersensitivity disease. Mast cells 
store biogenic amines such as histamine and enzymes in their granules that are 
released by stimuli. Mast cells also release cytokines and lipid mediators which are 
largely synthesized upon cell activation. The biogenic amines and lipid mediators 
both contribute to inflammation, which is part o f the late phase reaction. Enzymes 
probably contribute to tissue remodeling. Activated mast cells also release cationic 
proteins such as enzymes that are toxic to parasites and host cells.
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Figure 1.3. Model of the FceR. IgE binds to the Ig-like domains of the a  chain. The (3 
and y chains mediate signal transduction via their immunoreceptor tyrosine activation 
motifs (ITAM), similar to those found in the T cell receptor complex, which recruit Lyn 
and Syk kinases.
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Figure 1.4. Model of IgE/FceR-mediated or 48/80-mediated activation of mast cells.
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Figure 1.5. IFN-y induced signal transduction via the IFN-yR. Homodimeric IFN-y binds 
two IFN-yR a  chains carrying the JA K I. leading to receptor a  chain dimerization. 
association with the (3 chains carrying JAK2. JAKI and JAK2 transphosphorylate one 
another, and the |3 chains o f  the IFN-yR. creating a binding site for two cytosolic S T A T la  
molecules. STA Tla bind to the P chain and are phosphorylated by the JAKs which 
allows them to dimerize and translocate to the nucleus and initiate transcription of genes 
possessing the IFN-y activated site (GAS) in their promoter.
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Figure 1.6. IFN-y mediated changes in gene transcription and expression. IFN-y binding 
the IFN-yR leads to a  chain dimerization. association with (3 chains, transphosphorylation 
by the JAKs and ultimately phosphorylation of preformed cytosolic S T A T la  subunits 
which dimerize ((STA T la)2) and translocate to the nucleus. In the nucleus. (STATla)-, 
binds to IFN-y activated site (GAS) sequences and initiates transcription of genes such as 
LMP2, FcyRI. gp9l phox. O IT A  and interferon response factor (IRF). CIITA is a 
transcription cofactor and initiates transcription of major histocompatibility complex type 
II (MHC II) genes. IRF is also a transcription factor and interacts with NF-tcB to bind the 
interferon-stimulated response elements (ISRE) and initiate transcription of genes such as 
MHC I and inducible nitric oxide synthase (iNOS).
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1. y-aminobutyric acid type A (GABAa) receptor 
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Figure 1.7. Model of the of the three major classes of mammalian chloride channels: the 
voltage gated CIC, the ligand gated GABAaR and the cAMP-gated CFTR. Each class of 
chloride channels may be composed of several subunits, all of which have several 
transmembrane regions that form the pore of the channel. GABAaR is commonly 
composed of up to five subunits. CIC structures are largely unknown, although they are 
postulated to have at least 13 hydrophobic domains, some of which may form 
transmembrane regions. The CFTR is the most complex, possessing a negatively charged 
regulatory domain (R) and two nucleotide binding folds (NBF).
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(3 subunita subunit

COOH
phospholipid layer

phosphorylation site

Figure 1.8. Model o f the GABAaR chloride channel protein complex. This ligand- 
gated channel is a hetero-oligomer composed of up to five subunits. Each subunit has 
four membrane-spanning domains that contribute to the wall of the channel. Receptors in 
the brain and CNS contain at least one a  and one (3 subunit, shown here.
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Figure 1.9. Models of electrolyte secretion and absorption in the airways and intestinal 
epithelium. In secretory cells. C l' is taken up from the basolateral side by the Na+-K+-2 
Cl'cotransporter. K* recycles via basolateral K+channels, and Na+ is pumped out of the 
cell by the Na+-K+-ATPase (dark green). Cl' leaves the cell via luminal (apical) cystic 
fibrosis transmembrane conductance regulator (CFTR; light green) Cl channels, and Na* 
is secreted via the paracellular shunt. K* is also secreted to the luminal side via luminal 
K* channels. Depending on the tissue, intracellular cAMP is increased and secretion is 
activated by adenosine or prostaglandin E2 (PGE2). In absorptive epithelial cells. Na* is 
taken up by luminal epithelial Na+ channels (ENaC; white). Cl' is transported via the 
basolateral shunt and probably via CFTR Cl'channels. Na* is pumped out of the cell by 
the basolateral Na*-K*-ATPase, whereas Cl' and K* leave the cell via C l' and K+ 
channels, respectively.
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Figure 1.10. Model of the airway epithelium consisting of an absorptive surface 
epithelium and secretory submucosal glands. The airway epithelium is covered 
with a thin layer of surface liquid which composed of electrolytes secreted from the 
epithelial ceils. The surface liquid is essential in clearing the mucus from the 
submucosal glands and in proper muciliary clearance. In normal airways (A), 
epithelium is able to upregulate its net secretion of electrolytes but in cystic fibrosis 
(B) the epithelium is unable to increase secretion and displays net absorption.
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NO 1  ’  exocytosis? 
NF-kB

IFN-y

calmodulin nucleus

STAT

Figure 1.11. IFN-y mediated changes in gene transcription and expression 
mediated by NOS. IFN-y binding to its receptor initiates NOS transcription and 
increased expression via the JAK/STATI pathway. NOS can insert into the 
membrane and reside in calveoli where it is in close proximity to K+ and Ca:+ 
channels. Influx of C a-+ ions activates NOS activity. NO production can have 
inhibitory effects on K + channels.
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Figure 1.12. Conceptual model of IFN-y-mediated inhibition of mast cell function 
and the possible role of ion channels.
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Introduction

Mast cells (MC) are found widely distributed in tissues and contribute to 

regulation o f inflammatory responses and ongoing modulation o f the vasculature (1,2). 

When an allergen enters the body, its multivalent epitopes cross-link IgE molecules 

bound to MC surface Fes receptors, mobilizing second messengers such as inositol 1,4,5- 

triphosphate or sphingosine-1-phosphate resulting in Ca2+ release from internal stores (3- 

5). The resulting depletion o f Ca2+ stores activates Ca2+ channels in plasma membranes 

and initiates entry o f extracellular Ca2+, further increasing intracellular Ca2+ concentration 

([Ca]j) to levels necessary for MC exocytosis (6,7). High intracellular Ca2+ results in 

degranulation and release o f preformed mediators such as histamine, proteases, and TNF, 

as well as newly-synthesized mediators including prostaglandin D2 and Ieukotrienes (8,9).

When influx o f  Ca2+ depolarizes the membrane beyond electrochemical and 

concentration equlibrium for Cl' (Ea ), Cl' follows Ca2* into the cell and may balance the 

inward positive charge, allowing maximum increases in intracellular Ca2+ concentration 

(10-13). The electrochemical equilibrium for Cl' is calculated from the Nemst equation 

to be approximately -6 0  mV in MC (14). At least two independent studies have 

estimated intracellular [Cl ] to be approximately 13.4 to 29 mM (11,14) suggesting that in 

physiological buffer, this electrochemical gradient would cause an influx of Cl' into the 

cell when Cl' channels are open. The Cl' channel blocker, 5-nitro-2-(3- 

phenylpropylamino) benzoic acid (NPPB) inhibits both Cl' current and mediator release 

from MC (15) suggesting that Cl' flux may be important during MC activation. Anti­

allergic drugs such as cromolyn and nedocromil inhibit mediator release and Cl' ion flux 

in MC (16,17).

Interferon-gamma (IFN-y), an important cytokine in host defense inhibits 

mediator release from MC (18-21) by mechanisms poorly understood. One possibility is 

that IFN-y inhibits mediator release from MC by changing the phenotype of the cell such 

that Cl’ ion flux is altered. We hypothesized that resting MC Cl' flux was altered in IFN- 

y-treated MC. Therefore, the aim of this study was to characterize Cl' ion transport in 

resting MC and its sensitivity to IFN-y treatment. In vivo-derived rat peritoneal MC
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(PMC) and rat cultured MC (RCMC) were treated with IFN-y and changes in Cl' uptake 

were measured. As well, indirect factors that may affect changes in Cl' flux were also 

measured such as changes in cell volume and surface charge. These studies reveal that 

IFN-y treatment o f MC decreases Cl' uptake in resting MC, perhaps reflecting profound 

phenotypic changes.

Materials and Methods

Materials and Reagents

The fluorescent indicators N-(ethoxycarbonylmethyl)-6-methoxyquinolinium 

bromide (MQAE) and 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ) were purchased 

from Molecular Probes (Eugene, OR). Triton X-100, solubilized L-a- 

phosphatidylcholine lipids from soybeans, heparinase and poly(diallyldimethyl- 

ammonium chloride) (Cat-floc; MW= 400 000 g/mol), silicone oil (density o f 1.05 

g/mL), phenylmethylsulfonyl fluoride (PMSF), 4,4'-diisothiocyanostilbene-2,2'-disulfonic 

acid (DIDS), sodium nitroferricyanide (SNP), and toluidine blue (TB) were purchased 

from Sigma (St. Louis, MO).

Rats and PMC Isolation

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, Quebec. 

Canada) were housed in a pathogen-free viral antibody-free facility. For MC 

sensitization, rats were infected with 3000 Nippostrongylus brasiliensis as previously 

described (22). Peritoneal MC (PMC) were isolated from sensitized rats > 4 weeks after 

infection. Rats were sacrificed by cervical dislocation under anesthesia and PMC were 

isolated by the following procedure: 20 mL o f ice-cold Hepes Tyrode’s buffer (HTB) was 

injected into the peritoneal cavity and massaged gently for 30 sec; the peritoneum was 

opened and the buffer collected with a transfer pipette and kept on ice or at 4°C for all 

subsequent procedures. Following centrifugation at 200 g for 5 min the cell pellet was 

resuspended in 5 mL o f fresh HTB and layered on top of a 30%/80% Percoll gradient. 

The gradient was centrifuged at 500 g for 20 min and the highly enriched MC were
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collected from the pellet (23). PMC were >98% pure and >96% viable as measured by 

trypan blue exclusion.

Worm antigen used to stimulate PMC was prepared as follows: rats were infected 

with 6000 Nippostrongylus brasiliensis as previously described (22). Two weeks after 

infection, rats were sacrificed by cervical dislocation under anesthesia and adult worms 

were isolated from the small intestines. Adult worms were incubated in HTB at 1000 

worm equivalents (WE)/mL for 24 hr at 37°C. Supernatants were isolated and stored at - 

20 °C.

Cell Culture

The rat MC line, R.CMC 1.11.2 (kindly provided by B. Chan and A. Froese, 

Winnipeg, Manitoba), was established from Wistar-ICI rats (24). It was cultured in 

RPMI 1640 medium containing 5% FBS (Gibco BRL), 100 U/mL penicillin, 100 pg/mL 

streptomycin and 10 mM Hepes. The cells were incubated in a humidified atmosphere o f 

5% CO, in air at 37°C.

36d~ Flux Measurements

Changes in [Cl"]j were measured by incubating 1 x 106 cells/mL MC suspension 

with 8.7 mM Naj6Cl (ICN; stock = 1.07 M, 0.867 mCi/mL or 12.0 mCi/g) in flux buffer 

(137 mM NaCl, 4 mM KC1, 1 mM M gS04, 1 mM CaCl,, 20 mM HEPES, 1 mg/mL BSA,

1 mg/ml glucose) at 37°C for 30 min. The incubation was terminated by transferring 100 

pL o f the cell suspension onto 120 pL o f silicone oil in long, thin Eppendorf tubes. The 

tubes were centrifuged in a microfuge at 18,000 g  for 30 sec and then placed into a 

freezing methanol bath until frozen. The bottom o f each tube was cut o ff and placed into 

a scintillation vial with 48 mM NaOH. Each scintillation vial was vortexed for 1 min 

after which 5 mL o f scintillation fluid was added and the vial was counted using a 

Beckman scintillation counter. 36Cl' uptake was calculated based on the specific activity 

o f 36C1' in the extracellular medium. The specific activity was calculated as follows: 

fextracellular Cl' added] + f 36C1~ addedl = specific activity (nmole/cpm) 

radioactivity o f  added36 C1‘
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All values o f 36C1' uptake were corrected for 36C1' trapped in the extracellular space. 36C1' 

trapped in the extracellular space was determined by measuring cpm at time zero, 

immediately after the addition o f  36C1' (50 + 10.2 cpm). Intracellular Cl' concentration 

was calculated under the assumption that intracellular water is 1.3 pL/106 cells (14). 

Details of calculations are in Appendix A.

Cell Volume Measurements Using Flow Cytometry

Single cell suspensions o f 10s PMC and RCMC were washed with HTB and 

resuspended in PBS at 1 x 106 cells/300 pL. Forward scatter and side scatter 

measurements were obtained using a Becton Dickinson flow cytometer to assess cell 

volume.

Liposome Preparation

Membrane proteins from RCMC were isolated by suspending 80 x 106 cells in 

solution A (60 mM mannitol, 5 mM HEPES, 175 pg/mL PMSF). Cell suspension in 

solution A was homogenized in an Ultrasonic homogenizer on ice for approximately 5 

min. The homogenate was placed in a microfuge tube and spun at 1000 g for 15 min at 

4°C. The supernatant was removed and spun for 1 hr at 100 OOOg at 4°C. The pellet, 

which contains membrane proteins, was resuspended at 4 mg/mL (as measured using a 

BioRad protein concentration calculation kit) and immediately placed on ice or stored at 

-70°C.

Asolectin lipids (Sigma) were resuspended at 50 mg/mL in a buffer containing 

100 mM Na-gluconate, 45 mM AZ-methyl-D-glucamine gluconate (NMG-gluconate), 5 

mM K-gluconate and 10 mM Hepes (pH 7.4), with 0.02% NaN3 and 1.5 % CHAPS. 

Lipid aliquots were mixed with proteins and 100 pi of 100 mM SPQ (final volume 1 mL, 

containing 2 mg protein, 10 mg lipid and 10 mM SPQ). The mixture was incubated for 

20 min at 4°C, followed by the removal o f CHAPS and extravesicular SPQ by gel 

filtration on a Sephadex G-50-80 column (1.5 x 90 cm2). During reconstitution, SPQ was 

trapped within the vesicles, and the dye-loaded vesicles eluted in the void volume. The
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diameter of the vesicles was 176 + 35 nm (mean + S.D., n=3) as estimated by laser light 

scattering using a Brookhaven BI-90 particle size analyser.

Liposomes were added to a cuvette containing E buffer (10 mM HEPES-Tris, 

0.02% NaN3, 50 mM K.C1, 100 mM Na-gluconate, pH 7.4) and fluorescence readings 

were made in a SLM 8000C spectrofluorimeter (SLM, Urbana, IL, USA) at 37°C. At 

indicated times valinomycin (4 pM  final concentration), a  potassium ionophore, was 

added to facilitate the flow o f K+ ions into the liposome.

MQAE Loading and Fluorescent Measurements o f Intact M C to Monitor Cl~ Flux

Isolated RCMC and PMC were resuspended at 2 x 106 cells/mL in loading buffer 

(130 mM Na-gluconate, 1 mM CaCL, 1 mM MgCl2 and 5 mM HEPES) containing 10 

mM MQAE. Osmolarity o f the loading buffer was 279 mOsmol/kg. Cells were 

incubated with MQAE for 5 min at 37°C, determined to be optimal for loading. Cells 

were washed twice with loading buffer and resuspended in loading buffer before they 

were placed in the spectrofluorimeter.

In the presence o f gentle stirring an initial fluorescence reading of RCMC and 

PMC at 460 nm was taken. After the initial reading, in the presence o f gentle stirring, 50 

mM KC1 or NaCl (final concentration in 2 mL) was added and the fluorescent 

measurements taken every 0.1 second. At the end of the experiment, 10 pL of Triton X- 

100 was added to lyse the cells. The intracellular [Cl ] was calculated using the Stem- 

Volmer equation:

(Fo/F) -1 = [Cl]j

where F0 is the fluorescence intensity without halide, F is the fluorescence intensity in the 

presence of quencher, and is the Stem-Volmer constant. The Ksv for MQAE and SPQ 

in solution is 200 and 118 respectively but for Cl' quenching in cells is often reduced 

by at least a factor o f 10 or more (see Appendix A). The absorption and fluorescence 

emission wavelength for MQAE is 350 nm and 460 nm respectively. The absorption and 

fluorescence emission wavelength for SPQ is 344 nm and 443 nm respectively 

(Molecular Probes specifications). The bandwidth utilized was + 5 nm.
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Antigen Stimulation and fi-hexosaminidase assay

PMC were resuspended in HTB (140 mM [Cl*]) and stimulated with either 48/80 

or 10 worm equivalents (WE) per mL o f antigen for 30 min unless indicated otherwise. 

PMC were pelleted at 200 g and the supernatant was removed. Pellet and supernatant 

samples were assayed for p-hexosaminidase (P-hex) by hydrolysis o f the fluorescent 

substrate 4-methylumbelliferyI iV-acetyl-P-D-glucosaminide (Sigma M-2133). One unit 

o f enzyme cleaves 1 pmol o f substrate/hr at 37°C (23). Pellet samples were frozen and 

thawed three times to lyse cells (total cell lysate). Pellet and supernatant samples (50 |iL) 

were added in duplicate to wells in a microtitre plate followed by 1 mM substrate (50 fiL) 

and the mixture was incubated at 37°C for 2 hr. The reaction was terminated by the 

addition o f 100 pL o f 0.2 M Tris base and the optical density was read at 450 nm 

(excitation 356 nm). The OD450nin for blank wells, containing only substrate and Tris 

base, was automatically subtracted from the sample OD450nn) and the percentage P-hex 

release was calculated by the formula:

 OD450nm o f substrate samples___________________  X 100 = % release

OD450nm o f  pellet samples + OD4S0nm o f supernatant samples

The spontaneous release (in HTB) was subtracted from all samples to give % specific 

release.

Determination o f  cell surface charge

Cell surface charge measurements were performed as described previously (25). 

RCMC and PMC were washed with 0.25 M sucrose by centrifugation (200 g, 5 min), 

resuspended in 0.25 M sucrose at approximately 1 x 106 cells/mL. Cells were incubated 

with 20pL of 0.1% (w/v) toluidine blue (TB) and the absorbance at 525 nm (bound) and 

at 630 nm (non-bound) was recorded on a Beckmann spectrophotometer. The cells were 

titrated using 0.02% (w/v) Cat-floc solution (CFC; MW = 400 000 g/mol) which 

displaces TB at the cell surface, producing a shift in the maximum absorbance from 525 

nm to 630 nm. The ratio A630/(A52J + A630) was used to calculate a relative amount of
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non-bound TB in the cell suspension. The amount o f  CFC necessary to displace TB was 

calculated according to the equation:

V.C, = [SC-TB] + [SC]

V

or v[TB+] = K,, (Ve + v) at the equivalence point.

where V is the total volume o f  the reaction, C, is the concentration o f CFC, v is the 

volume o f  CFC added and Ve is the volume of titrant added at equivalence point. The 

plot o f  v[TB+] versus v is a straight line, where 1C, is the slope and Ve is the intercept with 

the X-axis. The total negative charge o f the cell suspension was determined from the 

equivalence volume Ve, using 33.9 peq/mg as a CFC charge concentration (see Appendix 

B). This result was converted to the number of charges per cell using cell concentration 

and Avagadro’s number.

Charge density (mC/m2) was calculated assuming PMC diameter o f  19.6 pm (26) 

and a RCMC diameter of 9.7 pm  (24).

Statistical Analysis

Where appropriate, results are expressed as means + SEM. Values were analyzed 

by ANOVA or student t test as indicated and significant values represent P<0.01.

Results

IFN-y downregulates MC P-hexosaminidase release

Previous studies have shown that IFN-y downregulates MC release o f preformed 

mediators such as serotonin and histamine and newly synthesized mediators such as 

arachidonic acid and TNF (18-21). In these studies, doses o f IFN-y used were 

comparatively high (> 100 U/mL). Therefore, initial experiments were conducted to 

determine if  the inhibitory effect o f IFN-y also occurred at lower, and arguably more 

physiological concentrations o f  10, 50 and 100 U/mL. PMC were isolated from rats 

sensitized with Nippostrongylus brasiliensis and enriched to >99% purity. PMC were 

pretreated with 10, 50, 100 and 1000 U/mL of IFN-y for 24 hr, washed, stimulated with
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antigen for 30 min and the release o f the stored mediator, P-hex was measured. MC 

viability was >96%.

MC stimulated with 25 WE/mL o f antigen released 31.5 ± 2 .4 %  o f  stored P-hex. 

Spontaneous p-hex release o f unstimulated MC was 6.4 + 0.7 %. Fig 2.1 shows that 

PMC pretreated with IFN-y released 32% less p-hex (than untreated) even at the 

relatively low dose o f 10 U/mL (27.6 + 3.7 %). IFN-y dose-dependently inhibits p-hex 

release when MC were stimulated with antigen. Inhibition of P-hex release reached a 

maximum at 100 U/mL (70.2 ± 2.1 % inhibition) and remained high even with 1000 

U/mL o f IFN-y (71.8 + 1.3 % inhibition). MC pretreated with 10 U/mL o f  IFN-y and 

stimulated with a  lower dose o f antigen (10 WE/mL) showed a 53.5 + 11.9 % inhibition 

of P-hex release.

MC and MC membranes are capable of Cl* ion transport

To determine whether resting PMC and RCMC were capable o f Cl* ion transport 

and whether IFN-y treatment had any effect on the rate o f Cl* ion flux, PMC and RCMC 

were loaded with 10 mM of MQAE, a membrane-permeable fluorescent dye quenched in 

the presence o f  Cl* ions.

PMC and RCMC were loaded with MQAE in the presence o f low [Cl ] (4 mM) so 

that quenching by [Cl*]; was decreased. The ability o f  exogenously added KCI to quench 

the MQAE dye was then measured in a spectrofluorometer in real time. The rate of 

quenching is a measure o f the Cl* flux across the plasma membrane. A representative 

experiment o f untreated RCMC (n=10) is shown in Fig 2.2A. When the MQAE-loaded 

cells are placed in the spectrofluorometer, they have a high initial fluorescence (arbitrary 

fluorescence units). Upon the addition o f 40 pL of 2.5 M KCI (50 mM final 

concentration), the MQAE fluorescence is quenched in less than 5 min, causing a 

dramatic drop in fluorescence (a reduction o f 50 %; Fig 2.2A). Triton X-100 was added 

at the end o f the experiment to lyse the cells and quench the remaining intracellular 

MQAE (Fig 2.2A). Using the Stem-Volmer equation and a Ksv o f 20, the intracellular 

[Cl ] is calculated to be 16.5 mM + 2.5 (n=8).
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IFN-y treated MC showed a  different quenching profile (Fig 2.2B). Upon the 

addition o f KC1 (50 mM final concentration) to IFN-y-treated, MQAE-loaded MC, there 

was a gradual decrease (a reduction o f  2 %) in fluorescence as the Cl' ions entered the cell 

and quenched the MQAE (Fig 2.2B). Therefore, the rate of Cl" influx o f  IFN-y treated 

MC is slower than Cl* influx in untreated MC (Fig 2.2A and 2.2B). The Stem-Volmer 

equation estimates the intracellular [Cl ] for IFN-y treated cells is 3.33 mM + 1.4.

MQAE is a membrane permeable fluorochrome that may leak out o f  the cell 

during flux measurements. Similarly, the concentration o f MQAE within each cell 

population is difficult to predict and therefore these measurements are only rough 

estimates o f Cl' flux in the cell population as a whole. Therefore, to ensure that MQAE 

quenching observed in Fig 2.2A and B was not due to fluorochrome leakage and to 

reduce variations in background fluorescence readings, membrane proteins from RCMC 

were isolated and used to construct liposomes. These liposomes were made in the 

presence o f SPQ such that the inside o f the resulting liposome contained 10 mM SPQ. 

Liposomes were placed into a cuvette containing 50 mM NaCl buffer (time=0) and 

fluorescence measurements were taken for 150 sec (Fig 2.3).

In the presence o f 50 mM NaCl, the SPQ fluorescence was quenched gradually as 

Cl' ions moved into the liposome, presumably via MC proteins present in the liposome 

membrane. At the indicated time, 4 pM  valinomycin, a IC ionophore, was added to 

facilitate the influx of IC ions ([K]j=12.5 mM and [K]e=50 mM) and increased the 

electrochemical gradient for Cl' ions ([Cl]j=0 mM and [Cl]e=50 mM). The resulting 

gradient, activated further Cl" ion influx into the liposome and resulted in quenching o f 

SPQ (Fig 2.3). Triton lysed the liposomes and quenched the remaining SPQ present 

within the lipsosome. Liposomes made in the absence of protein were incapable o f 

quenching with NaCl.

IFN-y reduces Cl' uptake at equilibrium

Measurements using fluorochromes revealed a discemabie IFN-y effect on the rate 

o f Cl' ion transport and suggested that perhaps IFN-y-treated MC displayed altered Cl' 

uptake. To determine whether IFN-y effected Cl' uptake in MC, Cl' uptake was measured
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before and after IFN-y treatment. Treated and untreated PMC and RCMC were incubated 

with 36C1 for 30 min (enough time to reach equilibrium (11)) and washed. The amount o f 

radioactivity present in the cells was measured in a scintillation counter and was an 

indication o f Cl* uptake at equilibrium. Fig 2.4A shows that IFN-y treatment at 10, 100, 

800 and 1000 U/mL decreases the Cl* uptake o f in v/vo-derived PMC from 50.2 + 2.6 

nmole/106 in untreated cells to 28.5 + 2.1 nmole/106, 27.7 + 1.2 nmole/106, 24.4 + 1.7 

nmole/106, and 36.2 + 3.2 nmole/106 respectively. A time course analysis o f  PMC Cl* 

uptake shows that IFN-y treatment does not have an effect at the earlier treatment points 

o f 10 min and 2 hr (45.5 + 6.2 nmole/106 in untreated cells compared to 62.8 + 2.0 

nmole/106 and 31.3 + 7.1 nmole/106 respectively) but decreases Cl* uptake at 20 and 24 hr 

(17.2 + 3.0 nmole/106 and 22.7 + 1.8 nmole/106 respectively; Fig 2.4B).

Similarly, measurements using RCMC show that IFN-y treatment for 24 hr 

decreases Cl* uptake by up to 50% (Fig 2.4C). IFN-y treatment o f RCMC at 100,400 800 

and 1000 U/mL decreases the Cl* uptake from 38.4 + 2.7 nmole/106 in untreated cells to 

28.1 + 4.0 nmole/106, 23.0 + 2.6 nmole/106, 21.2 + 2.4 nmole/106, and 20.6 + 3.1 

nmole/106 respectively (Fig 2.4C). Like the PMC in Fig 2.4B, a time course analysis o f 

Cl* uptake by RCMC 0-shows that IFN-y does not have an effect at the earlier treatment 

points o f 10 min and 30 min o f IFN-y treatment (37.0 + 5.4 nmole/106 in untreated cells 

compared to 29.0 + 2.6 nmole/106 and 32.8 + 5.1 nmole/106 respectively), but decreases 

Cl* uptake at 2, 20 and 24 hr (20.9 + 3.4 nmole/106, 17.5 + 2.0 nmole/106 and 19.4 + 3.2 

nmole/106 respectively; Fig 2.4D). Furthermore, PMC have 26% higher uptake o f Cl* at 

rest than RCMC.

IFN-y reduces Cl' uptake within first 30 min

The Cl* uptake data in Fig 4 suggested that IFN-y might inhibit the immediate 

uptake of Cl* within the first 30 min o f incubation with Na36Cl. RCMC were treated with 

IFN-y (800 U/mL for 24 hr) or sham treated for 24 hr and then incubated in the Na36Cl- 

containing buffer (see methods) for 1 to 30 min (Fig 2.5). Compared to untreated cells, 

IFN-y inhibits Cl* influx at all time points. At 30 min, the untreated MC have a
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significantly higher uptake o f C1‘ (40.1 + 1.3 nmoles/106 cells) than IFN-y-treated cells 

(29.5 + 5.9 nmoles/106 cells; P<0.01).

Changes in Cl* uptake are inhibitable by DIDS but not by nitric oxide

Cl* flux may be dependent upon anion channel function. Therefore, to determine 

whether anion channels were involved in Cl* uptake, MC were preincubated with DIDS 

(30 pM), a general anion channel inhibitor, for 15 min, and then Cl* uptake was 

measured. MC were washed and incubated with 36C1* for 30 min. After incubation 

period, PMC were spun through oil to remove excess 36C1* and radioactivity o f cell pellets 

was measured in a scintillation counter (Fig 2.6A). DIDS inhibited Cl* uptake by 54 % 

(from 50.6 + 3.0 nmole/106 cells to 23.4 + 3.2 nmole/106 cells). IFN-y inhibited Cl* 

uptake by 55.1 + 1.8 %. However, despite their independent effects, when DIDS and 

IFN were used together, they decreased Cl* uptake by 23.9 + 0.8 % compared to untreated 

cells (P< 0.01).

One o f the messengers o f IFN-y signaling is nitric oxide (NO). IFN-y upregulates 

nitric oxide synthase (NOS) resulting in an increase in NO production (27). To 

determine whether IFN-y-mediated inhibition o f 36C1* uptake was NO-mediated, MC were 

preincubated with SNP (50 pM), a NO donor for 30 min (Fig 2.6B). The SNP-treated 

MC showed no discemable change in Cl* uptake compared to untreated cells.

To determine the effect o f antigen-stimulation on 36C1* uptake, PMC were either 

pretreated with IFN-y (800 U/mL) for 24 hr and then incubated in buffer containing 

antigen (10 WE/mL) and 36C1*. After 30 min, cells were spun through oil and the 

radioactivity of the cell pellets was measured. IFN-y treated MC show a net decrease o f 

36C f uptake (24.0 + 3.3 nmole/106 cells) compared to untreated cells (53.1 + 7.8 

nmole/106 cells). Antigen-stimulated PMC (after 30 min) show a net decrease in 36C1‘ 

uptake (28.2 + 0.4 nmole/106 cells). IFN-y treated (24 hr) PMC stimulated with antigen 

(30 min) also show a net decrease in 36C1* (24.2 + 2.6 nmole/106 cells) compared to 

untreated.
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IFN-y changes in Cl* uptake are independent of cell volume changes

Changes in net intracellular ion content and Cl* uptake can be dependent upon 

changes in cell volume. Thus, a decrease in Cl' uptake may reflect a decrease in cell 

volume. Therefore, forward scatter and side scatter measurements were taken o f  untreated 

PMC and RCMC (Fig 2.7A and C) and the same cells treated with IFN-y (Fig 2.7B and D 

respectively). These measurements show that there is little change in cell volume 

between IFN-y treated and untreated populations. Therefore, it is unlikely that observed 

changes in Cl* uptake with IFN-y treatment reflect changes in cell volume.

