
Edited by

Guha Krishnaswamy
David S. Chi

Mast Cells

METHODS IN MOLECULAR BIOLOGY™    315

Methods and Protocols

Edited by

Guha Krishnaswamy
David S. Chi

Mast Cells
Methods and Protocols



Mast Cells



M E T H O D S  I N  M O L E C U L A R   B I O L O G Y™

John M. Walker, SERIES EDITOR

327. Epidermal Growth Factor: Methods and Protocols,
edited by Tarun B. Patel and Paul J. Bertics, 2006

326. In Situ Hybridization Protocols, ThirdEdition,
edited by Ian A. Darby and Tim D. Hewitson,
2006

325. Nuclear Reprogramming: Methods and Protocols,
edited by Steve Pells, 2006

324. Hormone Assays in Biological Fluids, edited by
Michael J. Wheeler and J. S. Morley Hutchinson,
2006

323. Arabidopsis Protocols, Second Edition, edited by
Julio Salinas and Jose J. Sanchez-Serrano, 2006

322. Xenopus Protocols: Cell Biology and Signal
Transduction,  edited by X. Johné Liu, 2006

321. Microfluidic Techniques: Reviews and Protocols,
 edited by Shelley D. Minteer, 2006

320. Cytochrome P450 Protocols, Second Edition, edited
by Ian R. Phillips and Elizabeth A. Shephard, 2006

319. Cell Imaging Techniques, Methods and Protocols,
 edited by Douglas J. Taatjes and Brooke T. Mossman,
2006

318. Plant Cell Culture Protocols, Second Edition, edited
by Victor M. Loyola-Vargas and Felipe Vázquez-Flota,
2005

317. Differential Display Methods and Protocols, Second
Edition, edited by Peng Liang, Jonathan Meade, and
Arthur B. Pardee, 2005

316. Bioinformatics and Drug Discovery, edited by
Richard S. Larson, 2005

315. Mast Cells: Methods and Protocols, edited by Guha
Krishnaswamy and David S. Chi, 2005

314. DNA Repair Protocols: Mammalian Systems, Second
Edition, edited by Daryl S. Henderson, 2005

313. Yeast Protocols: Second Edition, edited by Wei
Xiao, 2005

312. Calcium Signaling Protocols: Second Edition,
edited by David G. Lambert, 2005

311. Pharmacogenomics: Methods and Applications, edited
by Federico Innocenti, 2005

310. Chemical Genomics: Reviews and Protocols, edited
by Edward D. Zanders, 2005

309. RNA Silencing: Methods and Protocols, edited by
Gordon Carmichael, 2005

308. Therapeutic Proteins: Methods and Protocols,
edited by C. Mark Smales and David C. James, 2005

307. Phosphodiesterase Methods and Protocols,
edited by Claire Lugnier, 2005

306. Receptor Binding Techniques: Second Edition,
edited by Anthony P. Davenport, 2005

305. Protein–Ligand Interactions: Methods and
Applications, edited by G. Ulrich Nienhaus, 2005

304. Human Retrovirus Protocols: Virology and
Molecular Biology, edited by Tuofu Zhu, 2005

303. NanoBiotechnology Protocols, edited by Sandra J.
Rosenthal and David W. Wright, 2005

302. Handbook of ELISPOT: Methods and Protocols,
edited by Alexander E. Kalyuzhny, 2005

301. Ubiquitin–Proteasome Protocols, edited by
Cam Patterson and Douglas M. Cyr, 2005

300. Protein Nanotechnology: Protocols,
Instrumentation, and Applications, edited by Tuan
Vo-Dinh, 2005

299. Amyloid Proteins: Methods and Protocols,
edited by Einar M. Sigurdsson, 2005

298. Peptide Synthesis and Application, edited by
John Howl, 2005

297. Forensic DNA Typing Protocols, edited by
Angel Carracedo, 2005

296. Cell Cycle Control: Mechanisms and Protocols,
edited by Tim Humphrey and Gavin Brooks, 2005

295. Immunochemical Protocols, Third Edition,
edited by Robert Burns, 2005

294. Cell Migration: Developmental Methods and
Protocols, edited by Jun-Lin Guan, 2005

293. Laser Capture Microdissection: Methods and
Protocols, edited by Graeme I. Murray and
Stephanie Curran, 2005

292. DNA Viruses: Methods and Protocols, edited by
Paul M. Lieberman, 2005

291. Molecular Toxicology Protocols, edited by
Phouthone Keohavong and Stephen G. Grant, 2005

290. Basic Cell Culture Protocols, Third Edition,
edited by Cheryl D. Helgason and Cindy L.
Miller, 2005

289. Epidermal Cells, Methods and Applications,
edited by Kursad Turksen, 2005

288. Oligonucleotide Synthesis, Methods
and Applications, edited by Piet Herdewijn, 2005

287. Epigenetics Protocols, edited by Trygve O.
Tollefsbol, 2004

286. Transgenic Plants: Methods and Protocols,
edited by Leandro Peña, 2005

285. Cell Cycle Control and Dysregulation
Protocols: Cyclins, Cyclin-Dependent Kinases,
and Other Factors, edited by Antonio Giordano
and Gaetano Romano, 2004