Cell size measurements were confirmed using a coulter counter since this 

instrument provides a different kind o f volume measurement. While the flow cytometer 

measures granularity (side scatter) and size (forward scatter), the coulter counter 

measures the impedance created when a cell displaces a volume of ions proportionate to 

its volume. Coulter counter measurements in Fig 2.8 support the flow cytometry results 

that there is no detectable change in cell volume after IFN-y treatment.

IFN-y decreases cell surface charge

Interferons can change fluidity o f the cell membrane (28) and alter the 

cholesterol/phospholipid ratio (29). Cl* ion flux through Cl* channels is largely dependent 

upon other ions in the vicinity o f the channels, charge o f  the residues within the pore 

opening and the charge o f the surrounding membrane (30). Thus, flux o f Cl* ions and 

changes in [Cl*]j could be affected by changes in the surface charge o f the cell. To 

measure the surface charge o f PMC and RCMC before and after IFN-y treatment, cells 

were titrated with the polycationic colloid Cat-Floc using TB as an indicator. Cell 

surface charge determination was performed with 1 x 106 cells with 10 pM TB.

Titrations show that RCMC treated with 100 U/mL o f IFN-y for 24 hr have a 

lower surface charge density (9.3 + 1.6 mC/m2) than untreated cells (32.8 + 10.0 mC/m2; 

Fig 2.9A and C). Treatment with 10 U/mL o f IFN-y had no significant effect on surface 

charge density (25.2 + 11.8 mC/m2). Similarly, PMC treated with 100 U/mL o f  IFN-y for 

24 hr also have a lower surface charge density (32.1 + 1.9 mC/m2) than untreated cells
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(46.75 + 6.40 mC/m2; Fig 2.9B and D). Colloid titration is a general measurement o f  net 

surface charge density in a cell population and therefore this difference reflects an overall 

change in the entire cell population. Calculations o f surface charge density assumed a 

PMC diameter o f 19.6 pm  (26) and a RCMC diameter o f 9.7 pm (24).

Discussion

Our data shows that IFN-y alters quenching o f MC loaded with a [Cl ] sensitive 

fluorochrome and inhibits 36C1' uptake o f MC compared to untreated MC. This effect is 

abrogated by DIDS but unaffected by NO. IFN-y inhibition o f 36CI‘ uptake is independent 

o f  changes in cell volume but is accompanied by a decrease in cell surface charge. 

Therefore, this study characterized the effect of IFN-y on Cl' flux, an elusive and complex 

component o f MC function.

IFN-y has several effects on MC function including dose-dependent inhibition of 

P-hex release. We postulated that IFN-y also modulated Cl' flux in resting MC and we 

have shown that IFN-y inhibits Cl' uptake, an effect sensitive to the anion channel 

inhibitor, DIDS. DIDS inhibits a variety of anion channels, including C1‘ channels 

(31,32). Therefore, a possible mechanism o f IFN-y inhibition o f  Cl* influx is via 

modulation o f anion channels, including Cl' channels.

C1‘ channels regulate cell volume, membrane potential, pH and osmolarity and are 

classified according to their mechanism o f activation. Cl* currents in resting rat MC have 

been measured by patch clamp and 36C1' influx studies (11,33,34). A recent study of a 

human MC line show that MC express a Cl' current activated by hypotonicity, suggesting 

the presence o f C1C3 (35). Resting MC express outwardly rectifying voltage- and Ca2'- 

dependent Cl' fluxes (35). Our results support these studies and indicate that resting MC 

display a Cl' current. MC loaded with MQAE show quenching o f  this fluorochrome in 

the presence o f extracellular Cl', indicating that Cl' ions can transverse the membrane and 

quench the fluorochrome. Quenching o f MQAE in untreated MC occurs in a rapid 

manner. This pattern suggests the presence o f channels (or transporters) capable of 

shuttling Cl' ions, including specific or non-specific anion channels.
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IFN-y-treated MC show a slower rate o f 36CL uptake compared to untreated MC, 

perhaps reflecting changes in channel activity and/or expression. However, antigen- 

stimulated MC also show a decreased net 36C1' uptake after 30 min. Antigen stimulation 

decreases MC volume and changes cell shape and granule content (36) and decreases in 

cell size may ultimately decrease the amount o f C1‘ ions present in the cytoplasm. 

Therefore, decreased 36C1' uptake may not be a consequence o f secretion but the result o f 

cell volume changes. Friis et al., however, found that antigen stimulation increases the 

rate o f 36CL uptake in MC but results in the same amount (approximately 30 nmole/106 

cells) o f 36C1' uptake after 30 min as untreated cells (11). These authors suggest that Cl' 

uptake is not a consequence o f secretion since removal o f extracellular Ca2+ produces a 

marked reduction o f antigen-stimulated histamine secretion but does not change 36C1' 

uptake. In our study we also observed that antigen-stimulated MC took up approximately 

30 nmole/106 cells o f 36C1' after 30 min. However, untreated cells took up between 55-60 

nmole/106 cells o f 36C1' after 30 min, twice more than in the Friis study (11). These 

differences could reflect slight differences in isolation technique or stimulation 

procedures.

Liposomes made to contain membrane proteins from MC are also capable o f 

transporting CL ions and quenching SPQ. The addition o f valinomycin to the liposomes 

(100 pM final concentration) induced a quenching o f SPQ. Valinomycin is a repeating 

cyclic molecule made o f L-lactate, L-valine, D-hydroxyisovalerate and D-valine residues, 

which form a 1C binding pore (37). This pore undergoes a conformational change upon 

binding K \ which facilitates the unloading of IC ions into the cytoplasm (38). This 

process is dependent upon the concentration gradient o f IC ions. Liposomes were made 

in buffer containing 5 mM K+ ions (II buffer) and when the liposomes were added to the 

cuvette buffer containing 50 mM IC (E buffer) valinomycin facilitated the influx IC into 

the liposome according to its concentration gradient. A build-up o f IC within the 

liposome created an electrochemical gradient and facilitated the entry o f CL ions. 

Therefore, MC membrane proteins incorporated into the liposome (deficient in 

intracellular signaling molecules) transported CL ions across the lipid membrane. 

Proteins incorporated into the liposome may include both plasma membrane and other
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membrane proteins in the cell. Specific Cl" channels may be one group o f proteins 

capable o f transporting Cl' in these liposomes.

C1C are voltage-gated Cl* channels expressed on the plasma membrane and on 

membranes o f  intracellular organelles. RT-PCR shows that RCMC express mRNA for 

C1C 2,3,5 and 7, while PMC express mRNA for C1C 7 (Chap 3). C1C 7 is a broadly 

expressed but poorly characterized C1C member (39) and is expressed by both PMC and 

RCMC. C1C 2, expressed only in RCMC, is involved with cell volume regulation and is 

thought to be ubiquitously expressed (40). However, C1C 2 is not expressed by PMC, a 

tissue-type MC, residing in the peritoneal cavity (Chap 3). CIC 3 is Ca2+-sensitive and is 

mainly expressed in neuronal cells (Chap 3) (41). CIC 5 is the Cl' channel mutated in 

Dent’s disease and is mainly expressed in endocytic vesicles o f proximal tubule cells of 

the kidney (42). MC express other Cl' channels such as the cystic fibrosis transmembrane 

conductance regulator (CFTR; Chap 5) (43) and mRNA for subunits comprising the y- 

aminobutyric acid receptor (GABAaR) C1‘ channel (Chap 4). Either o f these important 

Cl' channels could also be responsible for the observed decrease in [Cl]; with IFN-y 

treatment although CFTR is not inhibited by external DIDS (44).

IFN-y decrease o f  Cl' flux may involve changes in either Cl' channel (or other Cl - 

permeable channel) function and/or expression (Fig 10). IFN-y modulates the function of 

a variety o f cell types by regulating gene expression via activation o f signal transducers 

and activators o f transcription I (STAT1) (45). It is possible that IFN-y regulates the 

expression o f various ion channels, including Cl" channels. In epithelial cells, IFN-y 

downregulates CFTR expression and Cl' current (46) and we have shown that MC 

express CFTR (43). CFTR is a cAMP-activated Cl' channel that belongs to the gene 

family o f ATP-binding cassette (ABC) transporters which generally function as active 

transporters driven by ATP hydrolysis (47). CFTR acts as a “conductance regulator,” 

coordinating an ensemble o f transmembrane ion fluxes in polarized epithelia (48). 

Several plasma membrane transport proteins are modulated by CFTR, including EnaC, an 

outwardly rectifying Cl' channel, Ca2'-activated and volume-activated Cl' channels, the 

ROMK KT channel; anion exchangers and the aquaporin 3 water channel (48,49). MC 

express an outwardly rectifying Cl' channel that may be a  target o f CFTR (50). The other
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mechanism of IFN-y-mediated action may be via direct modulation o f ion channels. IFN- 

y ligation of the IFN-y receptor activates janus kinase activity which has been shown to 

modulate the Na+-K+-2C1' cotransporter via tyrosine phosphorylation (51).

IFN-y decreased in MC surface charge may also potentiate changes in Cl* flux. 

Changes in surface charge o f  a cell can be caused by changes in fatty acid content, sialic 

acid content or protein expression (52). IFN-y-induced changes in protein expression on 

the cell surface could consequently alter surface charge (Fig 2.10). However, it is also 

possible that IFN-y alters plasma membrane fatty acid content and membrane fluidity. 

IFN-y treatment can change the fatty acid content o f  the macrophage cell membrane 

increasing membrane fluidity (53). IFN-y-mediated changes in plasma membrane 

cholesterol/phospholipid ratio can result in growth arrest or apoptosis in some cell types 

(29). IFN-y-mediated changes in membrane fluidity could potentially effect the 

stoichiometric requirements for CIC opening since the integrity o f the channel pore is 

largely dependent on the hydrophobic residues in the transmembrane regions, which 

comprise the pore.

It is difficult to speculate on the potentially complex interaction between IFN-y 

and Cl* in MC. However, our data have shown that MC are capable o f transporting Cl* 

ions and that IFN-y decreases MC Cl* uptake, independently o f volume changes (Fig 

2.10). IFN-y-mediated decrease in Cl* uptake is accompanied by a decrease in surface 

charge, possibly reflecting a change in plasma membrane composition and fluidity.
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Figure 2.1. IFN-y inhibition o f (3-hexosaminidase (13- 
hex) release from antigen-stimulated mast cells. PMC 
were isolated as described and treated with either 10. 
50. 100 or 1000 U/mL of IFN-y for 24 hr. After the 
treatment period. PMC were stimulated with antigen 
(25 WE/mL) for 30 min and |3-hex release was 
measured. Antigen-induced release was 3 1.5 + 2.4 %. 
These data represent n=3. (* represents significance of 
P < 0.01 compared to untreated)
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Figure 2.2. Cl‘ flux measurements o f intact MC. (A) Untreated RCMC 
loaded with MQAE show a gradual rate of fluorescent quenching 
(n=IO). Rate of MQAE quenching is indicated by the slope of the 
change in fluorescence (n=3). (B) IFN-y-treated RCMC loaded with 
MQAE show a very low rate of fluorescent quenching (n=IO). 
Fluorescence units are arbitrary.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

  expt I
expt 2 
expt 3

1.2

1.0

0.9

0.8

0.7

0.6
200 300

Time (seconds)
400 500 600100

Figure 2.3. Cl' flux measurements ofliposomes containing RCMC 
membrane proteins. Liposomes placed in a buffer containing Cl ions 
and treated with valinomycin (4 (iM) show a gradual decrease in 
fluorescence which indicates a slow rate of SPQ quenching. The three 
lines indicate three separate experiments (n=3). Liposomes made 
without MC protein did not show fluorescence quenching. 
Fluorescence units are arbitrary.
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Figure 2.4. IFN-y decreases Cl* uptake. (A) PMC and RCMC (C) were 
isolated and treated with the indicated doses of IFN-y for 24 hr. After 
treatment. MC were washed and incubated with ,6C1 for 30 min. 
Following this incubation. PMC were spun through oil to remove excess 
1fiCP and radioactivity of cell pellets was measured in a scintillation 
counter. (B) PMC and RCMC (D) were isolated and treated with IFN-y 
(800 U/mL) for the indicated times (n=5). * values are significant P<0.01 
compared to untreated.
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Figure 2 .5 . IFN-y decreases rate o f 6Cl uptake. RCMC were 
treated with 800 U/mL of IFN-y for 24 hr washed and incubated with 
,fiC! for 30 minutes. After incubation period. PMC were spun 
through oil to remove excess 'ftCI and radioactivity of cell pellets 
was measured in a  scintillation counter. (n=5). * Values at each time 
point for untreated and IFN-y-treated cells were compared using 
student t test and are significant (PcO.OI) where indicated.
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Figure 2.6. IFN-y effect on Cl uptake is DIDS sensitive. (A) Peritoneal 
mast cells (PMC) were treated with IFN-y (800 U/mL) for 24 hr. DIDS 
(30 jiM) for 15 min or both (IFN -y for 24 hr then DIDS for 15 min) and 
3fiCI uptake was measured. MC were washed and incubated with 3ftCl for 
30 min. After incubation period. PMC were spun through oil to remove 
excess 36CI and radioactivity of cell pellets was measured in a 
scintillation counter. (n=5). (B) Rat cultured mast cells (RCMC) were 
treated with IFN-y (800 U/mL) for 24 hr or the NO donor SNP (50 pM) 
for 30 min and 36C1 uptake was measured (n=3). (C) PMC were either 
pretreated with IFN-y (800 U/mL for 24 hr) or untreated, then incubated 
with antigen (10 WE/mL) and 36C1 for 30 min (n=3). * values are 
significant P<0.01 compared to untreated.
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Figure 2.7. IFN-y does not alter MC volume. PMC (A) volume 
does not change with IFN-y treatment (B; 800 U/mL for 24 hr) 
as measured by light scatter on a How cytometer. Untreated 
RCMC (C ) and IFN-y treated RCMC (D: 800 U/mL for 24 hr) 
also show no difference in volume as measured by light scatter 
on a How cytometer. (n=5).
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Figure 2.8. IFN-y does not alter MC volume. RCMC were 
isolated and treated with IFN-y (800 U/mL) for 24 hr or 
remained untreated. The cells were washed and placed in 
0.9% saline and their size was counted in a coulter counter 
based on charge displacement (n=5).
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Figure 2.9. Surface charge measurements of untreated and 
IFN-y-treated mast cells using the colloid titration method. 
(A) Surface charge of IFN-y treated (0. 10 and 100 U/mL for 
24 hr) RCMC (n=6). (B) Surface charge of IFN-y treated (0. 
10 and 100 U/mL for 24 hr) PMC (n=5). (C) Surface charge 
of RCMC shown in mC/m2 (n=5). (D) Surface charge of 
PMC shown in mC/m2 (n=5). * values are significant P>0.0l.
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Figure 2.10. Conceptual model of IFN-y effects on mast cell phenotypic 
changes. IFN-y treatment of mast cells results in profound changes in Cl" 
ion flux which decreases [Cl'], and may affect the mast cell’s ability to 
release mediators. IFN-y may influence ion channel expression and or 
function. These ion channels may include CIC. CFTR and/or the Na+-K+- 
2C1- cotransporter. There is cross-talk between ion channels and IFN-y 
modulation o f one ion channel may have a cascade effect on others.
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Chapter 3

Mast cells express chloride channels o f  the CIC fam ily1

1 Authors. M. Kulka and D. Befus. This chapter was submitted to Inflammation 

Research. I contributed to this work by carrying out all the experimental procedures and 

writing the manuscript.
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Introduction

Mast cells (MC), the major effector cell o f  immediate hypersensitivity reactions, 

are derived from the bone marrow and reside in tissues. MC express a high affinity Fc 

receptor for IgE (FcsRJ) and contain numerous mediator-filled granules (1). Aggregation 

of MC FceRI by antigen initiates generation o f  arachidonic acid, hydrolysis of 

phosphatidyl inositides, protein tyrosine phosphorylation, increase in intracellular free 

Ca2* concentration [Ca2*]; and mediator release (2,3). An increase in intracellular free 

[Ca2']; is initiated by release o f  Ca2* from intracellular stores. Depletion o f Ca2* stores 

leads to concomitant activation o f Cl' and Ca2+ currents resulting in influx of extracellular 

Ca2* and a transient membrane depolarization (3,4). Patch clamp studies show that Ca2' 

and Cl' currents are intimately linked in stimulus-secretion coupling since Cl' channel 

blockers inhibit not only the Cl' current but also the Ca2f current (4). Similarly, 

interferon-gamma (IFN-y) which downregulates MC mediator release has been shown to 

modulate Cl' flux in MC (Chap 2). Although the role of Ca2* and Cl' in MC 

degranulation has been studied, the expression o f specific Cl' channels that facilitate Cl' 

flux in MC is poorly understood.

The largest and most ubiquitously expressed family o f Cl' channels is the CIC. 

Members o f this family function as voltage-gated and volume-activated channels and are 

highly conserved during evolution (5). Passive movement o f Cl' through CIC facilitates 

several processes such as transepithelial salt transport (6), electrical excitability (7), cell 

volume regulation (8) and acidification o f internal and external compartments (9). 

However, each member o f  the CIC family has a unique set o f characteristics and performs 

a specific function.

A human mast cell line, HMC-1, expresses a strong outwardly rectifying voltage- 

dependent Cl' conductance characteristic o f C1C-4 or C1C-5 and expresses mRNA for 

C1C-3 and C1C-5 (10). Rat peritoneal mast cells and bone marrow-derived mast cells also 

express a strong outwardly rectifying Cl' conductance that is sensitive to DIDS and is 

temperature dependent (11,12). Since previous studies had demonstrated Cl' currents in 

MC, we hypothesized that MC expressed one or more members o f the CIC family. The
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aim o f this study was to characterize the expression o f CIC in rat peritoneal mast cells 

(PMC) and a rat cultured mast cell line (RCMC) and determine the effect o f IFN-y on 

their expression.

Materials and Methods

Rats and PMC Isolation

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, Quebec, 

Canada) were housed in a pathogen-free viral antibody-free facility. Peritoneal MC 

(PMC) were isolated from rats sacrificed by C 0 2 asphyxiation. PMC were isolated by the 

following procedure: 20 mL o f ice-cold Hepes Tyrode’s buffer (HTB) was injected into 

the peritoneal cavity and massaged gently for 30 sec; the peritoneum was opened and the 

buffer collected with a transfer pipette and kept on ice or at 4°C for all subsequent 

procedures. Following centrifugation at 200 g for 5 min the cell pellet was resuspended 

in 5 mL of fresh HTB and layered on top o f a 30%/80% Percoll gradient. The gradient 

was centrifuged at 500 g for 20 min and the highly enriched MC were collected from the 

pellet (13). PMC were >98% pure and >99% viable as measured by trypan blue 

exclusion.

Cell Culture

The rat MC line, RCMC 1.11.2 (kindly provided by B. Chan and A. Froese, 

Winnipeg, Manitoba), was established from Wistar-ICI rats (14) and cultured in RPMI 

1640 medium containing 5% fetal bovine serum (FBS; Gibco BRL), 100 U/mL 

penicillin, 100 pg/mL streptomycin and 10 mM Hepes. The cells were incubated in a 

humidified atmosphere o f  5% C 0 2 in air at 37°C.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

RNA was extracted from PMC and RCMC cells as described previously (15). 

The RNA obtained from the PMC was treated with 1 U/mL o f heparinase for 2 hr at room
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temperature because high concentrations o f contaminating heparin markedly decrease the 

efficiency o f the RT-PCR procedure (16).

Genomic DNA was digested by incubating 10 pg o f total RNA with 5 U of 

DNAse (amplification grade; GIBCO BRL), 10X DNAse buffer (GIBCO BRL) 10 U of 

RNAse inhibitor (GIBCO BRL) and RNAse-free H20  for 15 min at room temperature. 

After 15 min incubation, 25 mM EDTA was added and the sample was heated at 65°C for 

20 min to inactivate the enzyme.

Treated RNA (1 pg) was incubated with 0.5 pg oligo(dT) at 70°C for 10 min in a 

thermocycler. A reverse transcriptase master mix was added to the RNA. The master 

mix contained First Strand Buffer (50 mM Tris-HCl, 75 mM KC1, 3 mM MgCL, pH 8.3, 

Gibco/BRL), 10 mM DTT, 10 mM o f each dNTP, Sigma sterile water and 200 U M- 

MLV RT enzyme (Gibco/BRL). This mixture was incubated at 37°C for 1 hr, then 70°C 

for 10 min. To test for RT reaction, a duplicate o f each sample was reverse transcribed in 

the presence o f [a-32P]dCTP (1 pCi/pL). Unincorporated [a -32P]dCTP was separated 

from labelled cDNA sample by paper chromatography, cDNA sample was cut out, 6 mL 

o f scintillation fluid was added and radioactivity was measured on a Beckman 

scintillation counter. Based on scintillation counter readings, equal quantities o f cDNA 

were used for PCR reactions.

The PCR mix contained IX PCR buffer (20 mM Tris-Cl, 50 mM KC1. pH 8.4, 

Gibco/BRL), 0.8 mM dNTP mix, 20 pM antisense primer, 20 pM  sense primer, 1.5 mM 

MgCL (Gibco/BRL), 1 pg o f cDNA and 2.5 units of Taq DNA polymerase. The primer 

sequences used are summarized in Table 3.1. The mixture was amplified at the annealing 

temperature indicated for 25-35 cycles. The product was analyzed by agarose gel 

electrophoresis and visualized by ethidium bromide staining. A lkb ladder (Gibco/BRL) 

was used to estimate product size.

Each set o f C1C primers were tested on kidney or muscle RNA and PCR 

conditions for each primer were optimized using four variables: (1) final primer 

concentration (10-100 pM), (2) MgCl2 concentration (1.0-3.0 mM), (3) annealing 

temperature (55-63°C) and cycle number (25-35 cycles). In each case, 15-20 pM final 

primer concentration, 1.5 mM MgCl2 and 35 cycles was optima! for detection o f C1C
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mRNA. Optimal annealing temperatures for each set o f C1C primers varied and are listed 

on Table 1.

Cloning and Sequencing o f  PCR products

To confirm that RT-PCR was specifically amplifying C1C mRNA, we cloned and 

sequenced the PCR products from MC (C1C-2, 3, 4, 5 and 7), kidney (C1C-6) and muscle 

(CIC-1) RNA. The PCR product from each PCR reaction was cloned into the pCR 2.1® 

(Invitrogen, Carlsbad, Ca, USA) vector using T4 DNA ligase and then used to transform 

"one shot" E. coli cells (Invitrogen INVaF’). The E. coli cells were grown for 3 d, the 

DNA was isolated using a Sigma miniprep isolation kit and the insert was sequenced on 

the ABI PRISM sequencer model 2.1.1 and analyzed by BLAST (17).

The CIC-1 and C1C-6 PCR products, amplified from muscle and kidney RNA had 

the expected sequence sizes and had 100 % homology to the rat C1C sequences. The 

C1C-2, 3, 4, 5 and 7 PCR products amplified from MC RNA were also o f  the expected 

size and had 100 % homology to rat C1C genes.

Results

MC express chloride channels o f  the CIC family

Primers to the major CIC family members (1-7) were designed and RT-PCR 

conditions for CIC primers were optimized using rat kidney and muscle RNA. Expected 

product sizes and optimal annealing temperatures for the CIC primers are listed in Table

1. At optimal conditions, PCR results indicate that rat kidney tissue expresses CIC 2-7. 

The PCR products are of predicted sizes and the sequences were confirmed to be correct 

both by comparison to I Kb ladder (see Table 1; Fig 1A) and by sequencing o f  the PCR 

product (see methods). As expected, CIC 1 was found in muscle but not kidney RNA at 

the expected size of 656 bp (Fig 1B).

To characterize the Cl' channel expression o f rat MC, RT-PCR analysis was 

performed on total RNA from RCMC and PMC. RCMC (Fig 2A) express mRNA for 

CIC 2, 3, 4, 5 and 7 as shown by PCR products o f the expected sizes. However, PMC
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express mRNA for only CIC 7 (Fig 2B). Sequence analysis confirms PCR products are 

o f the expected size and they match the sequence for rat CIC mRNA.

IFN-y does not modulate CIC mRNA expression

To determine if  IFN-y modulated CIC mRNA expression, RT-PCR, using 

carefully controlled conditions, was conducted on IFN-y-treated (100-800 U/mL for 24 

hr) RCMC and PMC. Total RNA was reverse transcribed and 32P was used to measure 

the RT reaction in IFN-y and untreated samples (described in methods). Based on 

scintillation counter readings, equal quantities o f  cDNA were used for PCR reactions. 

PCR revealed no difference in CIC expression between IFN-y treated and untreated 

samples.

To optimize conditions and to control for pipetting error, IFN-y-treated and 

untreated cDNA was serially diluted and PCR amplified using 25, 30 and 35 cycles. CIC 

band intensities o f IFN-y and untreated samples were compared and showed no detectable 

difference.

Discussion

For the first time, we characterized CIC expression in two types o f rat MC; freshly 

isolated PMC and a RCMC cell line. Primers were designed to the seven non-kidney- 

specific CIC members (1-7) and RT-PCR was used to amplify PMC and RCMC RNA. 

Our results show that RCMC express mRNA for C1C-2, 3, 4, 5 and 7, while PMC express 

mRNA for C1C-7. Sequence analysis o f these PCR products shows that amplified 

products match published rat CIC mRNA sequences. IFN-y, at the doses studied (100- 

800 U/mL), has no effect on CIC mRNA expression as observed by PCR.

CIC is the largest gene family of Cl' channels. At least nine mammalian isoforms 

exist and there are homologues in a wide range o f other species including bacteria, 

Drosophila, Saccharomyces (yeast), Neurospora (mold), Arabidopsis (plant) and 

Caenorhabditis (worm) suggesting that CIC channels mediate cellular events that are
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essential for life (18). Mutations in some of these CIC can cause severe diseases with 

profound pathophysiology (18).

CIC-1 is specifically expressed in skeletal muscle and accounts for approximately 

75 % o f the ionic conductance o f the resting sarcoplasmic membrane (19). Our RT-PCR 

confirms that rat muscle expresses CIC-1 while rat kidney, PMC and RCMC do not 

express CIC-1.

In contrast, CIC-2 is widely expressed with strong expression in brain neurons and 

lung epithelia (20). C1C-2 can be activated by cell swelling, arachidonic acid and acidic 

extracellular pH and is involved in limiting intracellular Cl' concentration (21,22). In 

epithelial cells, C1C-2 channel activity is modulated by transforming growth factor-alpha 

(TGF-a) (23). RCMC express C1C-2 but PMC do not, suggesting that volume regulation 

and/or Cl' concentration might be regulated differently in these cell types. This difference 

could be due to phenotypic differences between the connective tissue-type PMC and the 

mucosal tissue-type RCMC (14). Connective tissue and mucosal MC differ in protease 

expression (24), responsiveness to secretagogues (25), cytokines and anti-allergic drugs 

(26,27).

RCMC also express C1C-3, 4 and 5 while PMC do not. C1C-3 is Ca2f-sensitive, 

volume regulated Cl' channel that maintains a variety of cellular functions during osmotic 

perturbation (28). C1C-3 channels are opened by protein kinase C (PKC) activation and 

are expressed in epithelial cells, hepatocytes and neuronal cells (29-31). C1C-3, C1C-4 

and C1C-5 belong to the same branch in the CIC family and are highly homologous (32). 

C1C-4 is expressed in human skeletal and vascular smooth muscle and is activated by 

external pH changes, inhibited by DIDS and has concensus sequences for protein kinase 

A (PKA) phosphorylation (33,34). C1C-5 is mainly expressed in endocytic vesicles o f 

proximal tubule cells o f the kidney and mutation results in Dent’s disease (35-37). C1C- 

6-mediated currents are inhibited by extracellular cAMP or the Cl' channel inhibitor 

NPPB (38) and there is some evidence that CIC-6 is expressed in vascular smooth muscle 

(33). C1C-7 resides in late endosomal and lysosomal compartments (39) and is important 

in bone resorption by osteoclasts (40). Interestingly, C1C-7 is expressed by both PMC 

and RCMC suggesting that C1C-7 is present in endosomal compartments in both cell
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types. It would be advantageous to determine which MC endosomal compartments (i.e. 

granules) express C1C-7.

MC also express other channels capable of transporting C1‘ such as the cystic 

fibrosis transmembrane conductance regulator (CFTR; (41)) and the C1'/HC03' exchanger 

(42). The function o f these Cl' channels may be important in MC degranulation since the 

Cl'/HCOj' exchanger is also sensitive to DIDS (42). Although CFTR is not sensitive to 

DIDS, the CFTR inhibitor, diphenylamine-2-carboxylate (DPC; 1 pM) decreases antigen- 

stimulated P- hexosaminidase release from PMC by 31 + 6.7% (41). Therefore. CIC as 

well as other Cl' channels may cooperatively coordinate important MC functions.

Several questions about CIC expression in mast cells remain unanswered. Firstly, 

differences in CIC expression between RCMC and PMC might reflect tissue-specific 

phenotypic heterogeneity and further characterization o f MC from other tissues is 

required. PCR analysis suggests that IFN-y has no effect on CIC mRNA expression 

although a more quantitative analysis using Northern blot or real-time PCR may reveal 

small changes in expression. Specific CIC protein expression and function will need to be 

characterized. Specific CIC channel inhibitors would be invaluable in delineating the role 

o f specific CIC in MC function. Although these inhibitors are currently unavailable, 

antisense to C1C-5 has successfully been used to block human C1C-5 expression (43) and 

similar approaches to the other CIC in MC might prove useful. In addition, CIC knock­

out mice have been developed recently and have provided a vast amount o f knowledge 

about the role of C1C-7 and CIC-3 in osteopetrosis and brain neuro-degenerative disease 

(40). Regulation of CIC expression and function in MC would offer insights into their 

function. Compounds such as TGF-a, arachidonic acid and hydrogen peroxide regulate 

CIC expression in epithelial cells (21,23,43) and the same may be true in MC.

In conclusion, rat MC express several Cl' channels that may be important in MC 

functions including mediator secretion. Specifically, MC express several members o f the 

CIC family which are involved in diverse role in other cell types and may be involved in 

similar processes in MC.
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Table 3.1. Primer sequences, expected products and annealing temperatures.

Name of Primer Sequence Expected product (bp) T_ CO

CIC-1
CIC-1

sense
antisense

TGTGGAACGCTCAGAACTGCAGTC 
TCTAGTGCC A AG AC ACCTCTG AGC

656 61

CIC-2
CIC-2

sense
antisense

CTGCGACTGGCACTGCACCGAAC
CACTCGCCAGGGAGATTCGGACC

487 63

CIC-3
CIC-3

sense
antisense

GCTGCTGATGTCATGAGACCTCG
CCCGAGAACTGCCAACAACACCT

235 63

C1C-4
C1C-4

sense
antisense

GAGACTCGGAGCGTCTCATCGG
CTGTTGGCAGGCAGCTCAGGAG

276 63

CIC-5
CIC-5

sense
antisense

TGCTGACTGTCCTTACTCAG
CAGGATGTTCCGAAGCTTCA

269 63

CIC-6
CIC-6

sense
antisense

TCTGTGCACTCCTCCACCGATGTC
TGGCTGCACTCCTCCACCGATGTC

345 56

CIC-7
CIC-7

sense
antisense

ATGAGCACGCCTGTGACCTGCCTG
CGAGGAAGAGATGCCTCCTGTGGC

377 63

P-actin
P-actin

sense
antisense

CCATGTACGTAGCCATCCA 
GAT AGAGCCACCAATCCAC

625 46
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Figure 3.1. RT-PCR showing CIC expression in rat kidney 
(A) and muscle (B; one representative experiment from 
n=4).
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Figure 3.2. (A) RT-PCR showing CIC expression in rat cultured 
mast cells. (3-actin is shown as a control. Rat cultured mast cell 
total RNA was isolated as described in methods and amplified 
using specific primers (see Table 1) (one representative experiment 
from n=5). (B) RT-PCR showing CIC expression in peritoneal mast 
cells. P-actin is shown as a control. Peritoneal mast cell total RNA 
was isolated as described in methods and amplified using specific 
primers (see Table I ) (one representative experiment from n=5).
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Chapter 4

Mast cells express subunits o f  the gamma-aminobutyric acid receptor

(GABAaR)
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Introduction

Gamma-aminobutyric acid (GABA), the major inhibitory neurotransmitter in the 

vertebrate brain, mediates neuronal inhibition by binding to GABA type A (GABAaR) 

and type B receptors (GABAbR; (1)). GABA ligation o f GABAaR opens an integral ion 

channel selectively permeable to Cl'. GABAaR are mainly expressed on neurons 

although recent evidence has also demonstrated expression on T lymphocytes (2). 

Ligation of T cell GABAaR inhibits T cell proliferation and cytotoxicity (2,3). These 

observations suggest that GABA and GABAaR may modulate immune responses.

GABAaR also contains binding sites for pharmaceutically significant drugs such 

as benzodiazepines (BDZ) that interact allosterically with the GABA agonist site or the 

receptor channel (4). BDZ are the most frequently prescribed psychotropic drugs used to 

treat generalized anxiety disorder and insomnia (5). High affinity binding sites for BZD 

are present in a wide range o f tissues other than the brain and appear to be 

pharmacologically distinct from central nervous system receptors. Peripheral BZD 

receptors are expressed on monocytes (6), lymphocytes (7-11), platelets (9), neutrophils 

(12) and mast cells (13).

BDZ receptors/binding sites appear to mediate a host o f specific interactions 

between the nervous and immune systems. Lymphocytes isolated from patients with 

migraine (9) show increased expression o f peripheral BDZ receptors while lymphocytes 

isolated from patients with generalized anxiety disorder show decreased expression o f 

peripheral BDZ receptors (6). Interleukin-1 (IL-1) decreases BDZ binding site

expression while phorbol myristate acetate (PMA) increases BDZ binding site expression 

in a murine thymoma cell line (14). For the most part, BDZ compounds inhibit immune 

cell functions. For example, the peripheral BDZ receptor agonist, Ro5-4864, inhibits 

natural killer cell activity (15) and spontaneous IgA secretion by peripheral blood 

mononuclear cells (16). However, BDZ compounds can also activate immune cells. The 

central BDZ receptor agonist, alprazolam activates lymphocyte proliferation (17) and the 

peripheral BDZ receptor agonist, diazepam, activate neutrophil migration (18).
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Therefore, the regulatory role o f BDZ receptors and BDZ compounds on immune 

functions is diverse.

BZD binding sites have been reported and characterized on rat peritoneal mast 

cells (PMC), although little is known regarding the biological effect o f BDZ on MC 

function (13). The BDZ Ro5-4864 (10-6 M) has no effect on histamine or serotonin 

release in either unstimulated PMC or those stimulated by compound 48/80 or substance 

P (13). However, midzolam and diazepam (lO-6 to I O'4 M) decrease proliferation, p- 

hexosaminidase (P-hex) release, tumor necrosis factor (TNF) release and nitrite 

production from bone marrow-derived MC (BMMC) (19). Ligation o f BDZ binding sites 

by some diazepam derivatives on rat PMC inhibits calcium influx generated by 

concanavalin A, possibly by inhibiting calcium channels and calmodulin activation (20). 

It is unknown whether BDZ specifically bind GABAR.

GABAaR or GABAbR expression on MC has never been reported and the effect 

o f GABA on MC function is unknown. However, since BDZ had an inhibitory effect on 

MC function, we hypothesized that GABA may also have a modulatory effect on MC 

mediator release and that MC may express mRNA and protein for some o f the subunits 

for the GABAaR.

The central hypothesis o f this thesis is that interferon-gamma (IFN-y), an 

immunomodulatory cytokine, has effects on chloride and chloride channels in MC. IFN- 

y may regulate expression o f BDZ binding sites and/or GABAaR subunits. Certainly, the 

pro-inflammatory cytokine, IL-1, decreases BDZ binding sites in a mouse thymoma cell 

line (14). IFN-y inhibits a number o f MC functions including clonal proliferation, 

differentiation, TNF-mediated cytotoxicity, adhesion and mediator release (21-25). 

These effects appear to be transcription/translation dependent and are probably the 

consequence of several changes in MC gene expression. Therefore, the postulate that 

GABAaR subunits expression is modulated by IFN-y (see C hapl, aim #2) was also 

tested.
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Materials and Methods

Rats and PMC Isolation

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, Quebec, 

Canada) were housed in a pathogen-free viral antibody-free facility. For MC 

sensitization, rats were infected with 3000 Nippostrongylus brasiliensis as previously 

described (26). Peritoneal MC (PMC) were isolated from sensitized rats > 4 weeks after 

infection. Rats were sacrificed by cervical dislocation under anesthesia and PMC were 

isolated by the following procedure: 20 mL o f ice-cold Hepes Tyrode’s buffer (HTB) was 

injected into the peritoneal cavity and massaged gently for 30 sec; the peritoneum was 

opened and the buffer collected with a transfer pipette and kept on ice or at 4°C for all 

subsequent procedures. Following centrifugation at 200 g for 5 min the cell pellet was 

resuspended in 5 mL of fresh HTB and layered on top o f a 30%/80% Percoll gradient. 

The gradient was centrifuged at 500 g for 20 min and the highly enriched MC were 

collected from the pellet (27). PMC were >98% pure and >96% viable as measured by 

trypan blue exclusion.

Worm antigen used to stimulate PMC was prepared as follows: rats were infected 

with 6000 Nippostrongylus brasiliensis as previously described (26). Two weeks after 

infection, rats were sacrificed by cervical dislocation under anesthesia and adult worms 

were isolated from the small intestines. Adult worms were incubated in HTB at 1000 

worm equivalents (WE)/mL for 24 hr at 37°C. Supernatants were isolated and stored at - 

20 °C.

Stimulation and  /S-hexosaminidase assay

PMC were resuspended in HTB (140 mM [Cl ]) and stimulated with either 48/80 

or 10 WE per mL of antigen for 30 min unless indicated otherwise (28). PMC were 

pelleted at 200 g and the supernatant was removed. Pellet and supernatant samples were 

assayed for (3-hexosaminidase (p-hex) by hydrolysis o f  the fluorescent substrate 4- 

methylumbelliferyl /V-acetyl-P-D-glucosaminide (Sigma M-2133). One unit o f  enzyme
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cleaves 1 pmol o f  substrate/hr at 37°C (27). Pellet and supernatant samples (50 pL) were 

added in duplicate wells in a microtitre plate followed by 1 mM substrate (50 pL) and the 

mixture was incubated at 37°C for 2 hr. The reaction was terminated by the addition o f 

100 pL o f 0.2 M Tris base and the optical density was read at 450 nm (excitation 356 

nm). The OD450nn) for blank wells, containing only substrate and Tris base, was 

automatically subtracted from the sample OD4S0nni and the percentage (3-hex release was 

calculated by the formula:

QD450nm o f substrate samples____________________ X 100 = % release

OD450nm o f pellet samples + OD450nm o f supernatant samples

The spontaneous release (in HTB) was subtracted from all samples to give % specific 

release.

Cell Culture

The rat MC line, RCMC 1.11.2 (kindly provided by B. Chan and A. Froese, 

Winnipeg, Manitoba), was established from Wistar-ICI rats (29) and cultured in RPMI 

1640 medium containing 5% fetal bovine serum (FBS; Gibco BRL), 100 U/mL 

penicillin, 100 pg/mL streptomycin and 10 mM Hepes. The cells were incubated in a 

humidified atmosphere o f 5% CO, in air at 37°C.

SI Nuclease Protection Assay

Total RNA was isolated from RCMC as described previously ((30), Chap5). 

Approximately 4 pg of total RNA was obtained from 1 x 106 cells and each RNA sample 

had an A,60/A ,g0 of 1.7 to 2. y-32P-labelled oligonucleotide probes for GABAaR subunits 

a  (1-5), P (1 and 3) and y (1-3) and p-actin were the generous gift o f  Dr. Alan Bateson 

(Department o f  Pharmacology, University o f Alberta) and were designed as previously 

described (31). The sequences o f  the oligodeoxyribnucleotide probes are presented in 

Table 4.1.
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RCMC RNA (10 jag) was hybridized to an excess o f each oligonucleotide probe 

(0.003 pmol o f each oligonucleotide per pg total RNA). The RNA/oligoncleotide 

mixture was precipitated by adding 0.1 vol 3M sodium acetate, pH 5.0 and 2.5 vol 95% 

(v/v) ethanol and incubated on  ice for 30 min. The mixture was centrifuged at 4°C for 30 

min at 10,000 g  in a microfuge, the supernatant was discarded and the pellet was washed 

with 0.5 mL o f ice-cold 75% (v/v) ethanol. The pellet was briefly air-dried then 

resuspended in 30 pL of SI hybridization buffer (4.5 mM zinc sulfate, 50 mM sodium 

acetate, pH 4.2, 0.3 M NaCl in DEPC-treated H20  and filter sterilized) to a final probe 

concentration o f 1 pmoI/mL. Mixture incubated at room temperature for 10 min, 90°C for 

7 min, immediately chilled in ice water, then incubated overnight at 70°C. SI nuclease 

enzyme (120 U/mL final concentration) and denatured salmon sperm DNA (10 pg/mL in 

SI nuclease buffer) was added to the RNA/oligonucleotide mix and incubated at 37° for 

15 min. The reaction was stopped by adding 49 pL o f SI stop buffer (4M ammonium 

acetate, 0.1 M EDTA, pH 8.0 made in DEPC-treated H20 )  and 870 pL of 95% (v/v) 

ethanol and incubating on ice for 30 min. The mixture was centrifuged at 4°C for 30 min 

at 10,000g to recover the protected oligonucleotides. Protected oligonucleotide samples 

were washed with 500 pL o f  75% ice-cold (v/v) ethanol and resuspended in 6 pL of 

DEPC H20 . Samples were loaded onto a 10% acrylamide sequencing gel and run at 43 

W (constant power mode) for about 1.5-2 hr. The gel was dried under vacuum at 80°C 

for approx 1 hr and exposed to Biomax film at room temperature for 2 to 3 days.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

RNA was extracted from PMC, RCMC and rat brain cells as described previously 

(30). The RNA obtained from the PMC was treated with 1 U/mL o f heparinase for 2 hr at 

room temperature because high concentrations o f contaminating heparin markedly 

decrease the efficiency of the RT-PCR procedure (32).

Treated RNA (1 pg) was incubated with 0.5 pg oligo(dT) at 70°C for 10 min in a 

thermocycler. A reverse transcriptase master mix was added to the RNA. The master 

mix contained First Strand Buffer (50 mM Tris-HCl, 75 mM KC1, 3 mM MgCl,, pH 8.3, 

Gibco/BRL), 10 mM DTT, 10 mM of each dNTP, Sigma sterile water and 200 U M-
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MLV RT enzyme (Gibco/BRL). This mixture was incubated at 37°C for 1 hr, then 70°C 

for 10 min.

The polymerase chain reaction master mix contained IX PCR buffer (20 mM 

Tris-Cl, 50 mM KC1, pH 8.4, Gibco/BRL), 0.8 mM dNTP mix, 20 pM  antisense 

GABAAR al primer (5’-AGCTATACCCCTAACTTAGCCAGG-3’) which binds bp 

1174-1197 of the Rattus rattus GABAAR a l gene (NCBI accession # L08490.1), 20 pM 

o f sense GABAaRoc1 primer (5’-AGAAAGCGATTCTCAGTGCAGAGG-3’) which 

binds bp 1455-1478 o f the Rattus rattus GABAAR al gene (expected product size 304 

bp), 1.5 mM MgCl, (Gibco/BRL), sterile Sigma water, 2 pL o f cDNA and 2.5 units of 

Taq DNA Polymerase (Gibco/BRL). The mixture was amplified at an annealing 

temperature o f 56°C for 35 cycles. The p-actin sense (5’- 

CCATGTACGTAGCCATCCA-3’) and antisense (5’-GATAGAGCCACCAATCCAC- 

3’) primers had an annealing temperature o f 46°C (expected product size 625 bp). 

Product was analyzed by agarose gel electrophoresis and visualized by ethidium bromide 

staining. A 1 kb ladder (Gibco/BRL) was used to estimate product size.

Western Immunoblotting

RCMC and PMC were isolated, washed with PBS and 1 x 106 cells were lysed 

with 2X sample buffer (0.5 mL 1M Tris-Cl, 1 mL DTT, 2 mL 10% SDS, 1 mL glycerol, 

0.5 mL 0.12 % bromophenol blue) supplemented with 2% P-mercaptoethanol.

Approximately 40 pg of whole cell extracts were separated by 10% SDS-PAGE 

and transferred onto nitrocellulose membranes. The membranes were blocked with 5% 

milk (Carnation NF milk powder) in TBS-Tween for 24 hr at room temperature and then 

blotted with primary antibodies, anti-GABAAR a (Chemicon, MAB339) or isotype 

control purified mouse IgG, x-isotype standard (anti-TNP; Serotec, 0300ID) for 1 hr at 

room temperature. The membranes were washed with TBS-Tween 3X and then blotted 

with the secondary antibody for 1 hr. The secondary antibody was sheep anti-mouse IgG 

conjugated to HRP (Amersham Life Science, catalogue # NA 9310).

The nitrocellulose membranes were developed with chemiluminescence reagent 

(NEN Life Technologies, catalogue # NEL 101) for 1 min and placed into an
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autoradiography cassette containing high performance chemiluminescence film 

(Amersham Life Science, catalogue # RPN2103H). The film was exposed for 30 min.

Statistical Analysis

Each set o f  treatments for (3-hex and radioligand binding experiments were 

analyzed by ANOVA and significance values indicate P<0.01.

Results

MC express GABAaR subunit mRNA

To determine GABAaR subunit expression in MC, y-32P-labelled oligonucleotides 

were hybridized to total MC RNA using the SI nuclease protection assay. The principle 

o f the simultaneous multiprobe SI nuclease protection assay is simple. The labeled 

oligonucleotide probe, complementary to the mRNA o f GABAaR subunits, is added in 

molar excess to a  solution o f total RNA under conditions that will allow hybridization to 

proceed. Excess unhybridized oligonucleotide molecules are removed by digestion with 

SI nuclease. Oligonucleotide molecules that are protected from digestion, by virtue of 

being part o f a double-stranded DNA:RNA hybrid, are visualized as a band by 

autoradiography following denaturing polyacrylamide gel electrophoresis. The amount 

o f radioactivity detected in the band (i.e. intensity o f band) is directly proportional to the 

number of molecules of the specific mRNA under investigation in that sample.

The S 1 nuclease protection assay indicates that MC express mRNA for GABAaR 

subunits a  (1-5), (3 (1 and 3) and y (1-3) but there was no detectable signal for p-2 (Fig 

4.1). Oligonucleotide probe for P-actin was the internal control for RNA loading and is 

also shown (Fig 4.1). Yeast tRNA was used as a negative control and showed no bands. 

MC RNA shows strong bands for a-3 , y-2, (Fig 4.1 A) and P-l (Fig 4 .IB). There are 

multiple bands below the a -4  subunit, probably the result o f  over digestion. These 

oligonucleotides designed for and tested on rat brain total RNA and showed the requisite 

subunits. Reverse transcriptase-polymerase chain reaction was used to confirm 

GABAAR al subunit expression in RCMC and PMC. As expected, RCMC, PMC and rat 

brain show a band at 304 bp corresponding to GABAAR a l (Fig 4.1C).
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MC express the GABAaR a-1 subunit protein

To determine if  the GABAaR subunit mRNA were translated to protein in MC, 

RCMC and PMC protein lysate was resolved on a 10% polyacrylamide gel and blotted 

with a polyclonal antibody recognizing the a  chain o f GABAaR. The immunoblot shows 

that rat brain lysate, RCMC (lysate prepared from 2 x 10s and 4 x 105 cells) express a 

band at 53 kDa corresponding to GABAaR a-1 chain (Fig 4.2). PMC do not express 

these bands, suggesting that PMC do not express the a-1 subunit protein. In RCMC 

lysate, the anti- GABAAR a mAh also detects bands at 85 kDa and 45-50 kDa. 

Immunoblotting with an mouse IgG, isotype control mAb also shows the bands at 85 kDa 

and 45-50 kDa suggesting that these are unspecific.

GABA has no effect on spontaneous release of MC P-hexosaminidase

Since BDZ can modulate MC mediator release, we wanted to determine if  GABA 

had a similar effect. Purified PMC were washed, treated with GABA (10 to 1000 pM) 

for 10 min and spontaneous p-hex release was measured. Spontaneous P-hex release in 

the absence o f GABA (4.0 + 0.9 %) was subtracted from all values. Fig 4.3 shows that 

GABA has no significant effect on P-hex release on resting MC.

GABA has no effect on 48/80-induced release o f MC P-hexosaminidase

To determine if GABA affected MC P-hex release induced by a secretogogue, 

PMC were pretreated with GABA (10 to 1000 pM) at 37°C for 10 min and then 

stimulated with 48/80 (0.75 pg/mL) for 30 min (Fig 4.3). 48/80 alone induced 67.1 + 5.0 

% P-hex release (Fig 4.4). GABA has no significant effect on 48/80-induced P-hex 

release since GABA (10, 50, 100 and 1000 pM) pretreated PMC released 61.8 + 8.1, 64.8 

+ 10.6,67.0 + 8.7 and 67.4 + 7.9 % P-hex respectively.

GABA inhibits antigen-induced release of MC P-hexosaminidase

To determine if  GABA affected antigen-activated MC P-hex release, PMC were 

pretreated with GABA (10 to 1000 pM) at 37°C for 10 min and stimulated with antigen 

(10 WE/mL) and incubated for 30 min (Fig 4.5). Antigen alone induced 15.5 + 2.3 % P-
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hex release. Pretreatment with GABA (10 to 1000 pM ) inhibited P-hex release by 30 to 

35 % (P<0.01; Fig 4.5).

IFN-y upregulates GABAaR  subunit mRNA

In an effort to determine the effect o f IFN-y on GABAaR mRNA, total RNA from 

untreated and IFN-y-treated (100 U/mL) RCMC were compared using the SI nuclease 

assay. Preliminary results indicate that IFN-y treatment (100 U/mL for 24 hr) 

upregulates expression o f a l ,  a3 , a4 , a5, p i, p2, p3, y l, y2 and y3 GABAaR subunits 

(Fig 4.6). The p-actin internal control, however, remains unchanged between the treated 

and untreated RCMC RNA.

Discussion

These preliminary results show that MC express mRNA for GABAaR 

subunits a  (1-5), p (1 and 3) and y (1-3) and protein for the a l  subunit. This is the first 

study to demonstrate GABAaR subunit expression in rat MC. This is also the first study 

to demonstrate IFN-y upregulation o f GABAaR subunit expression in MC. Although 

previous studies had shown that BDZ can inhibit MC functions, this study shows that 

GABA inhibits antigen-dependent p-hex release from MC but has no effect on resting 

MC or 48/80-stimulated MC.

MC mediator release is dependent upon chloride flux yet the expression o f 

specific chloride channels in MC is poorly known. There are three major classes o f 

chloride channels in mammalian cells; the volume and voltage-gated chloride channels 

(CIC), the cystic fibrosis transmembrane conductance regulator (CFTR) and the 

GABAaR. In these preliminary studies we wanted to determine whether mast cells (MC) 

expressed mRNA and protein for GABAa subunits and whether GABA had an effect on 

MC mediator release.

For the first time, we have shown that mast cells express GABAR subunit mRNA 

as well as protein. Radiolabeled oligonucleotides specific for GABAR subunits 

hybridized with mast cell total RNA show that RCMC express message for subunits a l ,
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a3 , a4 , a5 , p i, P2, P3, y l, y2 and y3. Immunoblotting with an anti-al antibody indicates 

that RCMC express a 53 kDa protein that corresponds to a l  protein. The presence o f the 

a l  subunit protein in MC suggests the presence o f additional subunits since the a l  

subunit requires a P subunit for assembly into the GABAaR in cerebellar granule neurons 

(33). This is the first study to demonstrate GABAaR subunit expression in rat peritoneal 

and cultured MC. However, mouse splenic T cells express GABAaR subunit mRNA and 

protein and ligation o f these receptors inhibits anti-CD3 and antigen-specific T cell 

proliferation (2). GABA pretreatment o f T cells inhibits their cytotoxicty (3). However, 

GABA pretreatment o f target cells (mastocytoma cells) potentiats T cell cytoxicity. This 

study suggests that GABA may differentially modulate cytotoxic functions (perhaps via 

production o f  TNF) and antigen presentation.

Preliminary SI nuclease assay suggests that IFN-y upregulates mRNA expression 

o f a l ,  a3 , a4 , a5, p i, P2, P3, y l, y2 and y3 GABAaR subunits. However, these are 

preliminary experiments and it is unknown whether all of the subunits expressed as 

mRNA are expressed as surface protein or whether these subunits comprise a functional 

GABAaR chloride channel capable o f conducting a Cl' current. In order to determine 

whether MC express a functional GABAaR, patch clamp measurements o f  Cl' current in 

response to GABAaR agonists and antagonists need to be performed.

MC activation is regulated by chloride movement across the plasma membrane 

and activation o f GABAR chloride channels could have an important regulatory effect on 

mast cell secretion. Accordingly, we tested whether different GABA concentrations 

would modulate P-hex release from activated (48/80 or antigen) MC. Resting mast cells 

were unaffected by various concentrations of GABA (10 to 1000 pM). Moreover, GABA 

had no effect on 48/80 stimulated mast cell degranulation even at high doses (1000 pM 

GABA). Interestingly, low doses o f  GABA inhibited antigen-stimulated release o f p-hex 

by as much as 35% (10 pM GABA). A previous study o f  GABA effects on guinea 

pig MC and macrophages shows that GABA (10 to 1000 pM) inhibits 10 to 19 % of 

antigen-stimulated histamine release (34). However, GABA has no effect on macrophage 

release o f platelet-activating factor (PAF) induced by formyl-methionyl-leucyl-
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phenylalanine (fMLP). This suggests that GABA inhibition o f MC mediator release is 

MC-specific and may involve MC-specific pathways.

Radioligand binding experiments must be done to determine i f  GABA binds to 

MC. Ideally, specific and non-specific binding is calculated using a range of 

concentrations o f several drugs and the data is presented as a Scatchard plot.

The Kd is calculated from a line fitting the curve o f  specific binding. Therefore, 

these analyses may fully characterize the nature o f GABA binding to MC 

membranes.

The ability o f a neuronal product to regulate MC function may be an important 

link between the immune and nervous system. There is evidence that neuronal products 

can regulate MC functions such as migration and mediator release (35-37). MC express 

the high affinity receptor for nerve growth factor (NGF), and NGF is a strong 

chemoattractant for peritoneal MC, inducing severe morphological changes and 

rearrangements o f F-actin (35,38). In the presence o f lysophosphatidylserine, NGF also 

stimulates serotonin release from MC (37).

Interestingly, peripheral BDZ receptor ligands have an anti-inflammatory effect 

on mouse models o f inflammation. BDZ derivatives inhibit prostaglandin E2 and IL-6 

production and leukocyte recruitment in a mouse air-pouch model o f local inflammation 

(39). PK11195 and Ro5-4864 inhibit mouse paw edema induced by IL-13 and IL-6 (40). 

Although Ro5-4864 (10*6 M) has no effect on histamine or serotonin release in either 

unstimulated PMC or those stimulated by compound 48/80 or substance P (13), MC 

activated by pro-inflammatory cytokines may be sensitive to Ro5-4864 inhibition in this 

paw edema model. GABA inhibition o f MC mediator release may similarly regulate 

inflammatory responses.

Therefore, this study opens new avenues for GABAa studies in non-neuronal 

cells. GABA inhibition o f MC mediator release may be mediated via GABAaR. 

Detailed characterization o f GABAaR subunit expression in MC and their ability to form 

a functional Cl' channel, capable o f  altering MC Cl' will prove valuable. Furthermore, it 

would be interesting to determine whether IFN-y upregulation o f GABAaR subunits 

alters GABAaR affinity for various ligands and effects receptor Cl' conductance. It may
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be that the GABA subunit promoters contain IFN-y response elements capable o f 

initiating transcription. This is the first study to show cytokine regulation o f the 

GABAaR. GABA may be another neurostransmitter capable o f  mediating the link 

between the nervous and immune systems.
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Table 4.1. Sequences o f  the oligodeoxyribonucleotide probes complementary to the 

GABAaR subunits used in the SI nuclease protection assay.

GABAAR subunit_______________________ Sequence (5’-3’)_________________

a - l  GGGGTCACCCCTGGCTAAGTTAGGGGTATA GCTGGTTGC 

a-2 AGATTCGGGGCGTAGTTGGCAACGGCTACAGCA

a-3 CTCAGCAGGACTGTCTTGCACATAAGTGGTCTTGGGGGAAGCAATCACTG

a-4 CAAGTCGCCAGGCACAGGACGTGCAGGAGG

a-5 CACAGCATTCCCAGTCCCGCCTGGAAGCTGCTCCTTTGGGA

P-1 ATGGCAACCATCAC AGG AAAAGAGAG AAGCCCCAAACTCTCTCG A

p-3 CTGAATTCCTGGTGTCACCAACGCTGCCTGCAACCTCATTCATTTCATTGTGAAC

y-1 GCAGTCTTC A A AGC A AC AG A AAA AGGTAGC ACAGTCTTTGCCCTCC AAGC

y-2 GTTCATTTGGATCGTTGCTGATCTGGGACGGAT

y-3 AG AGGGTGCTTA AGGCTT ATTCG ATC AGG A ATCC ATCTTGTTG A ATCTGG ATGT

P-actin CTGGTGGCGGGTGTGGACCGGGACGGAGGAGCTGCAA
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Figure 4.1. S 1 nuclease assay shows GABAaR mRNA is expressed by rat cultured 
mast cells (RCMC). Radiolabeled oligonucleotides complementary to GABAaR 
subunit mRNA were hybridized to RCMC total RNA and treated with SI nuclease (A 
and B). (C) RT-PCR analysis was used to confirm GABAAR aR  subunit expression in 
RCMC and peritoneal mast cells (PMC). Lane I, DNA ladder: lane 2, RCMC RNA 
(no RT); lane 3, RCMC cDNA: lane 4, PMC RNA (no RT); lane 5, PMC cDNA; lane 
6, rat brain RNA (no RT); lane 7, rat brain cDNA. (These are representative 
experiments of n=3).
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Figure 4.2. Peritoneal mast cells (PMC) and rat cultured mast cells (RCMC) express 
GABAaR a-1 subunit. Lanes were loaded with RCMC and PMC lysate from 2.0 x I O'1 
and 4.0 x 105 cells on a 10% polyacrylamide gel and blotted with anti-GABAvR a-l 
subunit mAb. The blots were treated with chemiluminescent reagent and exposed to film 
for 30 min. (This is a representative experiment of n=3).
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Figure 4.3. y -aminobutyric acid (GABA) has no effect on resting mast 
cell (3-hexosaminidase release. Peritoneal mast cells were isolated, 
placed in HTB and treated with different concentrations o f y - 
aminobutyric acid (GABA. 10 to 1000 |iM) in 10 min (minus 
spontaneous release. n=6).
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Figure 4.4. y -aminobutyric acid (GABA) has no effect on 48/80 stimulated 13- 
hexosaminidase release. Peritoneal mast cells were isolated and pretreated 
with GABA (10 to 1000 (iM) for 10 min. stimulated with 48/80 (0.75 |ig/mL) 
for 30 min and (3-hexosaminidase release was measured. (Values indicated are 
minus spontaneous release, n=5).
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Figure 4.5. y -aminobutyric acid (GABA) inhibits antigen-stimulated (3- 
hexosaminidase release. Peritoneal mast cells were isolated and pretreated 
with GABA (10 to 1000 ^iM) for 10 min. stimulated with antigen (10 
U/mL) for 30 min and (3-hexosiminidase release was measured. (Values 
indicated are minus spontaneous release. n=5). * values significant 
compared to untreated (PcO.OI).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

S h a m  IFN-y S ham  IFN-y

(3-3 Y-3 m

a - 3 Y-1 *

a -1 p - i

(3-2 a - 5 m

P-actin p-actin i f
1 -2

♦ .

a - 2

a*

a - 4 •  M
a - 4

Figure 4.6. IFN-y upregulates mRNA expression of several GABAaR 
subunits. Radiolabeled oligonucleotides complementary to GABAaR 
subunit mRNA were hybridized to rat cultured mast cell total RNA and 
treated with SI nuclease. (This is a representative experiment of n=3).
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Chapter 5

Expression and Functional Characterization o f  CFTR in Mast Cells'

1 Authors, M. Kulka, M. Gilchrist, M Duszyk and A.D. Befus. A version o f  this chapter 

was published in Journal o f Leukocyte Biology. 2002. I contributed to this work by 

carrying out every experiment and writing the manuscript.
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Introduction

The product o f the cystic fibrosis (CF) gene is the cystic fibrosis transmembrane 

conductance regulator (CFTR) which functions as a cAMP-regulated Cl' channel in the 

apical membrane o f secretory epithelial cells (1). While CFTR expression has been 

generally considered to be epithelial cell specific, evidence for CFTR expression and/or 

function has also been observed in other cell types, including lymphocytes, Sertoli cells, 

heart muscle cells, tracheal submucosal gland cells and hypothalmic neurons (2-6). 

Although Cl' transport has been generally implicated in the modulation o f membrane 

potential in several cell types, lymphocyte activation, CD8' T cell-mediated cytotoxicity 

and volume regulation, the physiological relevance o f CFTR expression in non-epithelial 

cells is poorly understood (3,7,8).

Cl' transport has also been implicated in mast cell (MC) activation and 

degranulation (9,10). Cations such as 1C and Ca2+ play a key role in many MC functions 

(11) and recent patch clamp and pharmacological studies have shown that Cl' 

conductance is an important component of MC activation and secretion (12-14). MC are 

important effector cells in inflammatory diseases such as asthma and allergy. Following 

antigen-mediated clustering o f IgE bound to the high affinity Fee receptor (FcsRI). MC 

release mediators such as histamine and arachidonic acid metabolites that cause 

immediate bronchial smooth muscle constriction, bronchial edema and mucus 

hypersecretion (15-18). Ion transport studies suggest that MC mediator release is a 

multiphasic process. Following activation, the influx of Ca2'  from both intracellular and 

extracellular sources leads to the activation o f  Ca2"-dependent enzymes and G-proteins 

initiating the fusion o f the granule membrane with the plasma membrane (13,19-23). 

This Ca2'  flux also activates Cl* channels that balance whole cell current and allow a 

sufficient increase in intracellular Ca2+ to initiate Ca2'-dependent events (12,24). 

Experiments using pharmacological blockers provide evidence that MC exocytosis 

(which ultimately results in release of histamine and other mediators) is dependent on 

channels that are Cl-selective (12). In fact, drugs that prevent MC secretion such as 

furosemide and cromolyn block Cl' channel activity (25).
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The identity o f  Cl' channels expressed in MC is poorly known. However, cAMP- 

activated Cl' conductances have been measured in rat MC suggesting the possible 

expression o f CFTR (24). In epithelial cells, CFTR is one o f  the major Cl' channels 

controlling Cl' flux across the apical membrane. We postulate that MC express CFTR 

mRNA and protein and that the function o f CFTR is important for MC activation and 

subsequent mediator release.

M aterials and M ethods

Materials and Reagents

The pharmacological reagents used in these experiments were: 4,4’- 

diisothiocyano-2,2’-stilbenedisulphonate (DIDS; Sigma D-3514), diphenyIamine-2- 

carboxylate (DPC; ICN 193703), 8-bromo-cAMP (Sigma), 8-(4-chlorophenyIthio)-cAMP 

(CPT-cAMP; Sigma) and forskolin (Sigma). DIDS blocks Cl' channels and Cl' 

transporters by modifying amino groups, but does not affect CFTR Cl' transport (26,27). 

DPC blocks Cl' flux via CFTR and the G '/H C 03 co-transporter by binding to the channel 

pore (28).

Rats and PMC Isolation

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, Quebec, 

Canada) were housed in a pathogen-free, viral antibody-free facility. For MC 

sensitization, rats were infected with 3000 Nippostrongylus brasiliensis as previously 

described (29). Peritoneal mast cells (PMC) were isolated from sensitized rats > 4 weeks 

after infection. Rats were sacrificed by cervical dislocation under anesthesia and PMC 

were isolated by the following procedure: 20 mL o f ice-cold Hepes Tyrode’s buffer 

(HTB) was injected into the peritoneal cavity and massaged gently for 30 s; the 

peritoneum was opened and the buffer collected with a transfer pipette and kept on ice or 

at 4°C for subsequent procedures. Following centrifugation at 200 g the cell pellet was 

resuspended in 5 mL o f  fresh HTB and layered on top o f  a 30%/80% Percoll gradient.
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The gradient was centrifuged at 500 g for 20 min and the highly enriched MC were 

collected from the pellet (30). PMC were >98% pure and >96% viable.

Worm antigen used to stimulate PMC was prepared as follows: rats were infected 

with 6000 Nippostrongylus brasiliensis as previously described (29). Two weeks after 

infection, rats were sacrificed by cervical dislocation under anesthesia and adult worms 

were isolated from the small intestines. Adult worms were incubated in HTB at 1000 

worm equivalents (WE)/mL for 24 hr at 37°C. Supernatants were isolated and stored at - 

20 °C.

Cell Culture

The rat MC line, RCMC 1.11.2 (kindly provided by A. Froese, Winnipeg, 

Manitoba), was established from Wistar-ICI rats (31) and cultured in a humidified 

atmosphere o f 5% C 0 2 in air at 37°C. RCMC were placed in RPMI 1640 medium 

containing 5% FBS (Gibco BRL), 100 U/mL penicillin, 100 pg/mL streptomycin and 10 

mM Hepes. The human lung carcinoma epithelial A549 and human lung edenocarcinoma 

CALU-3 cell lines were grown in DMEM supplemented with 10% FBS, 100 U/mL 

penicillin and 100 pg/mL streptomycin and incubated in the same conditions as above.

Stimulation and fi-hexosaminidase assay

PMC were either pre-treated with ion channel inhibitors for 5 min or untreated. 

The ion channel inhibitors used were DIDS (20 pM or 80pM) and DPC (0.5 mM or 1.0 

mM) in HTB. DIDS is an irreversible inhibitor of anion channels, including CL channels 

(26,27). DPC is a reversible inhibitor o f both CFTR and a bicarbonate exchanger. PMC 

were resuspended in several different buffers: complete buffer (containing 140 mM NaCl, 

4.3 mM Na2PO4'2H20, 1.2 mM K2P 0 4, 1.2 mM MgCl2, 5 mM KC1, 0.5 mM CaCl2, 1 mM 

EGTA, 4 mM glucose, 0.1% BSA), chloride-reduced buffer (11.4 mM NaCl, 127 mM 

NaGluconate, 4.3 mM Na2PO4 2H20 , 1.2 mM K2P04, 1.2 mM MgCl2, 5 mM KC1, 0.5 mM 

CaCl2, 1 mM EGTA, 4 mM glucose, 0.1% BSA), bromide-enhanced buffer (11.4 mM 

NaCl, 127 mM NaBr, 4.3 mM Na2PO42H20, 1.2 mM K2P 0 4, 1.2 mM MgCl2, 5 mM KC1, 

0.5 mM CaCl2, 1 mM EGTA, 4 mM glucose, 0.1% BSA) and iodide-enhanced buffer
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(11.4 mM NaCl, 127 mM Nal, 4.3 mM Na2PO42H20, 1.2 mM K2P 0 4, 1.2 mM MgCl2, 5 

mM KC1, 0.5 mM CaCI2, 1 mM EGTA, 4 mM glucose, 0.1% BSA). The PMC were 

stimulated with either 48/80 or 10 worm equivalents (WE) of Nippostrongylus 

brasiliensis worm antigen for 10 min at 37°C (32). PMC were pelleted at 200g and the 

supernatant was removed. Pellet and supernatant samples were assayed for p- 

hexosaminidase (P-hex) by hydrolysis o f the fluorescent substrate 4-methylumbelliferyl 

jV-acetyl-P-D-glucosaminide (Sigma M-2133). One unit o f enzyme cleaves 1 pmol of 

substrate/hr at 37°C (30). Pellet and supernatant samples (50 pL) were added in duplicate 

wells in a microtitre plate followed by 1 mM substrate (50 pL) and the mixture was 

incubated at 37°C for 2 hr. The reaction was terminated by the addition o f  100 pL o f 0.2 

M Tris base and the optical density was read at 450 nm (excitation 356 nm). The OD450lim 

for blank wells, containing only substrate and Tris base, was automatically subtracted 

from the sample OD450nm and the percentage P-hex release was calculated by the formula:

OD450lim o f substrate samples X 100 = % release

OD450nni of pellet samples + OD4S0nm o f supernatant samples

The spontaneous release (in HTB) was subtracted from all samples to give % specific 

release.

Reverse Transcripase-Polymerase Chain Reaction (RT-PCR), Cloning and Sequence 

Analysis

RNA was extracted from PMC and RCMC using the modified Chomczynski and 

Sacchi method (33). Briefly, 106 to 107 cells were homogenized with solution D (4 M 

guanidinium thiocyanate, 0.5% sodium n-laurylsarcosine, 1 M sodium citrate and 0.1 mM 

2-mercaptoethanol). To the homogenate, 2 M NaOAc, water saturated phenol and 

chloroform-isoamyl alcohol was added. The aqueous phase was removed and treated 

with solution D once again. The RNA was precipitated with absolute ethanol and washed 

with 70% ethanol and air-dried. The RNA obtained from PMC was treated with 1 U/mL
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of heparinase for 2 hr at room temperature to remove contaminating heparin because high 

heparin concentrations markedly decrease the efficiency o f  the RT-PCR procedure (34).

Genomic DNA was digested by incubating 10 pg of total RNA with 5 U of 

DNAse (amplification grade; GIBCO BRL), 10X DNAse buffer (GIBCO BRL) 10 U o f 

RNAse inhibitor (GIBCO BRL) and RNAse-ffee H20  for 15 min at room temperature. 

After 15 min incubation, 25 mM EDTA was added and the sample was heated at 65°C for 

20 min to inactivate the enzyme.

Treated RNA (1 pg) was incubated with 0.5 pg  oligo(dT) at 70°C for 10 min in a 

thermocycler. A reverse transcriptase master mix was added to the RNA. The master 

mix contained First Strand Buffer (50 mM Tris-HCl, 75 mM K.C1, 3 mM MgCU, pH 8.3, 

Gibco/BRL), 10 mM DTT, 10 mM of each dNTP, Sigma sterile water and 200 U M- 

MLV RT enzyme (Gibco/BRL). This mixture was incubated at 37°C for 1 hr, then 70°C 

for 10 min.

The polymerase chain reaction master mix contained IX PCR buffer (20 mM 

Tris-Cl, 50 mM KC1, pH 8.4, Gibco/BRL), 0.8 mM dNTP mix, 20 pM  antisense CFTR 

primer (5’ GGT GTC CTA TTC ACC TCA AGT TCT CTG 3’) which binds bp 901-927 

of the Rail us norvegicus CFTR gene (NCBI accession # X95927.1), 20 pM  of sense 

CFTR primer (5’ CTC TGT AGA CCA TAC TGG CCT TGA AC 3’) which binds bp 

618-643 o f the Rattus norvegicus CFTR gene, 1.5 mM MgCU (Gibco/BRL), sterile 

Sigma water, 2 pL o f cDNA and 2.5 units o f Taq DNA Polymerase (Gibco/BRL). The 

mixture was amplified at an annealing temperature o f  56°C for 35 cycles. The product 

was analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining. 

The conditions o f  use for the primers specific tor CFTR were optimized using rat lung 

RNA.

The 309 bp CFTR PCR product was cloned into the pCR 2.1® (Invitrogen, 

Carlsbad, Ca, USA) vector using T4 DNA ligase and then used to transform "super 

competent" E.coli cells. The E.coli cells were grown for 3 d, the DNA was isolated using 

a Promega isolation kit and the plasmid was sequenced on the ABI PRISM sequencer 

model 2.1.1 and analyzed by BLAST (35). The sequence obtained was 92% homologous
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to the CFTR gene. The remaining 8% was due to an inability o f the sequencer to 

determine the nucleic acid in the selected position.

Flow Cytometry

Single cell suspensions o f 105 cells were fixed with 5% formalin for 5 min. The 

fixation reaction was stopped by adding PBS/1% BSA. Whenever antibodies that 

recognized an intracellular portion o f  the CFTR protein (C-terminus or R domain) were 

used, cells were permeabilized and blocked with PBS/0.1% saponin/5% dried milk for 24 

hr at 4°C. Otherwise, cells were blocked with PBS/5% dried milk for 24 hr at 4°C. 

Blocked cells were incubated with primary mAb (mouse anti-CFTR C-terminus, 

Genzyme, 2503-01; mouse monoclonal anti-CFTR extracellular domain, Affinity 

Bioreagents, MAI-935; or mouse monoclonal anti-CFTR R domain, Genzyme, 1660-01) 

for 1 hr in either PBS/0.1% saponin/5% dried milk or PBS/5% dried milk. Cells were 

washed twice with either PBS/0.1%/5% dried milk or PBS/5% dried milk and incubated 

with the appropriate secondary antibody (rabbit anti-mouse IgG:FITC, Serotec, STAR 38 

or goat anti-mouse IgMrFITC, Biosource AM14708) for an additional hr. The isotypes 

antibody used for comparison was purified mouse IgG, K-isotype standard (anti-TNP) 

(Serotec, catalogue # 0300ID) and mouse IgM isotype control anti-TNP (Pharmingen 

0308 ID).

Western Immunoblotting and Immunocytochemistry

RCMC, PMC or CALU-3 cells were isolated, washed with PBS and 1 x 106 cells 

were lysed with 2X sample buffer (0.5 mL 1M Tris-Cl, 1 mL DTT, 2 mL 10% SDS, 1 

mL glycerol, 0.5 mL 0.12 % bromophenol blue) supplemented with 2% p- 

mercaptomethanol.

Before staining with Ab, 30-40 pg o f whole cell extracts were separated by 8% 

SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were 

blocked with 5% milk in TBS-Tween for 24 hr at room temperature and then stained with 

primary antibodies, anti-CFTR (R domain, Genzyme, 1660-01) and isotype control 

purified mouse IgG, K-isotype standard (anti-TNP; Serotec, 0300ID) for 1 hr at room
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temperature. The membranes were washed with TBS-Tween 3X and then stained with 

the secondary antibody for 1 hr. The secondary antibody was sheep anti-mouse IgG 

conjugated to HRP (Amersham Life Science, catalogue # NA 9310).

The nitrocellulose membranes were developed with chemiluminescence reagent 

(NEN Life Technologies, catalogue # NEL 101) for 1 min and placed into an 

autoradiography cassette containing high performance chemiluminescence film 

(Amersham Life Science, catalogue # RPN2103H). The film was exposed for 30 min.

Immunocytochemistry was performed on cytospins o f RCMC cells according to 

instructions o f commercial kit (Vectastain ABC kit PK-6200) as follows. Fifty pL 

aliquots of RCMC and PMC (1 x 106 cells/mL) cell suspension were cytospun onto 

slides. Slides were air dried and then stained with primary Ab (extracellular domain 

specific mAb) and isotype (mouse IgM) in PBS for 45 min in humidified atmosphere at 

room temperature. Slides were washed with PBS for 5 min. Biotinylated Ab solution 

from the commercial kit was added for 30 min. Slides were once again washed for 5 min 

in PBS. Developing reagent was added for 30 min and washed away for 5 min. 

Chromagen was added for 5 min or until color developed. Slides were washed again and 

fixed with ethanol, cleaned in xylene and mounted with Permount (Sigma). Images were 

photographed using a phase contrast microscope at 625 X magnification.

3 6 d  Efflux Assay

To determine Cl' secretion attributable to CFTR, a 36C1 efflux assay was used (36). 

This assay is based on the principle that CFTR Cl' secretion is activated by cyclic AMP. 

This assay requires repeated washing of cells and measurement of 36C1 present in the 

medium before and after addition o f a cAMP analogue.

RCMC were seeded at 70-95% confluence in a 25 cm2 flask and washed 3X with 

Ringer’s solution (H C 03\  phosphate-buffered 109 mM NaCl Ringer’s solution 

supplemented with 28 mM lactate). Thirty pL o f 36C1' solution (sodium salt from ICN; 1 

pCi/pL; 1 mCi=37 kBq) were diluted in 5 mL o f Ringer’s solution and added to the flask 

containing the cells. The flask was incubated for 2 to 3 hr in at 37°C. All assays were 

performed at 37°C. At time 0, the flask was washed with Ringer’s solution. A fresh 2
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mL aliquot o f Ringer’s solution was added immediately to the flask and the measurement 

of Cl' efflux rate was started. This process was repeated every 15 sec for 1 min, when 

Ringer’s solution with forskolin (2.5 pM), 8-bromo-cAMP (250 pM), and 8-(4- 

chlorophenylthio)-cAMP (CPT-cAMP; 250 pM) was added, incubated with the cells for 

15 sec and removed. These compounds were not added again for the remaining 4 min of 

the efflux run. At the end o f the run, 50 mM NaOH was added to lyse the cells and to 

determine the radioactive counts remaining in the cells. Each sample was diluted in 

scintillation cocktail and its radioactivity was measured in a scintillation counter. The 

fraction o f intracellular 36C1 remaining in the cells during each time point was calculated 

and the time-dependent rates o f 36C1 efflux were calculated as ln(36C lt=,/36Cl,,2)/(t,-t2), 

where 36C1 is the percent intracellular Cl at time t and t, and t2 are successive time points. 

(37).

Statistical Analysis

One way analysis o f variance (ANOVA) was performed on all P-hex and 36Cl 

efflux data assuming P<0.01 unless otherwise stated.

Results

Mast cells express message and protein for CFTR

To determine whether MC expressed CFTR, specific primers were designed for 

rat CFTR and reverse transcriptase-polymerase chain reaction (RT-PCR) was used to 

screen two MC populations for CFTR expression. Fig 1 shows that cDNA preparations 

made from RCMC, in v/vo-derived PMC and rat lung total RNA contain CFTR mRNA. 

The 309 bp PCR product represents the fragment size expected from the published rat 

cDNA sequence (NCBI accession number X95927.1). RCMC and PMC total RNA 

preparations (without RT) do not show any amplification, indicating that the primers are 

specifically amplifying CFTR mRNA not contaminating genomic DNA. PCR 

amplification was also performed using primers specific for P-actin to ensure cDNA
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quality. RCMC, PMC and lung cDNA express the 560 bp P-actin product and, as 

expected, RCMC, PMC and lung RNA (without RT) do not.

To ensure that the CFTR primers were specifically amplifying CFTR cDNA, 

PCR products from different RNA preparations were amplified using CFTR primers and 

inserted into a pCR vectors and cloned in E.coli. Sequencing showed that the PCR 

products had 100% homology to region 763-927 o f the Ratlus norvegicus CFTR gene 

(Fig 2).

To determine the presence o f  CFTR protein in rat MC, a mouse monoclonal anti- 

CFTR C-terminus, a mouse monoclonal anti-CFTR extracellular domain and a mouse 

monoclonal anti-CFTR R domain antibody was used in flow cytometry to screen RCMC 

and PMC for CFTR expression. To ensure that these antibodies recognized native CFTR 

protein, CALU-3 submucosal airway epithelial cells, which express large amounts o f 

CFTR protein, were used as a positive control and A549 lung epithelial cells, which do 

not express CFTR protein, were used as a negative control. As expected, CALU-3 cells 

were positive for CFTR protein expression using antibodies recognizing the C-terminus 

and extracellular domain, while A549 cells were negative (Fig 3). RCMC and PMC were 

also positive for CFTR expression using the C-terminus and extracellular domain 

antibodies since the anti-CFTR antibody shows a shift in expression from the isotype 

control antibodies (Fig 3). The antibody to the C terminus o f CFTR used in this 

experiment has been used by others to demonstrate that cAMP induces the recruitment of 

CFTR from cytoplasmic pools to the apical plasma membrane [39,40]. The protocol in 

this study involved permeabilization o f the MC before immunostaining. Thus, the C- 

terminus antibody is capable of detecting intracellular as well as surface expression of 

CFTR. However, the antibody recognizing the R-domain did not show a shift even in the 

CALU-3 cells, suggesting that in the flow assay this antibody does not recognize native 

CFTR protein. Since previous studies have shown that the R-domain antibody can 

recognize CFTR in western immunoblotting, we extracted cell lysates from PMC, RCMC 

and CALU-3, resolved them by SDS-PAGE and immunoblotted using this antibody. 

Western immunoblotting indicates that RCMC, PMC and CALU-3 express a CFTR 

protein o f  approximately 170 kDa as expected (Fig 4).
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Immunocytochemistry was also performed to determine the localization o f  CFTR 

protein expression in RCMC and PMC using the mAB specific for the extracellular 

domain o f CFTR. Fig 5 shows that CFTR protein expression is indeed localized to the 

periphery o f the mast cell (Fig 5A) with strongest staining at the cell membrane. Greater 

than 90% of the cells observed were positive for CFTR expression. RCMC stained with 

isotype control antibody (IgM) show very little staining (Fig 5B). PMC likewise stained 

with anti-CFTR (extracellular domain) mAb also show staining although it is not 

localized to the periphery but rather scattered throughout the cell in small pockets (Fig 

5C). More than 90% o f the cells observed were positive for CFTR expression. The 

isotype control for PMC was negative (Fig 5D).

Elevated cAMP Levels Induce Cl' Secretion in MC

To assess the Cl' channel function o f CFTR in MC, paired 36C1' efflux assays with 

and without a membrane-permeable cAMP agonist mixture (2.5 pM  forskolin, 250 pM 8- 

bromo-cAMP, and 250 pM  CPT-cAMP) were performed in RCMC according to the 

procedure adapted from Schwiebert et al., 1998 (36). Results indicated that, similar to 

CALU-3 cells (which express wild-type CFTR), RCMC show a recognizable C1‘ flux 

when cAMP agonists were added (1 min; Fig 6). The cAMP-dependent Cl' flux is 

sensitive to DPC (Fig 6A) since the addition of DPC to the agonist mixture reduced the 

Cl' flux by 50%. The A549 epithelial cell line does not express CFTR and does not show 

an increased Cl' flux after addition o f cAMP analogs above basal rates. These findings 

indicate that the RCMC CFTR protein is a functioning Cl' channel since the cells display 

a DPC-sensitive, cAMP-dependent Cl' current.

Release of P-Hex from Mast Cells is CFTR and chloride channel dependent 

Ion Selectivity

CFTR has a characteristic ion permeability (Br>Cl>I), which can be used to 

distinguish it from other Cl' channels. We postulated that if  CFTR regulated mediator 

release from PMC, the ion content o f the buffer would also be important in mediator 

release. The ability o f PMC to release granule-associated p-hex in buffers containing Cl',
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Br' and I' ions was measured (Fig 7) following stimulation with either 48/80 (0.75 

pg/mL) or antigen (10 WE). Under physiological conditions (140 mM NaCl), PMC 

stimulated with Ag released 9.9 + 0.9 % o f their stored p-hex (minus spontaneous release 

3.5 + 0.1%). This value was considered to be 100% release in these experiments and all 

subsequent values were calculated as a percentage of this (Fig 7A). PMC stimulated with 

Ag in buffer containing NaGluconate (127 mM) or Nal (127 mM) released considerably 

less p-hex (42.4 + 9.7 % and 20.7 + 2.1 % o f maximum respectively), whereas PMC in 

NaBr (127 mM) buffer released almost maximum levels o f P-hex (81.3 + 8.6 %) 

suggesting that both Br and Cl' ions can facilitate maximum PMC release and that the 

presence of gluconate or I' ions cannot compensate for their absence.

Fig 7B shows that in the presence o f a physiological concentration o f  Cl' ions 

(140 mM), PMC stimulated with 48/80 released a substantial amount o f  P-hex (58.4 + 3.7 

% o f amount stored in cell) which represents maximum release possible in these 

experiments and subsequent values were calculated in relation to this maximum release. 

PMC stimulated with 48/80 in buffer containing NaGluconate (127 mM) or Nal (127 

mM) released considerably less p-hex (30.6 + 4.5 % and 11.9 + 12.1 % respectively), 

whereas PMC suspended in NaBr (127 mM) buffer were unaffected, releasing almost the 

same amount o f p-hex (85.1 +2.1 %) as cells in physiological NaCl buffer. These data 

suggest that in the absence o f Cl' or Br' ions there is a significant decrease in PMC 

mediator release and that the presence of I' ions cannot compensate. Gluconate is a large 

negatively charged molecule that has been postulated to compensate for Cl* ions in some 

assays yet, gluconate does not restore PMC p-hex release. Since P-hex release is 

dependent on Br' or Cl' but not on I', this supports the contention that CFTR-specific Cl' 

ion transport is important in PMC mediator release when stimulated with 48/80 or Ag.

Mast cell mediator release in the presence of the chloride channel inhibitor DIDS, 

DPC and glibenclamide

To determine if  CFTR-specific Cl' transport is important for MC mediator release, 

we used pharmacological inhibitors o f  different ion channels to determine the importance 

o f ion flux and particular channels in P-hex release by PMC. Whereas RCMC contain
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few granules and are not activated by conventional MC stimuli such as antigen (data not 

shown), PMC are readily activated by both antigen (Ag) and 48/80 (a potent activator of 

G-proteins). PMC were pretreated with the Cl' channel inhibitor DIDS and the CFTR 

channel inhibitors DPC and glibenclamide for 5 min before activation by either 48/80 

(0.75 pg/mL) or antigen (10 worm equivalents/mL). Thirty min after activation, P-hex 

release was measured (Fig 8, 9 and 10). DPC, DIDS and glibenclamide alone had no 

effect on spontaneous P-hex release from PMC. DIDS, a Cl' channel inhibitor, dose 

dependently inhibited antigen-stimulated and 48/80 stimulated PMC P-hex release (Fig 8, 

A and B). The lowest concentration o f DIDS (10 pM) inhibited 38 + 13.2% o f antigen- 

stimulated P-hex release, whereas the highest concentration o f  DIDS (800 pM) inhibited 

138 + 0.1%, making the IC50 (concentration that inhibits release by 50%) o f antigen- 

stimulated P-hex release between 20-40 pM (Fig 8A). The lowest concentration o f  DIDS 

that significantly inhibited 48/80-stimulated p-hex release was 40 pM (inhibited release 

by 39 + 17.2%; Fig 8B). Thus, the IC50 o f 48/80-stimulated PMC was between 80-100 

pM, which is higher than the IC50 o f antigen-stimulated PMC. This difference in IC50 

between antigen- and 48/80-stimulated PMC may reflect the potencies and differing 

mechanisms o f activation o f the two stimuli.

DPC, a more specific inhibitor o f CFTR Cl' channels, decreased antigen- 

stimulated PMC p-hex release by 31 + 6.7% (1 pM; Fig 7A) but had little effect on 48/80 

stimulated release (Fig 9B). The IC50 o f antigen-stimulated p-hex release was between

0.1-0.5 mM DPC.

Glibenclamide, a sulfonylureal used in the treatment o f  ischemia, has previously 

been shown to block epithelial CFTR channels (38). In patch clamp experiments, 

glibenclamide inhibits CFTR Cl' current with an IC50 o f 22-38 pM with 100 pM 

glibenclamide causing nearly complete inhibition (39). Thus, P-hex release was 

measured from PMC treated with glibenclamide (5 min) and activated with either 48/80 

or Ag (Fig 10). Glibenclamide (3, 30 and 300 pM) had no effect on 48/80- or antigen- 

stimulated PMC p-hex release (Fig 10A). The differences in sample means are not 

significant as tested by ANOVA (P=0.202 with F=1.69).
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Discussion

Cl' channels regulate cell volume, membrane potential, pH and osmolarity and can 

be classified according to their mechanism of activation. Cl' channels are involved in 

degranulation o f rat mucosal MC by maintaining MC resting membrane potential, 

counteracting the depolarization of the cell during degranulation and maintaining the 

driving force for Ca2' entry (24,40). Because Cl' channels in MC are poorly understood, 

our aim was to characterize and determine the role o f  CFTR, a complex Cl' channel, in 

the release o f MC mediators.

This study found that CFTR mRNA and protein is expressed in both in vivo- 

derived and cultured rat MC. PCR shows that PMC and RCMC express mRNA for 

CFTR and that this amplification product is, in fact, from the rat CFTR gene. Flow 

cytometry data, western blot analysis and immunostaining shows that as many as 80% o f 

RCMC and PMC are positive for CFTR, which is similar in intensity to the CALU-3 

epithelial cell line.

Our data also show that MC stimulated with membrane permeable analogues o f 

cAMP can induce Cl' secretion resulting in a net efflux o f 36C1. This data coincides with 

previous observations in MC, which found that internally applied cAMP induces a Cl' 

current within 10-30 sec o f activation (41,42). Despite its structural similarity to 

members o f the ATP binding cassette family, CFTR is a Cl channel (43,44) whose 

activity is under complex regulation by phosphorylation, nitric oxide and cytoplasmic 

ATP (3,43,45,46). In all cells in which CFTR is expressed, it is regulated by cAMP- 

dependent phosphorylation (1,47,48). CFTR-dependent Cl' current is controlled by 

cAMP-dependent internal messengers which phosphorylate serine residues on the 

regulatory (R) domain o f  the CFTR molecule and cause a conformational change 

allowing the CP channel to be opened (49). Elevated cAMP levels can also induce the 

activation o f other ion channels such as cAMP-sensitive K+ channels capable o f 

hyperpolarizing the membrane and allowing for Cl' flux through open Cl' channels. Our 

data shows that elevation o f intracellular [cAMP] in MC activates a net outward Cl' flux
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which is partly inhibited by DPC. This supports the hypothesis that MC express a 

functional CFTR, capable o f conducting Cl' ions.

Although our data clearly shows that MC express a CFTR Cl* channel, the role of 

CFTR in MC function is less clear. Pharmacologic inhibition o f Cl* channels and ion 

replacement studies are often the best tools available to study the importance o f particular 

ions in cell functions and in this study these methods indicate that Cl' and Cl' channels are 

important in MC P-hex release. PMC stimulated with 48/80 (0.75 pg/mL) in the 

presence o f  low [Cl ] (16 mM) released less p-hex then in the presence o f  physiological 

levels o f  Cl' (140 mM) suggesting that Cl' ion exchange is important for 48/80 stimulated 

secretion. A previous report concluded that MC exocytosis was not dependent upon 

activation o f  Cl' current by 48/80 (50). However, in that study, MC were activated with a 

high concentration o f 48/80 (10 pg/mL) and the investigators suggested that Cl' current 

may enhance secretion at suboptimal stimulation (50). In our study, we used a lower 

concentration o f 48/80 (0.75 pg/mL) and at this dosage, our results suggest that PMC 

mediator release is Cl' ion dependent.

The CFTR Cl' channel displays ion selectivity and permeability such that 

substitution o f  Br' or I' for Cl' in the buffer o f a patch clamp system can alter the current 

through the channel. Normally, in the wild type CFTR channel, the sequence o f anion 

permeability through the channel pore is Br>Cl>I and is strongly regulated by a 

"selectivity filter” close to the cytoplasmic end of the pore (51). In an experimental 

system where Br' not I' ions can partially substitute for Cl', the presence o f a functional 

CFTR channel is suspected. PMC stimulated with 48/80 or antigen in a buffer containing 

Br' instead o f  Cl' ions released 85.1% of maximum P-hex, whereas PMC stimulated in a 

buffer containing I' ions released 11.9% of maximum p-hex, suggesting a Br>I 

selectivity. Based on this selectivity, a CFTR-dependent ion flux is suspected to be 

present during MC P-hex release.

The presence of a functional CFTR channel is further characterized by its 

sensitivity to a variety of pharmacologic inhibitors known to block CFTR function. 

CFTR Cl' channel activity (as measured by patch clamp) in epithelial cells can be blocked 

with DPC and glibenclamide, but not with the broad anion exchanger inhibitor DIDS
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(52). In our study, DPC blocked P-hex release from PMC stimulated with antigen but 

the effect o f glibenclamide is more difficult to interpret. Glibenclamide did not block P- 

hex release from PMC stimulated with antigen or 48/80. Glibenclamide’s inability to 

effectively block degranulation may be a reflection o f (1) 48/80 and antigen have 

different mechanisms of activation and (2) glibenclamide is also an inhibitor o f Ca2+- 

activated Cl* channels and ATP-activated K+ channels, the blockade of which may modify 

Cl' currents (53).

The broad range inhibitor o f several ion channels, DIDS, also reduced the release 

o f  p-hex from 48/80-stimulated PMC indicating that the role o f  Cl' channels (and other 

ion channels in general) other than CFTR in mediator release should not be ruled out. In 

fact. CFTR can directly regulate ion flux through DIDS-sensitive channels and blocking 

these channels would affect CFTR’s ability to affect the flow o f ions across the plasma 

membrane (54).

Ag-stimulated and 48/80-stimulated mast cells appear to be differentially sensitive 

to the ion inhibitors. Ag activates PMC through the Fcs receptor (55), whereas 48/80 is a 

cation which complexes with the negatively charged sialic acid residues in the cell 

membrane and non-specifically activates phospholipase C (56). Thus, the difference in 

sensitivity to DPC, DIDS and glibenclamide o f antigen- and 48/80-stimulated PMC is a 

reflection o f the different modes o f stimuli. Yet, the IC50 o f DIDS treated PMC 

stimulated with 48/80 is ten times higher than the IC50 of DIDS treated PMC stimulated 

with antigen. Therefore, 48/80 stimulation o f PMC might be less dependent upon DIDS- 

sensitive Cl' flux. DPC inhibits antigen-stimulated but not 48/80-stimulated p-hex which 

suggests that C l' flux via CFTR might be more important at suboptimal stimulation which 

occurs via antigen-IgE-Fcs receptor complexes. The role o f other DIDS-sensitive 

channels in p-hex release is possible. Both DIDS and DPC can block the Cl'/HCO,' 

exchanger, which is an alkalinizing mechanism responsible for maintaining internal pH in 

MC. DIDS inhibition of the C1'/HC03' exchanger would alter intracellular pH and 

indirectly inhibit CFTR-dependent ion flux (9,52).
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Proposed Model for Cl' flux in mast cells

MC resting membrane potential is regulated by two types o f ion channels: an 

inwardly rectifying 1C current and an outwardly rectifying Cl' current (57). Upon 

stimulation by antigen, a small increase in membrane conductance occurs and causes an 

influx o f extracellular Ca2\  Ca2+ entry is driven by a hyperpolarized membrane. 

However, the resting potential o f rat PMC is unstable as measured in the permeabilized 

patch configuration and an inward Ca2'  current would easily depolarize the cell. It has 

been proposed that Cl' channels open and clamp the membrane potential at the 

electromotive force o f Cl' ions (Ea ) (20), allowing for Ca2+ influx driven by a 

hyperpolarized membrane.

In electrophysiological studies (14), an outward membrane current (corresponding 

to the influx o f Cl ) is observed in rat PMC when they are stimulated with substance P or 

compound 48/80. These studies demonstrate the existence o f hyperpolarization resulting 

from Cl' influx into the cell, which creates a driving force to facilitate the entry o f Ca2* 

required to initiate histamine secretion. When rat MC are stimulated with antigen, there is 

a large increase in the rate o f  Cl' uptake into the cell consistent with the hypothesis that 

overall Cl' influx is important for MC exocytosis (24). The putative Cl' channel blocker 

DIDS dose-dependently inhibits the antigen-stimulated histamine secretion but does not 

inhibit the antigen-stimulated increase o f Cl' uptake. These results indicate that initial 

rises in [Cl]; might be mediated by channels other than DIDS-sensitive Cl' channels, such 

as a co-transporter or CFTR. The Na/K/2Cl-cotransporter inhibitor, furosemide, 

abolishes the increased antigen-induced Cl’ uptake but does not affect antigen-induced 

histamine release (58). Our studies show that CFTR is likely the DIDS-insensitive Cl' 

channel that is important in this first step o f MC exocytosis.

One o f the major symptoms o f CF is massive inflammation in the lung. The 

mechanism o f this inflammation is unexplained, although the absence o f  functional 

CFTR protein is thought to play a role. Traditionally, the CFTR mutation has been 

thought to be most influential in disrupting epithelial cell function. P. aeruginosa is the 

most common infection found in lungs of CF patients and aberrant CFTR function 

correlates with increased levels o f apical asioloGMl, asialylated glycolipids that function
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as P. aeruginosa receptors (59). However, CFTR might also be an important regulator o f 

non-epitheliai cell function particulary in cells involved in immunity. CD4+ T 

lymphocytes expressing mutant CFTR and stimulated with concanavalin A secrete 45% 

less IL-10 compared to T lymphocytes from healthy controls (60). Recruitment of 

neutrophils to sites o f  infection in CF patients is upregulated yet ineffective at clearing 

bacterial infection (61,62). Opsonic quality o f naturally occuring antibodies to P. 

aeruginosa is markedly decreased in chronically infected CF patients (63). PMC 

pretreated with P. aeruginosa isolates from patients with CF show a decrease in release of 

histamine when stimulated with A23187 by at least 47% (64). This would suggest that 

bacterial infections can regulate mast cell secretion. In fact, mast cells secrete histamine, 

P-hexosaminidase and serotonin in response to gram negative rods (65,66), a process that 

may be lacking in patients with CF.

Furthermore, there is evidence that CF cells may be less sensitive to mast ceil 

mediators. For example, tracheal gland cells isolated from cystic fibrosis patients show a 

smaller peak in [Ca2+], in response to histamine than tracheal gland cells from normal 

subjects (67). Therefore, mast cell function as well as responses to mast cell regulation 

o f innate immune responses may be fundamentally altered in CF. This report offers 

insight into mechanisms regulating MC exocytosis and suggests that epithelial cells may 

not be the only cell type responsible for the CFTR defective phenotype seen in many CF 

patients and CFTR knockout mice.
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Fig. 5.1. RT-PCR showing CFTR mRNA expression by RCMC. PMC and rat lung cells. 
RCMC. PMC and lung RNA was reverse transcribed into cDNA. Subsequent cDNA 
samples were PCR amplified through 35 cycles using CFTR specific primers (lane 2-4 
from left). PCR amplification was also conducted on RCMC, PMC and rat lung RNA 
preparations (without reverse transcription) to control for possible genomic contamination 
(lanes 5 and 6). RCMC, PMC and lung cDNAs show the expected band of 309 bp 
representing CFTR but RCMC, PMC and rat lung RNA that has also undergone PCR 
amplification does not contain the CFTR product. (3-actin amplification (35 cycles) of the 
same RCMC, PMC and lung samples is also shown as a control for RNA quality. RCMC, 
PMC and rat lung cDNAs contain the expected 560 bp product (lanes 9-11) while the 
RNA controls do not (lanes 12 and 13). Lanes 1,6, 7 and 14 contain a 1 kb marker for 
comparison). These results are representative of experiments on 10 separate RNA 
preparations.
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PCR 1 5 5  ATTTACACTT 3CTTTGGCAC AGCAGGGTTG AGTTATTTAA GTATTGTCTC TTTATAGCCC 1 0 5

rCFTP. 7 5  3 ATTTACACTT GCTTTGGCAC AGCAGGGTTT AGTTATTTAA GTATTGTCTC TTTATAGCCC 5 2 2

PCR 1 0 5  AGCAGGGTTT TGTGTTAGAC ACACATTTCT CACACCAAAA GCTGGGAAGG AAGGCCCACA 46

rCFTF. 3 2 3  AGCAGGGTTT TGTGTTAGAC ACACATTTCT CACACCAAAA GCTGGGAAGG AAGGCCCACA 5 5 2

PCR 4 5  GCCTGGGGAA CTTTCTC TC A  GAGAACTTGA GGTGAATAGG ACACC 1

rC FT R  3 5 3  GCCTGGGGAA C TTTCTCTCA GAGAACTTGA GGTGAATAGG ACACC ) 2 7

Fig. 5.2. Comparison o f PCR amplification product (PCR: 1-165) with the 
published sequence of the rat CFTR gene sequence (rCFTR: 763-927). The 
comparison shows 100% homology to the rat CFTR gene. Three PCR 
products from independent preparations of RNA were cloned and sequenced 
by the ABI PRISM sequencer model 2.1.1 and analyzed by BLAST.
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Fig. 5.3. R ow  cytom etry showing expression of CFTR on RCM C (first row). PMC (second row). 
CALU-3 epithelial cells (third row) and A549 epithelial cells (fourth row) using the three mAb 
recognizing three regions of the C FTR  protein (C-terminus. extracellular domain and R dom ain) as 
labeled above. In each flow diagram, thin line represents fluorescence values obtained using the 
appropriate isotype control (see methods) and dark line represents fluorescence values obtained 
using anti-CFTR antibody indicated. Ruorescence values (FL1-H) are in log units on the x-axis 
and the cell counts are on the y-axis. Cells were incubated with monoclonal anti-CFTR (5-10 
(ig/mL) and isotype antibody (5-10 |ig/m L) for I hr at room temperature.
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Fig. 5.4. Western blot analysis o f CALU-3 (lane 1). PMC (lane 2) and RCMC (lane 3) 
cell lysates shows CFTR protein expression. Cell pellets were lysed in the presence of 
2% p-mercaptoethanol and SDS and then resolved by 8% acrylamide SDS-PAGE. 
Proteins were transferred onto a nitrocellulose membrane and stained with anti-CFTR 
(R-domain specific) mAb for I hr at room temperature (1/1000 dilution). This 
experiment is representative o f 3 separate experiments on independently isolated cell 
pellets.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 5.5. Immunocytochemistry of RCMC (A and B) and PMC (C and D) showing 
expression of CFTR protein. (A) RCMC (at 5 x I04 cells/mL) cytospins were prepared as 
described and stained with anti-CFTR antibody (extracellular domain specific) at 1/100 
dilution for 1 hr at room temperature. (B) RCMC (at 5x10* cells/mL) cytospins were 
prepared as described and stained with IgM isotype antibody at 1/100 dilution for 1 hr at 
room temperature. Cells were also counter-stained with hemotoxylin to make nuclei more 
visible. (C) PMC (at 5 x I04 cells/mL) cytospins were prepared as described and stained 
with anti-CFTR antibody (extracellular domain specific) at 1/100 dilution for 1 hr at room 
temperature. (D) PMC (at 5 x I04 cells/mL) cytospins were prepared as described and 
stained with IgM isotype antibody at 1/100 dilution for 1 hr at room temperature. Results 
are typical of 2 experiments. Thick arrows indicate individual cells. Thin arrow indicates 
nucleus.
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Fig. 5.6. ,6Cl Efflux Assay showing ,ACl release from RCMC (A). CALU-3 (B) 
and A549 (C). Cells were grown to confluence and loaded with ,6CI for 2 to 3 hr 
at 37"C. The unincorporated V,C1 was discarded and the cells were washed every 
15 sec to measure the rate of ,f)Cl release over time. At time 60 s ( I min ± 5 sec). 
cAMP agonists were added for 15 sec. CALU-3 express wild-type CFTR protein 
and A549 do not express CFTR. (n=7, PcO.OL t() vs t^ )
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Fig. 5.7. (3 -hexosaminidase release of stimulated PMC in different buffers. 
PMC were placed in different buffers containing specific ions (Cl. Br. 
Gluconate or I) and then stimulated with either antigen or 48/80 at 37°C. (A) 
PMC were stimulated with antigen (10 worm equivalents/mL) for 10 
minutes. (B) PMC were stimulated with 48/80 (0.75 ^tg/mL) for 10 min. 
Significance values are calculated in relation to antigen or 48/80 stimulated 
% total release and represent PcO.OI. (n=5 separate experiments)
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Fig. 5.8. (3-hexosaminidase release from stimulated PMC treated with DIDS, a 
pharmacological inhibitor of chloride channels. PMC were treated with DIDS 
(chloride channels inhibitor: 10-800 pM ) at 37l’C for 5 min in physiological buffer 
containing 140 mM NaCl. (A) PMC were treated with DIDS for 5 min and 
stimulated with antigen (10 worm equivalents/mL) for 10 min. (B) PMC were 
treated with DIDS then stimulated with 48/80 (0.75 pg/mL) for 10 minutes. 
Significance values are calculated in relation to antigen or 48/80 stimulated % total 
release and represent P<0.01. (n=5 separate experiments)
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Fig. 5.9. p -hexosaminidase release from stimulated PMC treated with DPC. PMC 
were treated with DPC (CFTR chloride channel inhibitor; 0.001-3.0 mM) at 37l’C 
for 5 min in physiological buffer containing 140 mM NaCl. (A) PMC were 
treated with DPC for 5 min and stimulated with antigen (10 worm 
equivalents/mL) for 10 min. (B) PMC were treated with DPC then stimulated 
with 48/80 (0.75 pg/mL) for 10 min. Significance values are calculated in relation 
to antigen or 48/80 stimulated % total release and represent P <0.0 l. (n=5 separate 
experiments)
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Fig. 5.10. [3-hexosaminidase release from stimulated PMC treated with 
glibenclamide. a pharmacological inhibitor of CFTR channels. PMC were 
treated with glibenclamide (CFTR channel inhibitor; 3-300 pM) at 37 ’C for 5 
min in physiological buffer containing 140 mM NaCl. (A) PMC were treated 
with glibenclamide for 5 min and stimulated with antigen (10 worm 
equivalents/mL) for 10 min. (B) PMC were treated with glibenclamide then 
stimulated with 48/80 (0.75 pg/mL). (n=6 separate experiments)
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Chapter 6

Interferon-y upregulates cystic fibrosis transmembrane conductance 

regulator (CFTR) expression in mast cells
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Introduction

Interferon-y (IFN-y) is a member o f a family of inducible secretory proteins 

produced largely by activated T lymphocytes and natural killer (NK) cells (1). IFN-y is 

capable o f regulating the transcription and expression of more than 200 genes and is 

considered to be a major modulator o f immune cell function. With regard to mast cells 

(MC), IFN-y can inhibit proliferation, TNF-mediated cytotoxicity, cell differentiation and 

mediator release (2-4).

MC are granulated leukocytes resident in the lung that are important in innate 

immunity as well as allergic inflammation. Upon activation by antigen-mediated 

crosslinking o f surface IgE, MC release several pro-inflammatory mediators including 

histamine and leukotrienes leading to bronchoconstriction and recruitment o f 

lymphocytes, neutrophils and eosinophils to the airways (5).

The mechanism o f IFN-y-mediated downregulation of MC function is thought to 

involve an indirect mechanism via IFN-y-mediated production o f nitric oxide (NO) (6,7). 

IFN-y induces nitric oxide synthase production (NOS) in MC as well as some of the 

regulatory proteins associated with increased NO production (8,9). Through cell surface 

glycosaminoglycans, MC can also present IFN-y to macrophages inducing them to 

produce NO (10) that in turn can inhibit mediator release from MC (6). In fact, some 

investigators believe that MC do not express an IFN-yR and MC respond to mediators 

released from contaminating cells that express IFN-y. However, the downstream targets 

o f NO in the MC that ultimately result in a decrease in mediator secretion are unknown.

Cl' flux through Cl' channels plays an important role in mast cell activation and 

subsequent mediator release (11,12). Patch clamp studies show that pharmacologic 

agents such as nedocromil sodium and sodium cromoglycate that downregulate MC 

mediator release inhibit Cl' ion currents (13). Recently, we have shown that IFN-y (100 

U/mL for 24 hr) also alters MC Cl' ion flux and decreases the rate o f Cl* influx in resting 

cells possibly by modulation o f Cl" channel expression (Chap 2-5). Threfore, a 

mechanism of IFN-y mediated downregulation of MC function may involve regulation o f 

Cl" channel function and/or expression.
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MC express a variety o f Cl" channels including members o f the C1C family (Chap 

2) and the cystic fibrosis transmembrane conductance regulator (CFTR; Chap 5, (14)). 

CFTR is a phosphorylation, cyclic AMP (cAMP) activated Cl' channel that is central for 

controlling transepithelial salt transport, fluid flow and ion concentrations in the intestine, 

pancreas and sweat glands (15). Various mutations in CFTR lead to the pathological 

symptoms associated with cystic fibrosis (16,17).

In epithelial cells, IFN-y downregulates expression o f  CFTR by post- 

transcriptional destabilization o f its mRNA (18). Decreased CFTR expression results in a 

significant decrease in CFTR-mediated Cl' current (18). We hypothesized that MC CFTR 

expression might also be regulated by IFN-y in an NO-dependent mechanism. We treated 

rat peritoneal mast cells (PMC) and a rat cultured mast cell line (RCMC) with IFN-y and 

determined CFTR expression using RT-PCR, flow cytometry and western blotting. The 

mechanism of IFN-y regulation o f CFTR in mast cells was also investigated using 

inhibitors o f the NO-cGMP pathway.

Materials and Methods

Rats and PMC Isolation

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, Quebec, 

Canada) were housed in a pathogen-free viral antibody-free facility. Rats were sacrificed 

by cervical dislocation under anesthesia and PMC were isolated by the following 

procedure: 20 mL of ice-cold Hepes Tyrode’s buffer (HTB) was injected into the 

peritoneal cavity and massaged gently for 30 sec; the peritoneal cavity was opened and 

the buffer collected with a transfer pipette and kept on ice or at 4°C for all subsequent 

procedures. Following centrifugation at 200 g for 5 min the cell pellet was resuspended 

in 5 mL of fresh HTB and layered on top o f a 30%/80% Percoll gradient. The gradient 

was centrifuged at 500 g for 20 min and the highly enriched MC were collected from the 

pellet (19). PMC were >98% pure and >96% viable as measured by trypan blue 

exclusion.
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Cell Culture

The rat MC line, RCMC 1.11.2 (kindly provided by B. Chan and A. Froese, 

Winnipeg. Manitoba), was established from Wistar-ICI rats (20) and cultured in RPMI 

1640 medium containing 5% FBS (Gibco BRL), 100 U/mL penicillin, 100 pg/mL 

streptomycin and 10 mM Hepes. The cells were incubated in a humidified atmosphere o f 

5% C 02 in air at 37°C. NR8383, a rat macrophage cell line, were grown in F12 media 

(Gibco BRL) supplemented with 15% FBS, 100 U/mL penicillin, 100 pg/mL 

streptomycin and 10 mM Hepes. NR8383 cells were also incubated in a humidified 

atmosphere o f 5% C 0 2 in air at 37°C.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR), Cloning and Sequence 

Analysis

RNA was extracted from PMC and RCMC using the modified Chomczynski and 

Sacchi method (21). Briefly, 106 to 107 cells were homogenized with solution D (4 M 

guanidinium thiocyanate, 0.5% sodium n-laurylsarcosine, 1 M sodium citrate and 0.1 mM 

2-mercaptoethanol). To the homogenate, 2 M NaOAc, water saturated phenol and 

chloroform-isoamyl alcohol was added. The aqueous phase was removed and treated 

with solution D once again. The RNA was precipitated with absolute ethanol and washed 

with 70% ethanol and air-dried. The RNA obtained from PMC was treated with 1 U/mL 

o f heparinase for 2 hr at room temperature to remove contaminating heparin because high 

heparin concentrations markedly decrease the efficiency o f the RT-PCR procedure (22).

Genomic DNA was digested by incubating 10 pg o f total RNA with 5 U of 

DNAse (amplification grade; GIBCO BRL), 10X DNAse buffer (GIBCO BRL) 10 U of 

RNAse inhibitor (GIBCO BRL) and RNAse-free H20  for 15 min at room temperature. 

After 15 min incubation, 25 mM EDTA was added and the sample was heated at 65°C for 

20 min to inactivate the DNAse.

Treated RNA (1 pg) was incubated with 0.5 pg oligo(dT) at 70°C for 10 min in a 

thermocycler. A reverse transcriptase master mix was added to the RNA. The master 

mix contained First Strand Buffer (50 mM Tris-HCl, 75 mM KC1, 3 mM MgCL, pH 8.3, 

Gibco/BRL), 10 mM DTT, 10 mM o f each dNTP, Sigma sterile water and 200 U M-
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MLV RT enzyme (Gibco/BRL). This mixture was incubated at 37°C for 1 hr, then 70°C 

for 10 min. To test for effiency o f  reaction, a duplicate o f  each sample was reverse 

transcribed in the presence of [a-32P]dCTP (1 pCi/pL). Unincorporated [a-32P]dCTP was 

separated from labelled cDNA sample by paper chromatography, cDNA sample was cut 

out, 6 mL o f scintillation fluid was added and radioactivity was measured on a  Beckman 

scintillation counter.

The polymerase chain reaction master mix contained IX PCR buffer (20 mM 

Tris-Cl, 50 mM KC1, pH 8.4, Gibco/BRL), 0.8 mM dNTP mix, 20 pM antisense CFTR 

primer (5’ GGT GTC CTA TTC ACC TCA AGT TCT CTG 3’) which binds bp 901-927 

of the Rattus norvegicus CFTR gene (NCBI accession # X95927.1), 20 pM  o f sense 

CFTR primer (5 ’ CTC TGT AGA CCA TAC TGG CCT TGA AC 3’) which binds bp 

618-643 of the R. norvegicus CFTR gene, 1.5 mM MgCL (Gibco/BRL), RNAse-free 

H:0 ,  2 pL o f cDNA and 2.5 units o f  Taq DNA Polymerase (Gibco/BRL). The mixture 

was amplified at an annealing temperature of 56°C for 35 cycles. The product was 

analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining. 

The conditions o f  use for the primers specific for CFTR were optimized using rat lung 

RNA. The 2,5 OAS sense (5’-TCCTTCCAAACACCAGCT TCCG-3’) and antisense 

(5,-GGATCAGGATTGCTGTAGAGGC-3’) primers (expected product size 309 bp) 

were also optimized using rat lung RNA and 56°C was the optimal annealing temperature. 

The P-actin sense (5’-CCATGTACGTAGCCATCCA-3’) and antisense (5’- 

GATAGAGCCACCAATCCAC-3’) primers were also optimized using rat lung RNA and 

had an annealing temperature o f  46°C. The IFN-yRa sense (5’- 

GTGTCCACGCTGAATTCCAA-3’) and antisense (5’-

TTGGAATTCAGCGTGGACAC-3’) primers were optimized using NR8383 RNA 

(expected product size 331 bp) and had an annealing temperature o f 55°C.

The 309 bp CFTR PCR product was cloned into the pCR 2.1® (Invitrogen, 

Carlsbad, Ca, USA) vector using T4 DNA ligase and then used to transform "super 

competent" E.coli cells. The E.coli cells were grown for 3 d, the DNA was isolated using 

a Promega isolation kit and the plasmid was sequenced on the ABI PRISM sequencer
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model 2.1.1 and analyzed by BLAST (23). The sequence obtained was 100% 

homologous to the CFTR gene.

Flow Cytometry

Single cell suspensions o f  105 cells were blocked with PBS/5% rat serum for 1 hr. 

Blocked cells were incubated with primary mAb (mouse monoclonal anti-CFTR 

extracellular domain, Affinity Bioreagents, MAI-935) for 1 hr in PBS/5% mouse serum. 

Cells were washed twice with PBS and incubated with the secondary antibody (goat 

anti-mouse IgM:FITC, Biosource AM14708) for an additional hr. The isotype antibody 

used for comparison was mouse IgM isotype control anti-TNP (Pharmingen 0308ID).

Western Immunoblotting and Immunocytochemistry

RCMC and PMC were isolated, washed with PBS and 1 x 106 cells were lysed 

with 2X sample buffer (0.5 mL 1M Tris-Cl, 1 mL DTT, 2 mL 10% SDS, 1 mL glycerol, 

0.5 mL 0.12 % bromophenol blue) supplemented with 2% P-mercaptoethanol.

Whole cell lysates (30-40 pg) were separated by 8% SDS-PAGE and transferred 

onto nitrocellulose membranes. The membranes were blocked with 5% milk in TBS- 

Tween for 24 hr at room temperature and then stained with primary antibodies, anti- 

CFTR (R domain, Genzyme, 1660-01) and isotype control purified mouse IgG, K-isotype 

standard (anti-TNP; Serotec, 0300ID) for 1 hr at room temperature. The membranes 

were washed with TBS-Tween 3X and then stained with the secondary antibody for 1 hr. 

The secondary antibody was sheep anti-mouse IgG conjugated to HRP (Amersham Life 

Science, catalogue # NA 9310).

The nitrocellulose membranes were developed with chemiluminescence reagent 

(NEN Life Technologies, catalogue # NEL 101) for 1 min and exposed to high 

performance chemiluminescence film (Amersham Life Science, catalogue # RPN2103H) 

for 30 min.

Immunocytochemistry was performed on cytospins o f RCMC cells according to 

instructions o f a commercial kit (Vectastain ABC kit PK-6200) as follows. Fifty pL 

aliquots o f RCMC and PMC (1 x 106 cells/mL) cell suspension were cytospun onto
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slides. Slides were air dried and then incubated with primary Ab (extracellular domain 

specific mAb) and isotype (mouse IgM) in PBS for 45 min in humidified atmosphere at 

room temperature. Slides were washed with PBS for 5 min. Biotinylated Ab solution 

from the commercial kit was added for 30 min. Slides were once again washed for 5 min 

in PBS. Developing reagent was added for 30 min and washed away for 5 min. 

Chromagen was added for 5 min or until color developed. Slides were washed again and 

fixed with ethanol, cleaned in xylene and mounted with Permount (Sigma). Images were 

photographed using a phase contrast microscope at 625 X magnification.

Results 

IFN-y upregulates CFTR mRNA in MC

To determine the effect of IFN-y on CFTR mRNA expression, RCMC were 

treated with IFN-y (10 to 1000 U/mL) for 24 hr, RNA was extracted and subjected to RT- 

PCR analysis using CFTR primers. The RCMC RNA was also analyzed using primers 

recognizing the IFN-y-upregulated gene, 2,5 oligoadenylate synthase (2,5 OAS), and P- 

actin. Figure 6.1 shows that IFN-y dose-dependently increases CFTR mRNA with as 

little as 10 U/mL o f IFN-y and reaches a maximum induction at 800 U/mL (Fig 6.1 A). In 

comparison, 2,5 OAS mRNA is induced in RCMC at 200 U/mL o f IFN-y and reaches a 

maximum induction at 800 U/mL. P-actin mRNA levels are stable in these treatments. 

Similarly with PMC, IFN-y dose dependently upregulates CFTR mRNA with 10 U/mL to 

1000 U/mL o f IFN-y, reaching a maximum induction o f CFTR mRNA at 1000 U/mL of 

IFN-y. 2,5 OAS mRNA is induced in PMC only at 1000 U/mL o f IFN-y for 24 hr.

Figure 6.2 shows that IFN-y induces CFTR mRNA upregulation in RCMC and 

PMC as early as 3 hr o f  treatment and continues until 24 hr o f treatment. In contrast, 2,5 

OAS mRNA is slightly upregulated in RCMC at 6 to 12 hr o f 100 U/mL IFN-y treatment 

and maximal induction o f 2,5 OAS mRNA occurs at 24 hr treatment. In PMC, 2,5 OAS 

mRNA is upregulated following 24 hr treatment with 1000 U/mL IFN-y.
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IFN-y upregulates CFTR protein in MC

To determine the effect o f  IFN-y on the expression o f CFTR protein, RCMC 

protein lysate was resolved on SDS-PAGE and blotted with anti-CFTR monoclonal 

antibody. IFN-y dose-dependently upregulates CFTR protein in RCMC (Fig 6.3A & 

6.3B) and PMC (Fig 6.3C & 6.3D). Densitometry analysis indicates that 10, 100 and 

1000 U/mL of IFN-y treatment increases CFTR protein on RCMC 3.8, 4.2 and 5.0 times 

respectively (Fig 6.3B). Similarly, IFN-y upregulates CFTR protein in PMC. 

Densitometry analysis indicates that 10, 100 and 1000 U/mL o f IFN-y upregulates CFTR 

protein on PMC 1.3, 1.5 and 1.7 times respectively (Fig 6.3D).

IFN-y upregulates CFTR surface protein

To determine if CFTR surface protein expression was altered by IFN-y treatment, 

we used a monoclonal (mAb) to the extracellular epitope o f CFTR and flow cytometry to 

measure CFTR surface expression on RCMC. At 12 hr of treatment, IFN-y increased 

basal surface CFTR expression by 27.4 + 4.6 % (Fig 6.4C). At 24 and 48 hr, IFN-y 

upregulated basal CFTR expression by 114.3 + 6.9 and 171.8 + 0.9 % respectively (Fig 

6.4C). However, at 72 hr o f IFN-y treatment, CFTR expression was below basal levels, 

representing a change in expression o f  -7.1 + 0.8 % (Fig 6.4C).

IFN-y increased CFTR surface expression on RCMC as measured by flow 

cytometry (Fig 6.4B) since 10, 100 and 1000 U/mL o f IFN-y increased surface CFTR 

expression by 73.5 + 6.0, 117.6 + 3.6 and 125.4 + 3.0 % respectively (Fig 6.4D). 

Immunocytochemistry analysis confirmed that IFN-y-treated (100 U/mL for 24 hr) MC 

showed stronger staining for CFTR compared to untreated MC (Fig 6.5). Untreated 

RCMC showed modest staining for CFTR on the cell periphery (Fig 6.5A). However, 

IFN-y-treated RCMC showed CFTR staining on the periphery as well as in the cytoplasm 

(Fig 6.5B). Untreated PMC showed speckled CFTR staining throughout the cell (Fig 

6.5C) and IFN-y treatment increased the magnitude o f the CFTR staining and it appeared 

more uniform throughout the cell.
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IFN-y-mediated CFTR mRNA upregulation is unaffected by L-NMMA

The mechanism o f  IFN-y-mediated downregulation o f MC function has been 

proposed to be an indirect mechanism dependent upon nitric oxide (NO) production (6). 

To determine whether IFN-y-mediated upregulation o f CFTR was mediated via 

production o f NO by NOS enzymes, RCMC were treated with IFN-y (100 U/mL), an 

inhibitor of NOS (L-NMMA; 100 pM) or L-NMMA and IFN-y together for 24 hr. RNA 

from treated cells was isolated and analyzed for CFTR, 2,5 OAS and p-actin mRNA 

expression by RT-PCR. L-NMMA did not affect IFN-y-induced CFTR mRNA levels but 

decreased basal CFTR mRNA expression (Fig 6.6A). In contrast, L-NMMA had no 

effect on 2,5 OAS basal or IFN-y-induced mRNA expression. To determine if exogenous 

NO affected CFTR expression, RCMC were treated with 10 or 50 pM  GSNO, an NO 

donor, for 24 hr (Fig 6.6B). CFTR mRNA expression was upregulated by both 10 and 50 

pM  GSNO. Similarly, 2,5 OAS expression was upregulated by 10 and 50 pM GSNO.

M C express IFN-yRa

It has been suggested that IFN-y effects on MC are indirect and that MC do not 

express the IFN-yR (10). To determine whether MC expressed the IFN-y receptor 

(IFN-yR), primers were designed that are complementary to region 367-398 and 676-698 

o f  the R. norvegicus IFN-yRa gene and RT-PCR was used to amplify RCMC and the in 

vivo-derived PMC RNA (Fig 6.7A). RCMC, PMC and the control macrophage cell line, 

NR8383, show a band corresponding to IFN-yRa at the expected size o f 313 bp.

To ensure that the IFN-yR primers were specifically amplifying IFN-yR cDNA, 

PCR products from different RNA preparations were amplified using IFN-yR primers and 

inserted into a pCR vectors and cloned in E.coli. Sequence analysis o f the PCR product 

confirmed that region 367-698 o f the R. norvegicus IFN-yR mRNA was amplified.

To determine the presence o f IFN-yRa protein in rat MC, a rabbit polyclonal anti- 

IFN-yRa was used in western immunobloting to screen RCMC and PMC for IFN-yRa 

expression and the macrophage cell line NR8383 was used as a control. Both RCMC and 

PMC express the 91 kDa IFN-yRa protein (Fig 6.7B).
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Discussion

Our results show that IFN-y upregulates CFTR mRNA and protein. Time course 

analysis shows that CFTR is an early IFN-y-inducible gene since IFN-y upregulates 

CFTR mRNA expression as early as 3 hr o f treatment. Furthermore, upregulation of 

CFTR protein expression occurs on the cell surface at 12 to 48 hr but decreases to basal 

levels at 72 hr o f  treatment. IFN-y upregulation of CFTR is independent o f  endogenous 

NO production and cannot be inhibited by the NOS inhibitor L-NMMA. However, 

exogenous NO, by the NO donor GSNO, upregulates CFTR mRNA expression.

The capacity o f  IFN-y to enhance host defense is due to its capacity to stimulate 

specific microbicidal pathways o f phagocytes, upregulate class II MHC antigen 

expression and prime various cells that release inflammatory mediators. To date, these 

effects are all transcription/translation dependent resulting in altered protein expression. 

The signals that result in altered gene expression begin when IFN-y binds the IFN-yR. 

The IFN-yR is composed of two a  and two p subunits, which are constitutively 

associated with janus kinase-1 and 2 (JAK1 and JAK2). When IFN-y binds the a  subunit 

homodimer, the P subunits are brought into close proximity and allow JAK.1 and JAK2 to 

cross-phosphorylate one another. Phosphorylation activates the JAKs and allows them to 

phosphorylate the receptor at a tyrosine residue on the p subunit, creating a binding site 

for two signal transducer and activator o f transcription-1 (STAT1) proteins. Once bound 

to the IFN-yRp chain, the STATI proteins are phosphorylated and form a homodimer 

capable o f translocating the nuclear envelope and initiating the transcription o f genes 

possessing the interferon-gamma response element (GRE) sequences in their promoter. 

The expression o f all IFN-y-responsive genes are regulated via the JAK/STAT pathway. 

In this study we clearly show that MC express IFN-yRa mRNA and protein and are 

therefore capable o f  responding to IFN-y via the IFN-yR.

IFN-y-inducible genes can be classified according to the time during IFN-y 

treatment at which their expression is induced. The expression o f  immediate, early or 

primary response genes, such as the ubiquitin cross-reactive protein (24) and platelet- 

activating factor receptor (25), usually occurs within the first 6 hr o f  IFN-y treatment and
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may disappear shortly thereafter. Intermediate IFN-y-inducible genes, such as gamma- 

inducible factor 1 (26) are expressed 6 to 24 hr. Late IFN-y inducible genes, such as 2,5 

OAS, are expressed after 24 hr or more of IFN-y treatment (27).

Although IFN-y inhibits MC proliferation, differentiation and mediator release 

(such as histamine, serotonin and the proinflammatory mediator tumor necrosis factor 

(TNF)), the genes responsible for these changes are poorly understood. Possible targets 

of IFN-y modulation are the early events in MC mediator release. A common theme in 

MC activation, whether resulting in mediator release or chemotaxis, involves an increase 

in intracellular calcium (28-30). Increase in calcium is followed by influx o f extracellular 

Cl', which maintains the driving force for entry o f extracellular calcium (31) and 

facilitates maximal MC mediator release (32). Patch clamp and '"Cl studies have also 

shown that extracellular Cl' is required for maximal MC degranulation (12) and Cl' 

channel blockers inhibit both Ca2+ influx and MC mediator release (33).

In gut epithelial cells (T84), IFN-y decreases Cl' efflux in response to vasoactive 

intestinal polypeptide (VIP) and cholera toxin, as well as changing cell membrane protein 

composition (34). The decrease in Cl' efflux is likely facilitated by upregulation o f 

CFTR. since IFN-y downregulates CFTR expression and inhibits Cl* currents in gut 

epithelial cells (18). Conversely, in MC, IFN-y causes a net decrease in intracellular Cl' 

concentration by decreasing the rate o f Cl* influx (Chap 2).

Our data shows that IFN-y dose-dependently upregulates CFTR mRNA and 

protein in MC. In PMC and RCMC, even the relatively low dose o f 10 U/mL of IFN-y 

induced CFTR mRNA expression. In comparison, 200 U/mL o f IFN-y induced 2,5 OAS 

expression in RCMC and 1000 U/mL of IFN-y induced 2,5 OAS expression in PMC.

In both PMC and RCMC, IFN-y induced CFTR mRNA expression as early as 3 hr 

of treatment suggesting that CFTR is an early IFN-y-inducible gene, whereas 2,5 OAS 

expression is induced at 24 hr, confirming it as a late gene (Fig 6.2). These results are 

consistent with the observation that 2,5 OAS is a “late” IFN-y inducible gene (35). In a 

human glioma cell line, IFN-y induces 2,5 OAS mRNA expression only after 24 hr 

treatment because IFN-y 2,5 OAS induction occurs through protein synthesis dependent 

induction o f the interferon-gamma response factor-1 (IRF-1) (27). This observation
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suggests that CFTR mRNA upregulation may be independent o f IRF-1 induction and 

may not require protein synthesis.

Flow cytometry and immunoblot analysis using a mAb to CFTR showed that 

IFN-y upregulated CFTR protein, both in cell lysates and on the surface of MC. These 

effects can be seen as early as 12 hr o f treatment suggesting that CFTR mRNA translation 

and expression on the surface is a relatively quick process. In fact, pulse chase 

experiments in epithelial cells show that translation and expression of the fully 

glycosylated form o f CFTR (170-180 kDa) occurs within 5 hr (36).

One o f the intermediates o f IFN-y signaling in MC is NO. Our data shows that 

exogenous NO (GSNO) upregulates CFTR mRNA expression (compared to untreated 

cells) and blocking constitutive NO production using a NOS inhibitor (L-NMMA) 

downregulated basal levels o f CFTR mRNA expression but had no effect on IFN-y- 

mediated upregulation o f CFTR. This data suggests that basal CFTR expression may be 

sensitive to endogenous NO production, but IFN-y-mediated upregulation o f CFTR 

occurs via an NO-independent pathway, namely, the JAK/STAT pathway. In rat mast 

cells, IFN-y induces the expression of nitric oxide synthase (iNOS) resulting in the 

constitutive release o f small quantities of NO for several hours (6,8). It may be that this 

small constitutive production o f NO helps maintain production and turnover o f CFTR 

protein. Certainly, NO appears to be an important regulator o f CFTR expression and 

function in other cell types. For example, NO activates CFTR Cl' current in T cells (37) 

and downregulates CFTR expression in kidney epithelial cells by as much as 43 % 

through a sGC pathway (38).

Our data suggests that in MC, CFTR expression is modulated by at least two 

distinct pathways. One pathway involves upregulation o f CFTR expression by IFN-y via 

the IFN-yR and the JAK/STAT pathway. The other pathway affecting CFTR expression 

is dependent on NO production, cGS and cGMP, which may maintain constitutive levels 

o f  CFTR protein. Therefore, in diseases where IFN-y or NO levels are high, CFTR 

expression is maybe downregulated in epithelial cells but upregulated in MC. In such a 

case, IFN-y may alter MC functions such as mediator release and affect MC regulation o f 

immune responses.
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However, IFN-y-mediated downregulation o f MC mediator release may occur by 

means other than modulation o f CFTR expression. MC express a number o f  other Cl' 

channels including C1C, subunits o f  the GABAaR, CFTR and possibly bicarbonate 

exchangers ((14,39-41), Chap 3-5). Any o f these Cl' channels/exchangers could also be 

the target o f  IFN-y-mediated modulation. For example, IFN-y increases channel activities 

o f  DIDS-sensitive and forskolin-activated outwardly rectifying Cl* channels (ORCC) in a 

human bronchial epithelial cell line (BEAS-2B) at 24 hr o f  treatment (42). MC 

exocytosis is a dynamic process requiring the cooperation o f several ion channels and 

IFN-y most likely alters many o f these channels.

This study shows that IFN-y upregulates CFTR expression in MC independently 

o f  NO and cGS. This is a novel finding and this effect is opposite to that observed for 

epithelial cells. Thus, IFN-y-mediated inhibition o f  MC functions may involve 

upregulation of CFTR expression. Increased CFTR expression in MC may alter their Cl' 

flux, resulting in decreased intracellular Cl' concentration and inhibition o f MC mediator 

release.
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Figure 6.1. RT-PCR shows that IFN-y (24 hr) upregulates CFTR mRNA in mast 
cells. (A) Dose response of IFN-y on CFTR, 2.5 OAS and P-actin mRNA 
expression in RCMC. CFTR PCR product is 309 bp. 2.5 OAS PCR product is 
445 bp and P-actin PCR product is 560 bp (n=5). (B) Dose response o f IFN-y 
treatment on CFTR. 2.5 OAS and P-actin mRNA in PMC (n=5).
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Figure 6.2. RT-PCR shows that IFN-y upregulates CFTR mRNA in mast cells. (A) 
Time course of IFN-y (100 U/mL) effect on CFTR. 2,5 OAS and P-actin mRNA 
expression in RCMC. CFTR PCR product is 309 bp. 2,5 OAS PCR product is 445 bp 
and p-actin PCR product is 560 bp (n=5). (B) Timecourse of IFN-y treatment on 
CFTR (100 U/mL IFN-y). 2.5 OAS (1000 U/mL IFN-y) and P-actin (100 U/mL IFN-y) 
mRNA in PMC (n=5).
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Figure 6.3. Western blot analysis shows that IFN-y upregulates CFTR protein in rat 
cultured mast cells (RCMC) and peritoneal mast cells (PMC). (A) Dose response of 
IFN-y treatment on CFTR protein in RCMC. 100 000 cells or 5 jig of RCMC protein 
was loaded in each lane (representative experiment o f n=3). (B) Densitometry analysis 
of IFN-y upregulation of CFTR protein (n=3). Western blot analysis shows that IFN-y 
upregulates CFTR protein in PMC. (C) Dose response of IFN-y treatment on CFTR 
protein in PMC. 100 000 cells or 5 pg of PMC protein was loaded in each lane (n=3). 
(D) Densitometry analysis o f IFN-y upregulation of CFTR protein in PMC (n=3).
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Figure 6.4. Row cytometry analysis shows that IFN-y upregulates CFTR 
surface protein in rat cultured mast cells (RCMC). (A) Time course showing 
IFN-y (100 U/mL) upregulation of CFTR expression at 12. 24. 48 and 72 hr of 
treatment (representative of 3 experiments). (B) Dose response showing 
upregulation of CFTR with 10. 100 and 1000 U/mL of IFN-y treatment for 24 hr 
(representative of 3 experiments). (C) Time course results expressed as mean 
fluorescent units (n=3). (D) Dose response results expressed as mean fluorescent 
units (n=3).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



187

untreated IFN-y-treated

RCMC

PMC

Figure 6.5. IFN-y treatment increases CFTR protein expression in mast cells. 
Immunocytochemistry with anti-CFTR (extracellular domain specific) shows 
stronger staining for IFN-y-treated (100 U/mL for 24 hr) RCMC (B) and PMC 
(D) compared to untreated RCMC (A) and PMC (B:). 625 X magnification 
(n=3).
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Figure 6.6. IFN-y-mediated CFTR mRNA upregulation is NO independent. 
(A) RCMC were treated with a NOS inhibitor. IFN-y (100 U/mL). L-NMMA 
( lOOpM) or IFN-y and L-NMMA for 24 hr. RT-PCR analysis was performed 
using CFTR and (3-actin primers (n=3). (B) RCMC were treated with an NO 
donor, GSNO, at different concentrations for 24 hr and RT-PCR analysis was 
performed using CFTR and (3-actin primers (n=3).
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Figure 6.7. Mast cells express IFN-yRa mRNA and protein. (A) RT-PCR analysis of 
rat cultured mast cells (RCMC). peritoneal mast cells (PMC) and NR8383 RNA 
showing IFN-yRa product at 313 bp. P-actin is shown as control (560 bp: n=3). (B) 
Western blot analysis of IFN-yRa protein expression (91 kDa) in NR8383. PMC and 
RCMC (n=3).
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Chapter 7

Antisense oligodeoxynucleotides inhibit expression o f  cystic fibrosis 

transmembrane conductance regulator (CFTR)
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Introduction

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP- 

activated and protein kinase regulated Cl' channel expressed in various cell types. In 

cystic fibrosis (CF), defective CFTR expression results in chronic pulmonary disease, 

pancreatic insufficiency, elevated sweat electrolytes and male sterility (1). The role of 

CFTR in non-epithelial cells has been largely characterized by comparing Cl' currents and 

secretory mechanisms in cells from cystic fibrosis (CF) and normal patients (2).

Recently, we have shown that mast cells (MC), important effector cells in allergic 

disease, also express CFTR (3). Although the role o f  CFTR as a Cl channel and 

modulator o f complex signal transduction in epithelial cells has been well documented, 

the role o f CFTR in MC functions is poorly characterized. The CFTR blocker, 

diphenyIamine-2-carboxyIate (DPC), inhibits antigen-stimulated MC mediator release (3) 

but DPC is not a specific blocker o f CFTR channels and can block other ion channels 

with varying effects. For example, DPC can block the cell volume-activated Cl' channel, 

C1C2 (4) but not C1C5, expressed in intracellular vesicles (5).

At least two studies have used antisense oligonucleotides to CFTR mRNA to 

specifically inhibit CFTR-mediated functions (6,7). Antisense oligonucleotides designed 

against the first 12 codons o f CFTR mRNA completely inhibit cell-cycle dependent Cl' 

permeability when transfected into a B lymphocyte cell line (7). Also, antisense 

oligonucleotides have been used successfully to reduce CFTR expression and cAMP- 

activated Cl' current in the colonic T84 epithelial cell line (6). The use of antisense 

oligonucleotides to block gene expression relys on the ability o f cells to internalize small 

DNA species by endocytosis or pinocytosis (8,9).

To determine the role of CFTR in MC, we treated a human MC line (HMC-1) 

with antisense oligodeoxynucleotides (ODN) to CFTR. Preliminary results indicate that 

antisense treatment decreases CFTR protein expression and may alter release o f  a 

particular mediator, matrix metalloproteinase-9 ( MMP-9).
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Materials and Methods

Oligonucleotide Design

ODN were designed as described in Gardner et al. (6). Briefly, antisense ODN 

used in this study were a pair o f adjoining 18-mers (5’-CAGAGGCGACCTCTGCAT-3’ 

and 5’-GACAACGCTGGCCTTTTC-3’) that are complementary to nucleotides 1-18 and 

19-36 of CFTR mRNA (nucleotide 1 begins with the AUG codon). A pair o f sense ODN 

(5’-ATGCAGAGGTCGCCTCTG-3’ and 5’- GAAAAGGCCAGCGTTGTC-3’) that 

have a sequence corresponding to that o f the mRNA and a pair of missense ODN (5’- 

C AGCGGCGACCGATGC AG-3 ’ and 5 ’ -GAC AACTCTGGACGTTTA-3 ’) that have the 

same sequence as the antisense pair except for the presence o f four mismatches in each, 

were used as controls. Each pair o f ODN was synthesized with a modified 

phosphodiester bonds (phosphorothioate backbone), which renders the ODN nuclease 

resistant and has been shown to improve internalization (10).

Cell Culture and Treatment

The rat MC line, RCMC 1.11.2 (kindly provided by B. Chan and A. Froese, 

Winnipeg, Manitoba), was established from Wistar-ICI rats ( I I )  and cultured in RPMI 

1640 medium containing 5% FBS (Gibco BRL), 100 U/mL penicillin, 100 pg/mL 

streptomycin and 10 mM Hepes. The cells were incubated in a humidified atmosphere o f 

5% CO, in air at 37°C. The human MC line, HMC-1 were cultured in Iscove’s medium 

(Gibco BRL) containing 10% FBS (Gibco BRL), 100 U/mL penicillin, 100 pg/mL 

streptomycin and 1.2 mM monothioglycerol (Sigma). The cells were also incubated in a 

humidified atmosphere o f 5% C 0 2 in air at 37°C. T84, a colonic epithelial cell line, were 

grown in a 1:1 mixture o f Ham’s F12 and Dulbecco’s modified Eagle’s medium 

supplemented with 10% (vol/vol) FBS (Gibco BRL), 2 mM L-glutamine, 100 U/mL 

penicillin and 100 pg/mL streptomycin. The human lung carcinoma epithelial A549 and 

human lung adenocarcinoma CALU-3 cell lines were grown in DMEM supplemented 

with 10% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin and incubated in the 

same conditions as above.
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The following procedure was found to be optimal for treatment o f  MC with ODN. 

ODN treatment was started at 50% confluency. The growth medium was removed, 

growth medium without FBS was added and ODN were added at 20 pM  each for 30 min 

at 37°C. After incubation, FBS was returned to the medium. The same procedure was 

repeated every 12 hr for 48 hr or 72 hr.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR), Cloning and Sequence 

Analysis

RNA was extracted from HMC-1 and T84 using Trizol (Gibco BRL). Genomic 

DNA was digested by incubating 10 pg of total RNA with 5 U o f DNAse (amplification 

grade; GIBCO BRL), 10X DNAse buffer (GIBCO BRL) 10 U o f RNAse inhibitor 

(GIBCO BRL) and RNAse-free H20  for 15 min at room temperature. After 15 min 

incubation, 25 mM EDTA was added and the sample was heated at 65°C for 20 min to 

inactivate the DNAse.

RNA (1 pg) was incubated with 0.5 pg oligo(dT) at 70°C for 10 min in a 

thermocycler. A reverse transcriptase master mix was added to the RNA. The master 

mix contained First Strand Buffer (50 mM Tris-HCl, 75 mM KC1, 3 mM MgCL, pH 8.3, 

Gibco/BRL), 10 mM DTT, 10 mM of each dNTP, Sigma sterile water and 200 U M- 

MLV RT enzyme (Gibco/BRL). This mixture was incubated at 37°C for 1 hr, then 70°C 

for 10 min. To test for RT reaction, a duplicate o f each sample was reverse transcribed in 

the presence o f [a -32P]dCTP (1 pCi/pL). Unincorporated [a-32P]dCTP was separated 

from labelled cDNA sample by paper chromatography, cDNA sample was cut out, 6 mL 

of scintillation fluid was added and radioactivity was measured on a Beckman 

scintillation counter.

The polymerase chain reaction master mix contained IX PCR buffer (20 mM 

Tris-Cl, 50 mM KC1, pH 8.4, Gibco/BRL), 0.8 mM dNTP mix, 20 pM  antisense CFTR 

primer (5 ’-GGAATCACACTGAGTGGAGGTCAAC-3 ’) which binds bp 1765 to 1789 

of the human CFTR gene (NCBI accession # 004980.1), 20 pM o f  sense CFTR primer 

(5’-GGCACATCAGAATCCTCTTCGATG-3’) which binds bp 2301 to 2320 of the 

human CFTR gene (expected product size = 550 bp), 1.5 mM MgCl2 (Gibco/BRL),
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sterile Sigma water, 2 pL o f  cDNA and 2.5 units o f  Taq DNA Polymerase (Gibco/BRL). 

The mixture was amplified at an annealing temperature o f  50°C for 35 cycles. The 

product was analyzed by agarose gel electrophoresis and visualized by ethidium bromide 

staining. The conditions o f  use for the primers specific for CFTR were optimized using 

T84 RNA. The P-actin sense (5’-CCATGTACGTAGCCATCCA-3’) and antisense (5’- 

GATAGAGCCACCAATCCAC-3’) primers were also were used as a control (annealing 

temperature of 46°C).

The 550 bp CFTR PCR product was cloned into the pCR 2.1® (Invitrogen, 

Carlsbad, Ca, USA) vector using T4 DNA ligase and then used to transform "one shot" E. 

coli cells (Invitrogen INVaF’). The E. coli cells were grown for 3 d, the DNA was 

isolated using a Sigma miniprep isolation kit and the insert was sequenced on the ABI 

PRISM sequencer model 2.1.1 and analyzed by BLAST (12). The sequence obtained was 

100% homologous to the CFTR gene.

Flow Cytometry

Single cell suspensions o f 105 cells were isolated and blocked with PBS/5% 

mouse serum for 1 hr. Blocked cells were incubated with primary monoclonal antibody 

(mAb, anti-CFTR extracellular domain, Affinity Bioreagents, M A I-935) for 1 hr in 

PBS/5% mouse serum. Cells were washed twice with PBS and incubated with the 

secondary antibody (goat anti-mouse IgM:FITC, Biosource AM 14708) for an additional 

hr. The isotype antibody used for comparison was mouse IgM isotype control anti-TNP 

(Pharmingen 0308 ID).

Western Immunoblotting

RCMC, PMC or CALU-3 cells were isolated, washed with PBS and 1 x 106 cells 

were lysed with 2X sample buffer (0.5 mL 1M Tris-Cl, 1 mL DTT, 2 mL 10% SDS, 1 

mL glycerol, 0.5 mL 0.12 % bromophenol blue) supplemented with 2% P- 

mercaptoethanol.

Whole cell extracts (30-40 pg) were separated by 8% SDS-PAGE and transferred 

onto nitrocellulose membranes. The membranes were blocked with 5% milk in TBS-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



199

Tween for 24 hr at room temperature and then stained with primary antibodies, anti- 

CFTR (R domain, Genzyme, 1660-01) and isotype control purified mouse IgG, K-isotype 

standard (anti-TNP; Serotec, 0300ID) for I hr at room temperature. The membranes 

were washed with TBS-Tween 3X and then stained with the secondary antibody for 1 hr. 

The secondary antibody was sheep anti-mouse IgG conjugated to HRP (Amersham Life 

Science, catalogue # NA 9310).

The nitrocellulose membranes were developed with chemiluminescence reagent 

(NEN Life Technologies, catalogue # NEL 101) for 1 min and placed into an 

autoradiography cassette containing high performance chemiluminescence film 

(Amersham Life Science, catalogue # RPN2103H). The film was exposed for 30 min.

Zymography

HMC-1 (2 x 106 cells/mL) were incubated in serum-free medium for 24 h at 37°C. 

Supernatants were collected and electrophoresed on a SDS-10% polyacrylamide gel 

containing 1 mg/mL gelatin under non-reducing conditions as described previously (13). 

After electrophoresis, SDS was removed by incubation in 2.5 % Triton X-100 for 20 min, 

three times. The gels were incubated for 24 h at 37°C in 50 mM Tris-HCl buffer (pH 7.5) 

containing 10 mM CaCl2 and 1 pM  ZnCL. The gels were then stained with Coomassie 

Brilliant Blue G-250 solution, and destained in 10% acetic acid/25% methanol. 

Gelatinolytic enzyme activity was detected by the appearance of negatively stained 

bands. Supernatant from PMA-stimulated rat fibroblasts (previously shown to contain 

high levels o f MMP-9 and MMP-2 activity) was used as a positive control and 

comparison (14).

Mouse BM cultures

B6-Cftr (-/-) and B6-Cftr (+/+) mice were generated at the University o f North 

Carolina by insertion o f a stop codon in exon 10 of the Cftr gene (15). These mice have 

been backcrossed to C57BL/6 mice and have a homozygous C57BL/6 background. 

Bones from these mice was the kind gift o f Dr. Danuta Radzioch from McGill University.
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Eight to ten week old mice were sacrificed as described previously (16) and the limbs 

were shipped in phosphate-buffered saline to the University o f  Alberta.

Bone marrow (BM) was aseptically flushed from femurs and tibias into RPMI 

1640 medium containing 4 mM L-glutamine, 50 pM p-mercaptoethanol, 1 mM sodium 

pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.1 mM nonessential amino 

acids (complete RPMI). The cell suspension was washed twice in complete RPMI by 

centrifugation at 200g  for 10 min and finally resuspended in complete RPMI containing 

10% FBS and 10 ng/mL recombinant mouse IL-3. Cell suspensions (2 x 105 cells/mL) 

were placed in 50 cm2 flasks and incubated at 37°C in a 5% C 0 2 humidified atmosphere. 

Cells were centrifuged and resuspended in fresh media every seven days to achieve a final 

concentration o f 2 x 105 cells/mL. At designated times, aliquots of cultured cells were 

stained with toluidine blue and examined (at 650 X magnification) for metachromatic 

staining.

Bone marrow-derived mast cells (BMMC) were sensitized with 10 pg/mL of 

mouse IgE (anti-dinitropyridine; DNP; Sigma) for 2 hr at 37°C, washed once and 

stimulated with DNP-human serum albumin (Sigma; 5 to 20 ng/mL) for 30 min at 37°C. 

BMMC were pelleted at 200g and the supernatant was removed. Pellet and supernatant 

samples were assayed for p-hexosaminidase (P-hex) by hydrolysis o f  the fluorescent 

substrate 4-methylumbelliferyl /V-acetyl-P-D-glucosaminide (Sigma M-2133). One unit 

o f enzyme cleaves 1 pmol o f  substrate/hr at 37°C (17). Pellet and supernatant samples 

(50 pL) were added in duplicate wells in a microtitre plate followed by 1 mM substrate 

(50 pL) and the mixture was incubated at 37°C for 2 hr. The reaction was terminated by 

the addition o f 100 pL o f 0.2 M Tris base and the optical density was read at 450 nm 

(excitation 356 nm). The OD450nm for blank wells, containing only substrate and Tris 

base, was automatically subtracted from the sample OD4j0nm and the percentage P-hex 

release was calculated by the formula:

OD450nm o f supernatant samples X 100 = % release

OD4S0nni of pellet samples + OD450nm of supernatant samples
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The spontaneous release (in HTB) was subtracted from all samples to give % specific 

release.

Results

HMC-I express CFTR

We had previously shown that rat peritoneal mast cells (PMC) and a rat cultured 

mast cell line (RCMC) express CFTR (3). To determine if human mast cells expressed 

CFTR, we isolated cell lysates from HMC-1, human bronchial epithelial cells (Calu-3) 

that express CFTR and human epithelial cells (A549) that do not express CFTR. RCMC 

lysates are also shown for comparison. HMC-1, RCMC and Calu-3 express a ~ 180 kDa 

CFTR protein, whereas A549 do not (Fig 7.1 A).

Similarly, flow cytometry was used to determine CFTR surface expression in 

A549, Calu-3 and HMC-1 cells. Calu-3 and HMC-1 cells express surface CFTR, 

whereas A549 do not (Fig 7.1B).

CFTR antisense oligodeoxynucleotides inhibit CFTR expression in T84

Antisense ODN were designed as previously described (6) and had 

complementary sequences to nucleotides 1-18 and 19-36 o f CFTR mRNA. Control ODN 

were also designed that had the same sequence as CFTR mRNA (sense) and the same 

sequence as the antisense ODN except for 4 mismatches (missense). Since the use of 

these ODN to inhibit CFTR expression in T84 cells (6) had previously been published, 

we tested the ability o f these ODN to inhibit T84 CFTR expression. In our hands, 

antisense ODN almost completely inhibited CFTR mRNA expression in T84 cells (Fig 

7.2A). CFTR antisense ODN also inhibited CFTR protein expression in T84 while 

untreated, missense and sense ODN treated T84 showed normal expression of CFTR 

protein (Fig 7.2B). Flow cytometry showed that CFTR antisense ODN inhibits surface 

expression o f CFTR in T84 (Fig 7.2C and D).
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Antisense oligodeoxynucleotides inhibit CFTR expression in HMC-1

Antisense ODN were tested for their ability to inhibit CFTR expression in MC. 

HMC-1 cells were treated with 20 pM  o f  antisense ODN every 12 hr for a total o f  6 

times. At 72 hr, cells were isolated as described in methods. Antisense ODN inhibited 

CFTR expression while missense and sense ODN had no effect on CFTR expression (Fig

7.3).

PMA release o f MMP-9 is sensitive to glibenclamide

HMC-1 cells release MMP-9 when activated with PMA (13). To determine the 

effect of various ion channel inhibitors on PMA-induced MMP-9 release, HMC-1 were 

stimulated with PMA (50 ng/mL) for 24 hr in the presence o f DIDS (10 pM), DPC (1 

mM) and glibenclamide (30 pM). Zymography analysis o f these supernatants revealed 

that PMA induced release o f  a major 92 kDa lytic band representing MMP-9 activity (Fig

7.4). DIDS and DPC had no discemable effect on the release o f MMP-9 activity (Fig

7.4). However, glibenclamide inhibited the release o f MMP-9 activity (Fig 7.4A).

C5a and C3a induce HMC-1 migration and increases in intracellular Ca2+ (18). To 

determine if C5a would also induce MMP-9 release and if this release was sensitive to 

DIDS, DPC or glibenclamide, HMC-1 were incubated with C5a in the presence o f the 

inhibitors for 24 hr. C5a did not induce MMP-9 release and basal release o f MMP-9 was 

not sensitive to DIDS, DPC or glibenclamide (Fig 7.4B).

Antisense oligodeoxynucleotides have no effect on PMA-induced MMP-9 release

To determine the effect o f CFTR antisense ODN on MC mediator release, HMC-1 

were pretreated with antisense, missense and sense ODN for 72 hr and stimulated with 

PMA (50 ng/mL). Supernatants were collected and tested for MMP-9 activity (Fig 7.5). 

CFTR antisense ODN treated HMC-1 release the same amounts o f MMP-9 (Fig 7.5) as 

missense, sense and untreated HMC-1.
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Bone marrow-derived mast cells from CFTR knock-out mice grow normally and 

release p-hexosaminidase

To determine if  CFTR expression was important for mediator release in another 

cell type, BMMC were grown from CFTR knock-out (-/-) and wild-type (+/+) and 

mediator release was measured (Fig 7.6). BM cells isolated from both CFTR (-/-) and 

CFTR (+/+) mice grew in the presence o f 10 ng/mL o f mouse recombinant IL-3 and 

produced mononuclear cells that stained metachromatically with toluidine blue (BMMC; 

Fig 7.6A). After three weeks in culture, CFTR (-/-) BM cultures had 36.0 + 15.0 (x 106) 

BMMC total while BM cultures from CFTR (+/+) had 37.1 + 22.5 (x 106) BMMC total 

(Fig 7.6A).

At three to four weeks o f culture, BMMC were isolated, sensitized with mouse 

IgE (anti-DNP) for 2 hr and stimulated with DNP-human serum albumin (5 to 20 ng/mL) 

for 30 min (Fig 7.6B). BMMC from both CFTR (-/-) and CFTR (+/+) responded to 

FceR-mediated stimulated and released p-hex. BMMC from CFTR (-/-) mice released 16 

+ 0.7 % P-hex when stimulated with 10 ng/mL of DNP-human serum albumin. BMMC 

from CFTR (+/+) mice released 12.1 +2.1%  P-hex when stimulated with 10 ng/mL of 

DNP-human serum albumin. These are preliminary experiments from two sets o f 

independently grown BMMC cultures.

Discussion

This study has shown that a human mast cell (HMC-1) expresses CFTR, 

confirming earlier findings that rat mast cell express a CFTR channel activated by cAMP 

analogues (3). We have also shown that, like studies in the T84 epithelial cell line, 

antisense ODN to CFTR mRNA are capable of inhibiting expression of CFTR in MC. 

Flow cytometry shows that ODN inhibit surface CFTR protein expression on both T84 

and HMC-1 cells.

To determine whether inhibition o f  CFTR expression by antisense ODN affects 

MC functions, we used a MMP-9 release assay. Unfortunately, these HMC-1 cells do not
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express FceR and contain small amounts of histamine and are therefore difficult to 

stimulate using IgE crosslinking. However, HMC-1 are stimulated by PMA to release 

significant levels o f  MMP-9. Our results show that C5a, another activator o f HMC-1, 

does not release MMP-9.

To determine the role o f CFTR in MMP-9 release, HMC-1 were treated with 

various blockers o f Cl* channels. Unfortunately, there are no known peptide blockers o f 

CFTR and no known organic blockers exhibit a high affinity and exclusive selectivity for 

CFTR. Most Cl* channels can be blocked by three classes o f  compounds; the disulfonic 

stilbenes (e.g. DIDS), the arylaminobenzoates (e.g. DPC) and sulfonylurea (e.g. 

glibenclamide) compounds. CFTR Cl* channel activity (as measured by patch clamp) in 

epithelial cells is blocked with DPC and glibenclamide, but not with the broad anion 

exchanger inhibitor DIDS (19).

PMA induced release o f MMP-9 from HMC-1 is sensitive to glibenclamide, a 

blocker o f CFTR, but not to DIDS or DPC. Therefore, a glibenclamide-sensitive ion 

channel (perhaps CFTR) may be involved in PMA-induced MMP-9 release. 

Pharmacologic inhibition o f CFTR with DPC and glibenclamide is measured after short 

incubation times (0 to 10 min) and these blockers are often unstable in aqueous solution. 

Therefore, DIDS and DPC may not have any effect on MMP-9 release because of the 

lengthy (24 hr) incubation required in this assay.

However, DIDS, DPC and glibenclamide are not specific inhibitors o f CFTR. 

Both DIDS and DPC can block the C1VHC03' exchanger, which is an alkalinizing 

mechanism responsible for maintaining internal pH in MC (19,20). Glibenclamide can 

also inhibit ATP-activated K* channels (21). Therefore, glibenclamide sensitivity does 

not always show CFTR involvement, although it remains a possibility.

Preliminary experiments with BMMC derived from CFTR (-/-) and CFTR (+/+) 

mice show that the absence o f CFTR expression has no effect on MC differentiation and 

proliferation in culture in the presence o f recombinant mouse IL-3. In addition, BMMC 

derived from CFTR (-/-) mice respond to FceR stimulation and release P-hex. These are 

preliminary experiments from two independent cultures and must be repeated in order to 

reach any further conlusions.
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In summary, these preliminary results show that ODN complementary to CFTR 

mRNA can be used to inhibit CFTR protein expression in MC. Antisense ODN have no 

effect on PMA-induced MMP-9 release from MC. However, antisense ODN may have 

effects on the release o f other mediators such as cytokines (e.g. IL-3 and TNF) or 

chemotaxis in response to C5a or C3a. The observation that T lymphocytes from CF 

patients produce 45% less IL-10 (2) suggesting that CFTR may be involved in cytokine 

production. We hypothesize that MC that lack expression o f CFTR may also have altered 

cytokine production and the antisense technology optimized in this study would be a 

powerful tool to test this hypothesis. In addition, BMMC from CFTR (-/-) mice, 

stimulated via FceR, may also prove useful in testing this hypothesis.
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Figure 7.1. A human mast cell line express CFTR. (A) human mast cells 
(HMC-I), rat mast cells (RCMC), human bronchial epithelial cells (Calu-3). 
and human epithelial cells (A549) cell lysates were resolved on an 8% 
polyacrylamide gel. transferred to a nitrocellulose membrane and blotted 
with an anti-CFTR mAb. (B) How cytometry analysis of A549, Calu-3 and 
HMC-1 cells showing staining with isotype control and anti-CFTR mAb. 
(n=5)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207

CFTR

p-actin

-o
©
< 3

£
c3

©
COc
©
CO

c©

C l  untreated

isotype

CFTR«*
ic;

o .

FU-H

antisense treated

isotype

CFTR

FU -H

Figure 7.2. Antisense inhibits CFTR mRNA (A) and protein (B) expression 
in T84 cells. RNA was isolated from antisense treated (20 mM for 12 h) and 
untreated T84 epithelial cells and RT-PCR was used to detect CFTR mRNA 
expression, p-actin is shown as control. Cell lysates from antisense treated 
and untreated T84 were resolved on an 8% polyacrylamide gel and blotted 
with anti-CFTR mAb (B). Antisense treated (D) and untreated T84 (C) were 
incubated with anti-CFTR mAb and surface expression of CFTR was 
analyzed using flow cytometry. Representative experiment of n=2.
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Figure 7.3. Antisense inhibits CFTR protein expression in HMC-1. HMC-1 were 
treated (20 [iM for 72 h). with antisense, missense and sense oligonucleotides 
complementary to huCFTR mRNA or untreated. Total cell lysates were resolved 
on an 8 % polyacrylamide gel and immunobloted with an anti-CFTR mAb.
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Figure 7.4. PMA induces mast cells to produce matrixmetalloprotease-9 activity. 
(A) Zymography was conducted on supernatants from mast cells (HMC-1) treated 
with PMA (50 ng/mL) or PMA+ human IFN-y(500 U/mL) or PMA + DPC (10 
|iM ) or PMA + glibenclamide (30 jiM). HMC-1 cells were cultured for 24 hr in 
serum free medium and supernatants were collected, resolved on SDS-PAGE and 
stained with Coomassie brilliant blue as described in methods. Fibroblast 
supernatant (also stimulated with 50 ng/mL PMA) was used as a positive control 
for MMP-9 production. (B) HMC-1 were also treated with C5a, DIDS + C5a. DPC 
+ C5a, and glibenclamide + C5a. HMC-1 were cultured for 24 hr in serum free 
medium and supernatants were collected and analyzed by zymography as before.
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Figure 7.5. Antisense oligodeoxynucleotides (ODN) complementary to CFTR 
mRNA have no effect on PMA-induced release of matrixmetalloprotease-9 activity. 
Mast cells (HM C-1) were treated with CFTR antisense (20(iM). missense (20pM). 
and sense (20(iM) ODN for 72 hr. Mast cells were treated with PMA (50 ng/mL) 
for 24 hr in serum free medium and supernatants were collected, resolved on SDS- 
PAGE and stained with Coomassie brilliant blue as described in methods.
Fibroblast supernatant (also stimulated with 50 ng/mL PMA) was used as a positive 
control for MMP-9 production.
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Figure 7.6. Mast cells derived from wild-type and knock-out mouse bone marrow 
proliferate normally (A) and release (i-hexosaminidase in response to FceR 
crosslinking (B). Bone-marrow derived mast cells (BMMC) were isolated and 
grown in IL-3 (10 ng/mL) and at each time point cells were stained with toluidine 
blue and counted. (B) BMMC were sensitized with 10 pg/mL of mouse IgE (anti- 
DNP) for 2 hr and stimulated with DNP-human serum albumin for 30 min. Each 
data point represents experiments performed on two independently grown cultures.
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Chapter 8

General Discussion and Conclusions
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Mast cells (MC) are relatively large leukocytes that are widely distributed and 

important effector cells in innate immunity and inflammatory responses. Activation o f 

MC results in the release o f mediators that can initiate immune responses and stimulate 

smooth muscle, lymphocytes, eosinophils and submucosal glands (1). Many MC 

functions rely on influx o f Ca2+ and Cl' ions and blocking these ion fluxes inhibits MC 

mediator release (Chap 1). Interferon-gamma (IFN-y), a pleotropic cytokine produced by 

T lymphocytes and several other cell types, is an inhibitor o f MC proliferation, 

differentiation, mediator release and adhesion (2-4) yet the mechanism o f IFN-y-mediated 

inhibition o f MC functions is poorly understood. One possible mechanism o f IFN-y- 

mediated downregulation o f MC function may involve changes in Cl' flux.

Preliminary experiments in our laboratory had used differential display analysis o f 

mRNA from IFN-y and sham treated MC to determine differences in gene expression. 

These studies revealed several bands that appeared to be upregulated in IFN-y-treated 

MC. One o f these bands, a 218 bp fragment, had 72% homology over a 51 bp portion to 

chloride channel-3 (C1C3), a ubiquitously expressed chloride channel. Our initial 

hypothesis was that IFN-y treatment increased C1C3 mRNA transcription in mast cells. 

However, reverse transcriptase-polymerase chain reaction (RT-PCR) using a primer for 

C1C3 was unable to confirm differences in expression between IFN-y-treated and 

untreated mast cells (Chap 3). Subsequently, the effect of IFN-y on the expression o f  

other Cl' channels was analyzed.

The central hypothesis o f this thesis is that IFN-y effects on MC may involve 

changes in Cl' ion flux and/or modulation o f Cl' channel expression. Yet, Cl' channel 

expression in MC is unknown and a great deal o f controversy exists about the exact role 

o f  Cl' channels in MC function. This project has attempted to (1) identify some o f the Cl' 

channels expressed in MC, (2) use pharmacologic studies to determine the possible role 

o f  these Cl' channels in MC functions and (3) determine the effect o f IFN-y on expression 

o f  these Cl' channels. Initially, it was postulated that IFN-y may effect net changes in Cl' 

flux and that these changes could be measured using fluorochromes sensitive to [Cl ].
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I. Summary o f Results

A. Interferon-y alters mast cell chloride flux

IFN-y is an important immunomodulatory cytokine that has several inhibitory 

effects on MC function. Data presented in this thesis show that IFN-y inhibits fl- 

hexosaminidase release (p-hex; Chap 2). This observation supports previous studies that 

have shown that IFN-y inhibits MC release o f preformed mediators such as serotonin and 

histamine and newly synthesized mediators such as arachidonic acid and tumor necrosis 

factor (TNF) (5-8). IFN-y has suppressive actions on several MC functions such as clonal 

proliferation, differentiation, TNF-mediated cytotoxicity, adhesion and mediator release 

(2,3,5,8,9). IFN-y also modulates the expression of several proteins in MC such as major 

histocompatibility complex-II (MHC class II), Fc-gamma receptor-I (FcyRJ) and Fc- 

gamma receptor -III (FcyRJII) (10-12).

Ion flux is an important part o f MC differentiation and homeostasis (13) and there 

is some evidence to suggest that Cl' may also be important in MC functions such as 

mediator release (14-18). For example, resting MC display a Cl' current which is 

increased when MC are activated by Fc-epsilon receptor-I (FcsRJ) crosslinking (14) 

(Chap 1). However, the effect o f IFN-y on resting MC Cl' was unknown and the first aim 

o f this thesis was to determine the effect o f  IFN-y on MC Cl' flux. Fluorescent dye 

measurements suggest that IFN-y alters Cl' flux in MC. However, it is difficult to 

interpret these results since fluorescent dye measurements have at least three 

disadvantages. (1) The amount o f fluorochrome loaded into each cell is not necessarily 

the same. Therefore these are crude measurements o f Cl' flux in a heterogeneously 

labelled cell population. (2) Since MC are loaded with dye in hypotonic buffer containing 

low [Cl ] and placed in a buffer containing high [Cl ], this assay measures Cl* influx, not 

efflux. (3) The fluorochrome can attach to lipid membranes and quenching may occur on 

the cell surface as well as in the cytoplasm. Therefore, these studies measure
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fluorochrome quenching in a  heterogeneously labelled cell population under a large 

osmotic gradient. This assay is unlikely to detect minute changes in Cl' channel function.

Studies using 36C1 show that resting MC take up 36C1 and that IFN-y treated MC 

take up less 36C1 over a 30 min period. These results suggest that IFN-y alters Cl* flux 

such that 36C1 uptake is inhibited. This assay measures 36C1 fluxes in one direction (into 

the cell) and final [Cl ] is dependent upon fluxes into and out o f the cell. Previous studies 

have suggested that such Cl' fluxes are present in resting MC and that [Cl ] is near 

equilibrium (ECI) (15,19). Therefore, it isn’t surprising that resting MC placed in 36C1- 

containing buffer take up 36C1. However, our studies also show that antigen stimulation 

decreases net 36C1 uptake after 30 min. Antigen stimulation decreases MC volume and 

changes cell shape and granule content (20) and decreases in cell size may ultimately 

decrease the amount o f  Cl' ions present in the cytoplasm. Therefore, decreased 36C1' 

uptake may not be a consequence of secretion but the result o f  cell volume changes.

Although the exact mechanism by which IFN-y may be affecting Cl' uptake is 

unknown, IFN-y ligation o f the IFN-y receptor (IFN-yR) regulates gene transcription via 

the Janus kinase(JAK) and signal transducers and activators o f transcription-1 (STAT1) 

pathway. In addition to cotransporters and as yet unidentified mechanisms, Cl' channels 

are responsible for mediating Cl' fluxes. Therefore a possible mechanism o f IFN-y 

alterations in Cl' flux may be mediated by changes in gene transcription o f Cl* channels. 

Certainly, IFN-y inhibition o f Cl' flux occurs at 2 hr and is appropriate length o f  time for 

a gene transcription-dependent event.

B. Mast cells express chloride channels

Although Cl' conductances in resting and activated MC have been measured 

(18,21), the specific Cl' channels responsible for these conductances are unknown. 

Therefore, the next aim o f this project was to characterize some of these Cl' channels in 

MC and pinpoint some o f the possible targets o f  IFN-y (Fig 8.1). At the start o f this 

project, few antibodies were available to these Cl' channels (especially the C1C family). 

In many cases, this project has optimized and re-developed assays (originally used in
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other cell types) to characterize C1‘ channel expression and function in MC. The SI 

nuclease assay, for example, is a quantitative measure o f  mRNA expression originally 

designed to characterize y-aminobutyric acid type A receptor (GABAaR) mRNA in rat 

neurons. Fluorochromes sensitive to changes in [Cl ], originally used in epithelial cells, 

were used to measure minute changes in Cl' uptake between IFN-y-treated and untreated 

MC. A 36C1 release assay, optimized for adherent epithelial cells, was used to determine 

cystic fibrosis transmembrane conductance regulator (CFTR) activity in MC stimulated 

with cAMP analogues (Chap 5). Carefully controlled RT-PCR analysis was used to 

determine expression o f  Cl' channels and the effect o f IFN-y on their expression.

There are at least three major families o f Cl' channels expressed in mammalian 

cells. These include the GABAaR, voltage-gated C1C and CFTR. Hybridization analysis 

using radiolabelled oligonucleotides show that MC express several subunits that 

contribute to the pentameric GABAaR and immunoblot analysis shows that MC express 

the GABAAR al subunit, commonly expressed in neurons (Table 8.1).

GABAaR is a ligand-gated Cl' channel and binds a number o f  ligands such as 

GABA, benzodiazepine (BDZ), muscimol and ethanol (22). BZD binding sites have 

been reported and characterized on rat peritoneal mast cells (PMC), although little is 

known regarding the biological effect of BDZ on MC function (23) (Fig 8.2). The BDZ 

Ro5-4864 (10-6 M) has no effect on histamine or serotonin release in either unstimulated 

PMC or those stimulated by compound 48/80 or substance P (23). However, midzolam 

and diazepam (10"6 to 10“* M) decrease proliferation, P-hex release, tumor necrosis factor 

(TNF) release and nitrite production from bone marrow-derived MC (BMMC) (24). 

Ligation o f BDZ binding sites on rat PMC inhibits calcium influx generated by 

concanavalin A (25). However, there is no evidence to suggest that these BDZ binding 

sites are GABAaR. In fact, radioligand binding assays (Chap 4) show that GABA and 

muscimol bind to MC non-specifically and may not involve a specific receptor.

RT-PCR analysis o f MC RNA also shows that RCMC express several Cl' 

channels, C1C2, 3, 4, 5 and 7 and PMC express CIC 7 (Table 8.1, Chap 3). Some mAb 

have recently become available to some of the CIC members, which may prove useful in 

further characterizing their expression in MC. However, patch clamp studies using
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antisense oligodeoxynucleotides to block CIC expression may prove much more useful in 

delineating CIC function in MC. Certainly, patch clamp studies have had little luck in 

matching specific Cl* currents with specific signalling pathways. Carefully controlled 

RT-PCR analysis shows that IFN-y does not modulate expression o f  these CIC at the 

mRNA level. It is possible that a more quantitative technique such as the SI nuclease 

assay could be applied to determine relative expression of CIC mRNA before and after 

IFN-y.

Another possible mechanism of IFN-y modulation o f Cl' flux in MC may be via 

protein phosphorylation (Fig 8.3). JAK2 activation in mammary epithelial cells regulates 

Na'-K '-2CI' function via tyrosine phosphorylation (26). Although CFTR was unaffected 

by JAK2 activation (26) in this study, it is possible that phosphorylation events through 

other phosphotases and/or kinases activated by IFN-y may regulate CFTR via 

phosphorylation and dephosphorylation. RT-PCR analysis indicates that MC express 

CFTR mRNA and protein and that this channel is activated by cAMP. Also, IFN-y 

upregulates CFTR in MC in a dose-depdendent manner (Chap 6). The R domain contains 

consensus sequences for phosphorylation by protein kinase A (PKA) and by protein 

kinase C (PKC) (27). PKC phosphorylation o f CFTR is diacylglycerol-dependent but 

Ca2*-independent (28) and in intestinal epithelium, membrane targeting o f cGMP- 

dependent protein kinase (cGK) type II induces CFTR Cl' channel activity (27). 

Therefore, CFTR acitivty is controlled by phosphorylation events but, unlike GABAaR, 

phosphorylation opens the CFTR Cl' channel.

Some CIC may also be phosphorylated by JAK2. However, C1C-2 is the only 

CIC shown to be phosphorylated and it is unlikely that C1C-2 is the target o f 

phosphorylation-mediated regulation since PKA phosphorylation has no effect on C1C-2 

function (29).

Phosphorylation plays an important role in the regulation o f  ligand-gated 

channels. The GABAaR complex is phosphorylated by several protein kinases in vitro 

and the addition o f Mg2+'ATP to the internal pipette solution prevents the time-dependent 

decrease of GABA-activated currents suggesting that phosphorylation confers an 

activated (open) conformation to the channel (30). PKC phosphorylation sites are located
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in the intracellular domains o f  the p (Fig 1.5) and y2 subunits, and increased PKC 

phosphorylation causes a reduction o f GABA-activated currents in hippocampal neurons 

and those expressed in oocytes injected with mRNA (31). Also, increases in cAMP- 

dependent protein kinase activity decreases GABAaR mediated 36C1' uptake by brain 

microsacs (32) showing that GABAaR are no longer conducting a Cl' current when 

phosphorylated. These findings show that, unlike CFTR and CIC, GABAaR are inhibited 

by phosphorylation.

C. Role o f GABAaR in mast cell function and inflammation

Communication between the immune and neuroendocrine system has been 

demonstrated in various ways, including regulation o f  MC functions. Therefore, our 

observation that GABAaR are expressed on MC is extremely interesting from a 

neuroimmune point o f  view. The GABAaR belong to a large family o f ligand-gated 

channels that are responsible for the majority o f inhibitory neurotransmitter activity in the 

brain and CNS. GABAaR are mainly expressed on neurons although recent evidence has 

also demonstrated expression on T lymphocytes (33). Ligation o f T cell GABAaR 

inhibits T cell proliferation and cytotoxicity (33,34). These observations suggest that 

GABA and GABAaR may modulate immune responses.

One o f the ligands for GABAaR are the benzodiazepines (BDZ) that interact 

allosterically with the GABA agonist site or the receptor channel (22). BDZ also bind 

other receptors, located mainly in peripheral tissues and glial cells in the brain, which are 

macromolecular complex composed o f an isoquinoline carboxamide-binding protein 

(IBP), a voltage-dependent anion channel (VDAC) and an adenine nucleotide carrier 

(ADC) (35). Peripheral BZD receptors are expressed on monocytes (36), lymphocytes 

(37-41), platelets (39), neutrophils (42) and mast cells (23). Interestingly, peripheral 

BDZ receptor ligands have an anti-inflammatory effect on mouse models o f 

inflammation. BDZ derivatives inhibit prostaglandin E2 and IL-6 production and 

leukocyte recruitment in a mouse air-pouch model o f  local inflammation (43). PK11195 

and Ro5-4864 inhibit mouse paw edema induced by IL-13 and IL-6 (44). Although Ro5-
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4864 (KV6 M) has no effect on histamine or serotonin release in either unstimulated PMC 

or those stimulated by compound 48/80 or substance P (23), MC activated by pro- 

inflammatory cytokines may be sensitive to Ro5-4864 inhibition in this paw edema 

model. GABA inhibition o f MC mediator release may similarly regulate inflammatory 

responses.

Could GABAaR expression on MC be a signalling link that ultimately results in 

downregulation o f inflammatory responses? Certainly, we have shown that GABA 

inhibits MC P-hex release. Similarly, BDZ decrease MC proliferation, P-hexosaminidase 

release, tumor necrosis factor (TNF) release and nitrite production (24). If BDZ and 

GABA inhibit MC mediator release, GABAaR antagonists would be expected to 

potentiate pro-inflammatory cytokine release. This hypothesis is supported by studies in 

human monocytes where inhibition of BDZ receptor (and GABAaR?) signalling, can 

potentiate inflammatory responses. Triakontatetraneuropeptide (TTN), an endogenous 

peptide inhibitor o f  diazepam binding sites, potentiates the release o f IL -ip, 

granulocyte/macrophage colony-stimulating factor (GM-CSF) and TNF from human 

monocytes possibly by inducing PGE2 production (45).

GABA is a normal constituent of the mammalian central nervous system (CNS) 

and no other mammalian tissue, with the exception o f the retina, contains more than a 

mere trace o f this compound (22). Therefore, GABA inhibition of MC mediator release 

most likey occurs in the CNS. MC are often aggregated around nerves and the brain, like 

other tissues, contains resident MC. Brain MC are found intracranially, in the dura mater, 

leptomeninges, choroid plexus and the parenchyma o f the brain (particularly the 

thalamus) (46-49). In the rat brain, there is a correlation between MC numbers and 

content o f histamine (50) and isolated rat brain MC release 5-hydroxytryptamine (5-HT) 

and histamine in response to neuropeptides and neurotransmitters released from nearby 

neurons (51). The balance between histamine and GABA release in the brain may be 

important in regulating neuron activity. Activation of the GABAaR (by muscimol) in the 

CNS suppresses hyperglycemia induced by histamine stimulation of histaminergic 

neurons (52) and inhibits histamine-induced [3H]inositol monophosphate accumulation of 

rat cerebral cortex (53). It is also possible that release of histamine can modulate
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GABAAR-mediated responses in neurons. For example, oxidation o f  histamine in the 

brain produced imidazoleacetic acid, an agonist o f GABAaR, and provides a link between 

the histaminergic and GABAergic systems in the brain (54).

Therefore, the observation that MC express GABAaR creates several hypotheses 

which have profound implications for MC-neuron communication. Further studies will 

need to confirm expression o f a functional GABAaR chloride channel receptor on MC. 

These studies should also characterize the ligand-binding affinities o f MC GABAaR for 

GABA and BDZ. If MC express a GABAaR capable of binding GABA and BDZ, this 

could change current models o f inflammatory responses in the CNS and other tissues.

D. Role o f CFTR chloride channels in mast cell function-pharmacologic studies

Studies using pharmacologic inhibitors suggest that Cl' channel function may be 

important in 0-hex release from MC. MC treated with 4,4’-diisothiocyano-2,2’- 

stilbenedisulphonate (DIDS) and diphenylamine-2-carboxylate (DPC) show a marked 

inhibition of p-hex release. The use o f DIDS as an inhibitor of Cl' is problematic since 

DIDS inhibits a variety o f anion channels and can potentially modify amino acids in 

plasma membrane proteins. In fact, SITS (a DIDS-related compound) was originally 

designed as general fluorescent, impermeant covalent modifier o f membrane amino 

groups (55). In addition, the quality o f commercially available DIDS is not uniform 

because companies offer them as free acids or sodium salts with varying degrees o f 

c/V/ram-isomerization and different ratios o f NCS and NH2 groups. DIDS has 

hydroscopic properties and the NCS group and the NH2 groups have a tendency to form 

polymers such as DIDS-DIDS or DIDS-4,4’-diaminostilbene-2,2’-disulfonic acid 

(DADS) (56). Therefore, interpretation o f data obtained using DIDS must always take 

into account its other, “non-specific,” effects. However, there are no specific protein or 

pharmacologic inhibitors to CFTR or CIC members, and DIDS is one o f  the 

pharmacologic inhibitors available to study Cl' channels in a variety o f cell types.

Although DIDS does not directly block CFTR from the extracellular side, it may 

indirectly influence CFTR-mediated Cl' secretion. For example, DIDS has been reported
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to increase short-circuit current and serosal-to-mucosal Cl' fluxes across stripped rabbit 

colonic mucosa at concentrations between 10 to 200 pM  (57). This temporary increase 

was also observed for whole cell Cl' current in T84 and Calu-3 cells and was attributed to 

the elevation o f cytosolic Ca2+ levels (58). Although the exact mechanism by which 

DIDS increases Ca2~ levels is unknown, the fact that DIDS can temporarily elevate 

intracellular Ca2" levels complicates its role as an inhibitor o f MC mediator release. 

Given that increases in intracellular Ca2+ have been shown to be involved in MC mediator 

release, DIDS-mediated elevations in intracellular Ca2" would be expected to potentiate 

MC mediator release. However, the opposite is true, suggesting that either DIDS is 

unable to elevate Ca2* in MC or that DIDS-mediated block o f Cl' channels is more 

important in MC mediator release.

However, the DIDS data also suggests that other ion channels may be just as 

important in MC mediator release. In addition to blocking Cl' channels, DIDS is among 

the most potent inhibitors o f band 3- or AE1 (anion exchanger)-mediated anion exchange

(59). Anion exchangers are present in a number o f tissues and may also be present in 

MC. As well, DIDS has been shown to effect various epithelial K* channels such as ISK

(60), Katp (60), the Ca2*-activated K* channel in smooth muscle cells (61), and outwardly 

rectifying Cl' channels (ORCC) that were originally thought to be the PKA-regulated Cl' 

channel defective in CF (62). Any one o f these channels could be expressed in MC and 

could modulate membrane conductance such that MC mediator release is inhibited.

DPC inhibits CFTR in a voltage-dependent manner (currents at positive potentials 

are not affected, but currents at negative potentials are blocked), reversibly and is thought 

to bind to a transmembrane region inside the channel pore (63). Like DIDS, but with a 

higher IC50, DPC also blocked P-hex release from MC. However, like DIDS, DPC use is 

replete with complicating factors. Firstly, DPC is not a specific inhibitor o f CFTR since 

it can also block ORCC in the human carcinoma cell line HT-20, rat colonic enterocytes, 

and cultured human respiratory cells (63). DPC can also block a Ca2* dependent Cl' 

channel from sheep airway epithelium and a voltage-sensitive outwardly rectifying Cl' 

channels from various epithelia (63). DPC and NPPB can inhibit Na*-K*-2C1' 

cotransporters with an IC50 of 100 and 30 pM respectively (64), but this may only be a
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consequence o f CFTR blockade since CFTR and Na*-IC-2Cl' are intimately linked (Fig

1.9).

Secondly, DPC has also been reported to inhibit important signal transduction 

pathways in epithelial cells. DPC inhibits forskolin-stimulated cAMP production by 28 

% (65). Increases in intracellular cAMP activate CFTR Cl' current, suggesting that DPC 

might inhibit CFTR function by two mechanisms; (1) binding to the channel pore and (2) 

lowering intracellular cAMP. However, lowering intracellular cAMP might also have 

profound effects on other MC functions such as mediator release (66,67). DPC also 

inhibits prostaglandin D2 synthesis from arachidonic acid by inhibition of cyclooxygenase 

(68). Therefore, DPC appears to inhibit both eicosanoid and cAMP signal transduction 

pathways and data suggesting that DPC blocks MC mediator release must be interpreted 

with caution regarding the mechanism o f action.

Glibenclamide, a sulfanomide, reduces the open probability o f CFTR in a 

structure-dependent and concentration-dependent manner by direct interaction with the 

channel as recorded in cell-free membrane patches with an effective concentration o f IC50 

2 to 30 pM (63). In MC, glibenclamide (30 pM) inhibited matrix metalloproteinase-9 

(MMP-9) release (Chap 7) but did not affect (3 to 300 pM) P-hex release (Chap 5). 

Glibenclamide may not effect p-hex release because (1) glibenclamide activates/inhibits 

other channels and enzymes and these are involved in MC mediator release or (2) 

glibenclamide is unable to enter the cell and block the CFTR pore. Glibenclamide has a 

Kd for the sulfonylurea receptor, a member of the ABC transporter superfamily and has 

been shown to inhibit a variety o f IC channels (69), numerous enzymes including PKA 

(70) and other Cl' channels (63). Alternatively, it has been suggested that the 

glibenclamide binding site on K ' channels resides on or near the cytoplasmic face o f the 

channel (63). Recent evidence shows specific binding o f [l25I]iodoglibenclamide to 

CFTR in a structure-dependent way showing that there is a similar binding site present on 

CFTR (63). If the glibenclamide binding site on CFTR is also cytoplasmic, then 

inhibition is dependent upon glibenclamide permeation through the plasma membrane. 

The inability o f glibenclamide to modify mediator release from MC could be because the 

drug cannot enter the MC.
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As outlined above, experimentation using pharmacologic inhibitors o f Cl' is 

complicated by the fact that these inhibitors are not specific to Cl* channels and have the 

potential to modify a number o f other ion channels. These inhibitors are often used in 

patch clamp experiments where they are often added to bath or pipette solutions directly 

and results are recorded instantaneously. However, measuring the effect o f these 

inhibitors on mediator release from MC requires lengthy incubation in aqueous solution 

(30 min for p-hex release and 24 hr for MMP-9 release). Although the specificity and 

potency of DIDS, DPC and glibenclamide is unknown in these systems, they inhibit 

mediator release and suggest a role for ion channels in this process.

E. Role o f other ion channels in mast cell functions

MC express a variety o f other ion channels which likely play a role in MC 

functions such as mediator release. For example, MMC grown from bone-marrow, 

express two K* conductances that are absent in progenitor cells (13). However, upon 

ligation o f the P2 receptor, a G coupled receptor able to potentiate mediator release (71), 

an outwardly rectifying K* conductance is initiated (13,72). However, K ‘ current 

activation appears to be dependent on the type o f  stimuli, since FceRI crosslinking 

increases the open probability o f an inwardly rectifying K* channel that affects Ca:* 

uptake in RBL cells and may also potentiate mediator release (73).

MC express a  non-voltage activated Na* channel that undergoes voltage- 

dependent transitions (74). Although Ca2* is the main cation used in intracellular 

signalling, changes in the cytoplasmic free Na* can also regulate several cellular 

processes. Increases in intracellular Na* levels have been implicated in cell volume 

regulation (75), modulation o f excitability through changes in activities o f the N a7Ca2* 

exchanger, ATPases (76) and regulation o f Na*-activated ICchannels (77). Activation of 

cell-surface receptors in lymphocytes or vasopressin receptors in fibroblasts have been 

found to elevate intracellular Na* concentration (78) and in platelets, changes in 

intracellular Na* alter the affinity o f a 2-adrenergic receptors for adrenaline (79). Voltage- 

gated Na* are rare in non-excitable cells and the precise role o f non-voltage activated Na*
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conductance in MC is unknown. However, it is possible that FcsRI crosslinking elicits 

Na+ flux, facilitating mediator release.

Our data suggests that MC mediator release is inhibited in Cl' -reduced buffer 

(Chap 5). Although this decrease in mediator release may be mediated by Cl' channels, it 

may also be the result o f alkalinization o f intracellular cytosol via the bicarbonate 

exchanger. The H C 03' -dependent transporter contributes to the regulation o f pH, , cell 

volume, cell growth and intracellular Na' (80). In the presence o f Hepes/HC03\  resting 

intracellular pH of PMC is 6.67 + 0.015 and placing cells in a Cl' -free medium 

(substituted with gluconate) results in a marked increase in intracellular pH to 6.80 + 

0.020 that is independent o f N a' (81). The alkalinization in Cl' -free medium is not 

affected by 50 pM DIDS. although the recovery o f pH to physiological levels is 

completely blocked by DIDS (81). 48/80 or antigen-stimulated PMC release

approximately 10 to 20 % less histamine in Hepes/HC03* buffer than cells stimulated in 

H C 03‘ -free Hepes buffer yet this effect is not due to differences in intracellular pH (81). 

Therefore, the role o f H C 03' in histamine release is not dependent on regulation of 

intracellular pH but is involved in some other process. These experiments also point out 

that the electrochemical equilibrium for Cl* is into the cell and that the extrusion o f H C 03* 

out o f the cell by the cotransporter can be driven by the movement o f Cl* ions into the 

cell. This further supports our hypothesis that when MC Cl* channels are opened, one 

would expect an influx o f  Cl* ions as is seen with the fluorescent probe experiments and 

the 36C1* influx studies in Chap 2.

II. The potential significance o f mast cells in cystic fibrosis

A. Role of epithelial cells in CF

One of the major clinical manifestations o f CF is excessive airway inflammation, 

suggesting that CFTR affects the function o f airway epithelial cells in inflammatory 

responses (82-84). Defective CFTR expression in lung epithelial cells not only causes 

abnormal electrolyte secretion but may be responsible for abnormal bacterial clearance. 

The lung epithelium comprises a variety o f cell types, including ciliated cells and goblet
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cells. Ciliated epithelial cells are the major cell type and responsible for propelling the 

tracheobronchial secretions toward the pharynx (85) and defects in their function may 

cause abnormal bacterial clearance. Bacteria persist in the respiratory tract o f CF patients 

due to decreased antimicrobial activity in airway surface fluid and impaired bacterial 

clearance due to mucus plugging (86). Cells with CFTR mutations have increased 

numbers o f asialoglycolipid receptors for common bacterial pathogens (87). Human 

respiratory epithelial cells growing from CF nasal polyp are unable to inhibit 

Pseudomonas aeruginosa growth (88). However, when these cells are transfected with 

wild-type CFTR, bacterial killing is restored (88). Epithelial expression o f IL-8 after 

bacterial stimulation is increased in cells with CFTR dysfunction, a finding demonstrated 

in both cell lines (89) and in CFTR-deficient mice (compared with normal control mice, 

90). These findings suggest that there is an underlying immune dysfunction in CF that 

may be mediated by immune cells resident in the lung.

B. Potential role o f mast cells in CF lung

Little data is available on MC number, morphology and function in CF. 

However, one small histological study suggests that nasal polyps from CF patients 

contain greater numbers o f MC, endothelial cells, lymphocytes and plasma cells then 

from non-CF specimens (91). In a similar study of nasal polyps, a predominance o f 

macrophages, T cells, B cells and moderate number of neutrophils were found in CF 

polyps (92). However, in the same study, polyps from non-CF patients also contained 

lymphocytes and eosinophils but there was no mention of MC numbers. Therefore, it is 

difficult to determine if  MC are important in CF. To begin to address this lack o f 

knowledge, a complete, systematic study o f MC numbers, morphology and functions in 

CFTR knock-out mice would be valuable. Studies of MC in CF patients would also be 

valuable and should include histological characterization of MC numbers in the lung and 

their ability to release mediators upon stimulation with bacteria.

MC mediators regulate several epithelial cell functions (Fig 8.4). Histamine, for 

example, can reversibly and significantly depolarize the membrane voltage and increase 

the whole cell Cl' conductance in a bronchial epithelial cell line that expresses high levels
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o f CFTR (93). Histamine effects are probably not mediated through general alternations 

in cell permeability since apically applied histamine has no effect on human bronchial 

epithelial cell permeability or tight junction integrity (94). These studies suggests that 

MC release o f  histamine activates epithelial Cl" transport and abnormally low histamine 

release (in CF, for example) may result in low epithelial Cl" transport. Histamine is also 

an important activator o f goblet cell secretion (95) in the airway but does not effect goblet 

cells expressed in the pancreas (96). Abnormal histamine release from MC may 

ultimately effect goblet cell mucus secretion and affect mucociliary clearance in the lung. 

MC release o f TNF could also modulate epithelial cell Cl" currents. For example, TNF 

downregulates CFTR expression in lung epithelial cells and decreases Cl" currents 

(97,98). Therefore, abnormal production o f TNF could also create abnormal secretion 

from epithelial cells.

III. Implications o f  IFN-y-mediated upregulation o f CFTR expression

A. Increased CFTR expression may alter Cl" current

One o f the most surprising observations in this project is that IFN-y upregulates 

CFTR expression in MC. This is opposite to the effect o f IFN-y on CFTR in epithelial 

cells, where IFN-y downregulates CFTR expression (98). Both epithelial cells and MC 

are considered to be important regulators of the innate immune response in the lung. 

Western immunoblot and flow cytometry studies show that IFN-y upregulates CFTR 

expression in MC. At first glance it may appear that increases in CFTR expression 

might result in increases in Cl" secretion. In epithelial cells, IFN-y downregulates CFTR 

expression and 3oCl efflux and whole cell current studies indicate that CFTR function is 

impaired in IFN-y treated cells (98). Using epithelial cells as a model, increases in MC 

CFTR might result in increases in Cl" current.

However, level o f CFTR expression does not always correlate with level o f CFTR 

activity. For example, sodium 4-phenylbutyrate (PBA), a short-chain fatty acid that 

functions as an ammonia scavenger and is used to treat patients with urea cycle enzyme 

deficiency, increases CFTR expression in Calu-3 cells, but inhibits Cl" secretion (99).
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PBA also increases expression o f  Na*-K+-ATPase, which would be expected to stimulate, 

not inhibit, Cl* secretion (99). The Nar-K*-ATPase contributes to the driving force for Cl* 

secretion via CFTR in normal lung epithelial cells (Fig 1.10) and an increase in the 

activity o f this cotransporter should increase the driving force for Cl* secretion. However, 

the opposite is true since Ussing chamber studies reveal that PBA reduces apical Cl* 

secretion (99). The mechanism for inhibition of Cl* current by increased expression of 

CFTR is unknown, although other ion channels may be involved. Studies showing 

increased CFTR expression and reduced Cl* flux show that expression o f other transport 

proteins is also altered. For example, PBA treatment increases Na*-K*-ATPase and 

reduces Na*-tC-2Cl* expression (99). Although Na*-K*-2C1* transporter contributes only 

nominally to cAMP-stimulated Cl* secretion by epithelial cells, increased expression of 

the Na+-K+-ATPase may alter the Cl* gradient and inhibit Cl* flux.

In this project, IFN-y-mediated increase o f CFTR expression in MC inhibited Cl* 

influx and mediator release. Experiments using Cl* reduced buffers show that p-hex 

release from MC is inhibited in low [Cl ] suggesting that Cl* is necessary for maximal 

mediator release. Other studies have shown IgE activated MC uptake o f Cl* during 

mediator release. If Cl* is necessary for MC mediator release, then IFN-y upregulation of 

CFTR expression might decrease net Cl* influx and inhibit MC mediator release.

B. Upregulation o f CFTR may alter mast cell gene transcription

Several lines o f evidence suggest that CFTR expression is required for normal 

gene transcription in epithelial cells. Comparison of endogenous activation o f NF-kB in 

CFTR mutant cell lines and a cell line expressing a functional CFTR showed that cells 

containing the mutant form of CFTR display elevated activation o f NF-kB and elevated 

IL-8 expression (89) (Fig 8.5). Northern blot analysis and ELISA analysis o f bronchial 

gland cells isolated from CF patients shows increased IL-8 expression that is sensitive to 

dexamethasone and genistein (100,101). Exactly how CFTR dysfunction contributes to 

the activation and nuclear localization o f NF-kB is unclear. However, there is some 

evidence suggesting that cell stress caused by accumulation o f CFTR protein in the ER
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(102) may induce increases in [Ca2+]f, stimulating NF-kB (89) or that there is an absence 

of inhibitor o f kB (IkB) expression in mutant cells (101).

NF-kB is a transcription factor required for the expression o f many genes 

important in inflammation. It is complexed in the cell cytoplasm with IkB-ci and *p, 

which inactivates the transcription factor (103). However, in response to stimuli such as 

Fc receptor ligation, IkB proteins are selectively phosphorylated, ubiquitinated and 

degraded in the proteasome in a Ca2+-dependent manner, releasing NF-kB to translocate 

the nuclear membrane and initiate the transcription o f several pro-inflammatory cytokines

(103). In MC, NF-kB activation is an important process in cytokine production. 

Coactivation o f MC with IgE-antigen and lipopolysaccharide (LPS), for example, leads to 

activation in NF-kB and production o f IL-9 (104). Therefore, aberrations in CFTR may 

also effect NF-KB-mediated production of pro-inflammatory cytokines by MC such as IL-

9. CFTR regulation o f NF-kB is probably a complex process, perhaps through indirect 

mechanisms. However, if  the absence of functional CFTR activates endogenous NF-kB, 

then perhaps upregulation o f CFTR by IFN-y may inhibit endogenous NF-kB (Fig 8.5). 

Therefore, CFTR upregulation in MC could inhibit the production o f several pro- 

inflammatory cytokines including IL-9.

C. Other possible IFN-y effects on CFTR function

Although it appears that all IFN-y effects on cell phenotype are mediated through 

changes in gene transcription via the JAK/STAT1 pathway, there is some evidence that 

some o f the kinases involved in IFN-y signalling may modulate ion transport without 

gene transcription. JAK2, for example, regulates prolactin-mediated Cl' transport in 

mouse mammary epithelial cells through tyrosine phosphorylation o f Na'-K'-2C1' 

cotransporter (26). Prolactin is a lactogenic hormone that, much like IFN-y, signals 

through the JAK/STAT pathway. Prolactin binding triggers dimerization of the receptor 

and activation o f JAK2, which mediates phorphorylation o f STAT5 (26). JAK2 also 

mediates phosphorylation o f  the Na+-K+-2C1‘ cotransporter, increasing Cl* transport (26). 

However, JAK2 does not phosphorylate CFTR expressed in these cells (26) suggesting 

that CFTR is incapable o f JAK2 phosphorylation in this cell line.
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IV. Implications for nitric oxide regulation o f  chloride channels in mast cells

Nitric oxide (NO) is an important messenger in cellular functions. IFN- 

y upregulates expression o f  nitric oxide synthase (NOS) and several o f the regulatory' 

proteins that are involved in NO production (105). IFN-y mediated upregulation o f 

CFTR is independent o f endogenous NO since LNMMA does not block IFN-y action. 

However, some preliminary experiments suggest that RCMC do not express some 

isoforms o f NOS and may not be capable o f  producing NO following IFN-y treatment 

(unpublished).

However, exogenous NO (in the form o f GSNO) upregulates CFTR expression. 

NO initiation of CFTR transcription may the result o f nitrosylation o f  cysteine residues 

on transcription factors. NO has been found to inhibit the DNA binding activities o f NF- 

kB  (106), AP-1 (107) and c-Myb (108) via modification of their DNA-binding regions 

which contain a redox-regulated cysteine residue. NO can activate the transcription of 

genes such as TNF by inhibiting DNA binding of repressors o f transcription (109). 

Therefore, GSNO may activate CFTR transcription indirectly, possibly via initiation of 

cytokines such as TNF that can activate the CFTR promoter. In epithelial cells, TNF and 

IFN-y synergistically decrease CFTR expression and Cl* current (97,98). I f  the opposite 

is true in MC (TNF upregulates CFTR expression like IFN-y), then NO induction o f TNF 

production may work in an autocrine fashion to upregulate CFTR expression.

A. Nitric oxide modulation o f  mast cell channel activity

Although many o f the studies o f MC ion channels have involved indirect 

pharmacological characterization or minute measurements of electronic current, there is a 

wealth o f information suggesting that ion channels are integral to MC physiology and 

important targets in the modulation o f MC function. Electrophysiological measurements 

indicate that MC in the resting state express currents indicative o f inwardly rectifying and 

outwardly rectifying K* channels, several types o f Ca2* channels, GTP-activated Na* 

channels and Cl* channels. (14,110,111). Previous studies have demonstrated that MC
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produce NO when stimulated. Given that NO can be a potent and precise regulator o f ion 

channels in most cell types, it is reasonable to assume that MC NO might regulate various 

MC ion channels.

Exogenous NO can activate the cystic fibrosis Cl' channel or cystic fibrosis 

transmembrane conductance regulator (CFTR). Patch clamp recordings show that in 

epithelial cells and normal T cell clones, NO can activate a cGMP-dependent CFTR- 

mediated Cl' current which is absent in cells derived from CF patients (112,113). NO 

may also regulate MC CFTR and ultimately MC mediator release since MC CFTR may 

regulate mediator release (16). Cl' channel expression and presumably Cl' flux is also 

necessary for NO production. Loss o f CFTR activity by overexpressing its regulatory 

domain, reduces NOS mRNA expression and decreases overall NO production in 

epithelial cells (114).

In endothelial cells, NO production is triggered by an influx of Ca2" but is 

independent o f intracellular Ca2‘ concentration (115). Release o f Ca2" from intracellular 

stores by histamine in the presence o f an inhibitor o f receptor-activated Ca2" influx does 

not induce the production o f NO (115). Thus, NO production appears to require influx of 

Ca2" through Ca2* channels. It has been shown that NOS resides in calveoli, which also 

contain calmodulin and various ion channels including Ca2" and K" channels (116). 

When activated by an agonist, Ca2'  would open, facilitating the entry of extracellular Ca2' 

and increasing the local concentration o f  Ca2" on the internal side o f the plasma 

membrane. Ca2" ions would bind calmodulin and induce the formation of the NOS-Ca- 

calmodulin complex, thereby dissociating the enzyme from the plasma membrane and 

activating its catalytic activity.

B. Nitric oxide regulation o f ion channel expression in MC

Very little data is available on MC ion channels and even less on NO modulation 

o f MC ion channels. It is possible, however, the deduce a few key points from the data 

above. Firstly, NO regulation of MC ion channels is most likely mediated by alterations 

in SGC, which can have profound affects on channel conductance and electrophysical 

characteristics. Secondly, it is possible that NO directly oxidizes or nitrosylates key
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amino acid residues on MC ion channels. Candidates for this type o f regulation include 

various 1C channels (including those expressed differentially throughout MC 

differentiation), Ca2+ and Cl' channels whose pore contain thiol groups susceptible to NO 

nitrosylation. All o f these events are most probably under the tight control o f calmodulin 

which senses changes in intracellular Ca2+ and alters NOS activity accordingly.

V. Future Directions

This study has shown that MC express a variety o f  Cl' channels some o f which are 

regulated by IFN-y, yet several questions remain. Are all o f  these Cl' channels capable of 

conducting a Cl' current? Currently, only CFTR has been shown to transduce a Cl' 

current when activated with cAMP. To fully characterize the role of C1C in MC function, 

it will be necessary to (1) determine the expression of the different C1C members at the 

protein level, (2) determine if  the C1C are functional C l' channels in rat MC and (3) 

determine the regulatory mechanisms that modulate the opening of these channels.

The role o f Cl* channels in MC functions such as mediator release remains poorly 

understood. Studies using pharmacological inhibitors suggests that DIDS-sensitive ion 

channels and DPC-sensitive channels (perhaps CFTR) might be necessary for maximal 0- 

hex release from antigen and 48/80 stimulated MC. Preliminary experiments using 

antisense oligonucleotides to CFTR mRNA indicate that this approach inhibits CFTR 

expression and would be a more effective tool to study CFTR regulation of MC mediator 

release. CFTR knock-out mice might also offer insights into the role o f CFTR in MC 

differentiation, proliferation, adhesion, cytokine production, degranulation and 

modulation o f hypersensitivity disease. My preliminary results suggest that bone 

marrow-derived mast cells (BMMC) can be successfully grown from CFTR knock-out 

mouse bone marrow and that FceR crosslinking induces p-hex release from these MC 

(Chap 7). Further experimentation may reveal differences in cytokine expression 

between CFTR knock-out BMMC and wild-type BMMC. The effect o f IFN-y on these 

cell populations may also be o f interest.

The precise mechanisms o f IFN-y downregulation o f  MC release is still unknown. 

Although Cl' channels might be important in this process, it is more likely that IFN-y
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modulates the expression o f  a number o f genes and these alter MC response to antigen. 

These genes may include the subunits that comprise the FceR, PKC or various molecules 

involved in granule fusion with the membrane.

V. Conclusion

It is clear that a  number o f distinct ion channels and tranporters are necessary for a 

variety o f MC functions. We have shown that MC express several types o f C1‘ channels 

and that IFN-y modulates the expression of mRNA and protein o f CFTR. Although it is 

possible that IFN-y modulation o f CFTR expression may be one o f the mechanisms by 

which IFN-y downregulates MC mediator release, further experiments will need to be 

performed using the antisense technology developed during the course o f this study to 

address this posibility.
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Table 8.1. Chloride channel expression in MC and their regulation by IFN-y.

RCMC

GABA.R subunits

a  (1-5), P (1 and 3) and y (1-3)

C1C

2, 3 ,4 , 5 and 7

CFTR

CFTR

IFN-y-treated RCMC upregulated expression o f a  1, a3

a4, a5, p i, P2, P3, yl, y2 andy3

no change in 

expression

upregulated

expression

PMC a l CFTR

IFN-y-treated PMC ? no change upregulated

expression

HMC-I 3 and 4/5 CFTR
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Figure 8.1. Conceptual model of IFN-y effect on chloride channel expression and 
function in mast cells.
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BDZ, GABA, muscimol

BDZ binding site 
GABAaR?

Inhibition of 
Ca2+ releaseGABAaR subunit 

mRNA

mast cell
inhibition of mediator release: 
^-hexosaminidase
TNF 
nitric oxide

Figure 8.2. Model of benzodiazepine (BDZ), y-aminobutyric acid (GABA) and muscimol 
binding to mast cells and their effects on mediator release. Mast cells express GABAaR 
subunit mRNA and express GABAaR alprotein. GABA, BDZ and muscimol may bind 
GABAaR or other sites and inhibit various mast cell functions including release of (3- 
hexosaminidase, tumor necrosis factor (TNF) and nitric oxide.
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Figure 8.3. CFTR regulation by phosphorylation. IFN-yR ligation activates the Janus 
kinases (JAK). JAK2 activation in mammary epithelial cells regulates Na+-K+-2Cl' 
function via tyrosine phosphorylation. JAK activation may potentially phosphorylate 
CFTR. The regulator (R) domain contains consensus sequences for phosphorylation by 
protein kinase A (PKA) and by protein kinase C (PKC). PKC phosphorylation of CFTR 
is diacylglycerol-dependent but Ca2+-independent and in intestinal epithelium, membrane 
targeting of cGMP-dependent protein kinase (cGK) type II induces CFTR Cl channel 
activity.
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antigen

Epithelial cells 
•increase whole cell Cl conductance 
and depolarize membrane voltage

mast cell

histamine- Goblet cells 
-increase secretion

TNF Epithelial cells 
-decreases CFTR 
expression 

-decreased Cl' current

Figure 8.4. Model of mast cell functions in the lung and their effect on cells important in 
cystic fibrosis. Mast cells release histamine that can modulate epithelial cell cell voltage 
and Cl' conductance. Mast cell tumor necrosis factor (TNF) can also downregulate CFTR 
expression in epithelial cells, resulting in decreases Cl' currents.
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STAT1

Figure 8.5. Possible mechanism of CFTR-mediated regulation of NF-kB 
gene transcription in mast cells. Exactly how CFTR dysfunction contributes 
to the activation and nuclear localization of NF-kB is unclear. However, 
there is some evidence suggesting that cell stress caused by accumulation of 
CFTR protein in the ER may induce increases in [Cai+|l. stimulating NF-kB 
or that there is an absence of inhibitor of kB (IkB) expression in mutant 
cells.
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Appendix A

I. Calculating [Cl ]; using fluorescent indicators for chloride

N-substituted quinoline compounds such as MQAE and SPQ have been used to 

measure Cl' flux and measure [Cl]j by measuring the quenching of fluorescence emission. 

Physiological pH levels and the concentration o f non-chloride ions do not significantly 

affect the fluorescence of SPQ (1) and SPQ is not cytotoxic even when used in high 

concentration (20 mM) (2). SPQ is water soluble and therefore is loaded into cells by a 

hypotonic method (3). SPQ, however, has a half-life o f only 8 to 9 minutes at 37 to 38°C 

and quenching o f SPQ fluorescence by Cl* is less effective inside cells (K,v-18 M '1) than 

in aqueous solution (£^=118 M '1) (4).

MQAE is much more sensitive to intracellular Cl* than SPQ (1^=64 M '1), making 

it about five times more sensitive (4). MQAE is also insensitive to changes in pH or 

bicarbonate, borate, nitrate or sulfate anions, although quenching by H2P 0 4* and 

carboxylates has been reported (4,5). The ester group of MQAE may slowly hydrolyse 

inside cells, resulting in a change in its fluorescence response (6). In addition, MQAE 

undergoes slow leakage from liposomes and cells (7).

The relationship between fluorescence intensity of the chloride indicator and 

chloride concentration is given by the Stem-Volmer equation:

(F0/F) -  1 = Ksv [Cl];

where Fu is the fluorescence intensity without halide or other quenching ions, F is the 

fluorescence intensity in the presence o f quencher, [Cl]; is the concentration of 

intracellular Cl* and Ksv is the Stem-Volmer constant.
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II. Calculating 36C1* influx

Measurement of the Cl* influx in unstimulated peritoneal mast cells was performed using 

Na36Cl (ICN; stock = 1.07 M, 0.867 mCi/mL or 12.0 mCi/g). Stock 36CI was diluted 

1/123 to give a final concentration of 8.7 mM in flux buffer (137 mM NaCl, 4 mM KC1, 1 

mM M gS04, 1 mM CaCl2, 20 mM HEPES, 1 mg/mL BSA, 1 mg/ml glucose). Cells 

were incubated in flux buffer for 30 min at 37°C. The incubation was terminated by 

transferring 100 pL o f  the cell suspension onto 120 pi o f silicone oil (density: 1.0274 

g/mL) in long, thin Eppendorf tubes. The tubes were centrifuged in a microfuge at 

18,000 g  for 30 sec and then placed into a freezing methanol bath until frozen. The 

bottom o f each tube was cut off and placed into a  scintillation vial with 48 mM NaOH. 

Each scintillation vial was vortexed for 1 min after which 5 mL of scintillation fluid was 

added and the vial was counted on a Beckman scintillation counter. 36C1' uptake was 

calculated based on the specific activity o f 36C1 in the extracellular medium. The specific 

activity was calculated as follows:

[extracellular Cl* addedl + \ 36C1~ added! = specific activity (nmole/cpm) 

radioactivity o f added36 Cl*

All values o f 36C1 uptake were corrected for 36C1 trapped in the extracellular space. 36Cl 

trapped in the extracellular space was determined by measuring cpm at time zero, 

immediately after the addition o f 36C1 (50 + 10.2 cpm). Intracellular Cl* concentration 

was calculated under the assumption that intracellular water is 1.3 pL/106 cells (8).
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Appendix B

Optimization o f  surface charge measurements 

Determination o f CFC charge

Surface charge measurements are often done using the polycation Cat-Floc (CFC) 

and toluidine blue (TB) as a color indicator. TB binds to the cell surface producing a 

color change from blue to purple but CFC displaced TB from the cell surface and 

reverses the color back to blue. Cell surface charge is determined by calculating the 

amount of CFC necessary to displace the TB. In order to accurately determine surface 

charge, the charge o f CFC must known. However, CFC is often available as a 

heterogenous mixture and the charge is often variable. Therefore, the charge o f CFC was 

determined using TB as a color indicator and titrating with an anion, dextran sulfate (DS).

Materials and methods

The charge o f CFC was determined by adding 10 pL  o f  2.5 pM DS (charge 

density 5.74 peq/mg, (1)) to 10 pL of 1 mM TB dissolved in 800 pL of 0.25 M sucrose. 

The TB/DS solution was placed in the spectrophotometer and the mixture was titrated 

with CFC. The changes in relative absorbance at 630 nm and the corresponding Gran 

plot were calculated using the equation:

V..C, = [SC-TB] + [SC] (equation # 1)

V

or v[TB+] = K, (Ve + v) at the equivalence point. (equation #2)
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where V is the total volume of the reaction, C, is the concentration of CFC, v is the 

volume of CFC added and Ve is the volume o f titrant added at equivalence point. The 

plot o f v[TB+] versus v is a straight line, where FC, is the slope and Vc is the intercept with 

the X-axis.

Results and Discussion

Addition o f CFC to the TB/DS solution produced a change in color from purple to 

blue and resulted in a shift in absorption from A53S to A630. In a typical experiment, the 

A63</(A63o+AS25) ratio was calculated and a Gran plot was used to calculate the charge of 

CFC as described above. The charge concentration was calculated to be 34.3 + 5.1 

peq/mg (n=3).

To validate photometric measurements using this CFC (and a charge 

concentration value o f 34.3 peq/mg), CFC was titrated with two compounds o f  known 

charge concentration. Heparin isolated from porcine intestinal mucosal (Sigma) has a 

charge concentration o f 4.28 + 0.15 peq/mg (1). A 1 mL aliquot o f 170 U/mL (58.8 

pg/mL) heparin solution (in 0.25 sucrose) was titrated with CFC in the presence o f 0.1 

mM TB. The resulting change in A63o/(A630+A525) ratio was plotted against the amount o f 

CFC added (Fig B.1A).
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Figure B .l. Typical titration curves for 58.8 pg o f  porcine heparin titrated 
with a  25 pM solution o f Cat-floc (CFC) in the presence o f 0.1 mM 
toluidine blue (TB). (A) Changes in the relative absorption o f TB as a 
function o f CFC added. (B) Gran plot corresponding to the data shown in 
panel A. Solid line represents best fit o f equation #2 above. (n=3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

Gran plot analysis (Fig B.1B) shows that the heparin charge concentration is 3.2 peq/mg 

(n=3) which is slightly lower than the published value.

To further validate the use o f DS solution and the photometric technique, the 

charge concentration o f the cationic compound 48/80 was determined using DS. The 

charge o f  48/80 was determined by adding 10 pL o f  2.5 pM DS (charge density 5.74 

peq/mg, (1)) to 10 pL of 1 mM TB dissolved in 800 pL  o f 0.25 M sucrose. The TB/DS 

solution was placed in the spectrophotometer and the mixture was titrated with aliquots o f 

al5 pg/mL solution o f 48/80. The resulting change in A630/(A630+A52J) ratio was plotted 

against the amount o f 48/80 added (Fig B.2).
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Figure B.2. Typical titration curves for 0.012 pg o f  dextran sulfate (DS) 
titrated with a 15 pg/mL solution o f 48/80 in the presence of 1 mM toluidine 
blue (TB). (A) Changes in the relative absorption o f  TB as a function o f 
48/80 added. (B) Gran plot corresponding to the data shown in panel A. 
Solid line represents best fit o f equation #2 above. (n=3)

Gran plot analysis (Fig B.2B) shows that the charge o f  48/80 is 7.4 + 0.75 peq/mg (n=3) 

and this value corresponds to the published value of 7.6 + 0.98 peq/mg (2).
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Conclusion

Titration with DS shows that the charge concentration o f  CFC is 34.3 peq/mg. 

The colloid titration procedure using this CFC solution as a titrant is an effective method 

o f determining surface concentration o f a common anionic molecule, heparin.
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