284. Signal Transduction Protocols, Second Edition,
edited by Robert C. Dickson and Michael D.
Mendenhall, 2004

283. Bioconjugation Protocols, edited by Christof
M. Niemeyer, 2004

282. Apoptosis Methods and Protocols, edited by
Hugh J. M. Brady, 2004

281. Checkpoint Controls and Cancer, Volume 2:
Activation and Regulation Protocols, edited by
Axel H. Schönthal, 2004



M E T H O D S   I N  M O L E C U L A R  B I O L O G Y™

Mast Cells
Methods and Protocols

Edited by

Guha Krishnaswamy
David S. Chi

Quillen College of Medicine,
James H. Quillen Veterans Affairs Medical Center,
East Tennessee State University, Johnson City, TN



© 2006 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

www.humanapress.com

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise
without written permission from the Publisher. Methods in Molecular BiologyTM is a trademark of The
Humana Press Inc.

All papers, comments, opinions, conclusions, or recommendations are those of the author(s), and do not
necesarily reflect the views of the publisher.

This publication is printed on acid-free paper.   ∞
ANSI Z39.48-1984 (American Standards Institute)

Permanence of Paper for Printed Library Materials.

Production Editor: Jennifer Hackworth

Cover design by Patricia F. Cleary

Cover illustration: Scanning electron microscopic photograph of mast cells taken by Fred E. Hossler, PhD,
using cells generated in Guha Krishnaswamy's laboratory. Artwork provided by Guha Krishnaswamy.

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact
Humana at the above address or at any of the following numbers: Tel.: 973-256-1699; Fax: 973-256-8341;
E-mail: orders@humanapr.com; or visit our Website: www.humanapress.com

Photocopy Authorization Policy:
Authorization to photocopy items for internal or personal use, or the internal or personal use of specific
clients, is granted by Humana Press Inc., provided that the base fee of US $30.00 per copy is paid directly
to the Copyright Clearance Center at 222 Rosewood Drive, Danvers, MA 01923. For those organizations
that have been granted a photocopy license from the CCC, a separate system of payment has been arranged
and is acceptable to Humana Press Inc. The fee code for users of the Transactional Reporting Service is:
[1-58829-374-2/06 $30.00].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1
1-59259-967-2 (e-book)
ISSN 1064-3745

 Library of Congress Cataloging-in-Publication Data

Mast cells : methods and protocols / edited by Guha Krishnaswamy, David S. Chi.
      p. ; cm. –  (Methods in molecular biology ; 315)
  Includes bibliographical references and index.
  ISBN 1-58829-374-2 (alk. paper)
 1.  Mast cells–Laboratory manuals.
  [DNLM: 1.  Mast Cells. 2.  Cell Communication. 3.  Cell Culture
Techniques. 4.  Gene Expression. 5.  Immunity. 6.  Inflammation.  QS
532.5.C7 M4238 2005]  I. Krishnaswamy, Guha. II. Chi, David S. III. Series:
Methods in molecular biology (Clifton, N.J.) ; v. 315.
  QR185.8.M35M373 2005
  612.1'12–dc22

                                                            2005006271



v

Dedication

I would like to dedicate this book to my father, Dr. Narayanaswamy
Krishnaswamy, MBBS, an immunologist and clinician extraordinaire, who en-
couraged me to enter academic medicine, and who continues to inspire me
with his clinical acumen, wide-armed compassion, and his practical yet gentle
wisdom.

Guha Krishnaswamy





vii

Preface

Mast cells are multifunctional, tissue-dwelling cells consisting of two well-
described subsets, MCT and MCTC cells. They are distinguished on the basis of
their tissue location, T-lymphocyte dependence, and ability to synthesize gran-
ule contents such as tryptase and chymase. Following activation, these cells
express mediators, such as histamine, leukotrienes, and prostanoids, proteases,
and various cytokines and chemokines, all of which are pivotal to the genesis
of an inflammatory response. By their interaction with endothelium, macroph-
ages, fibroblasts, and B and T cells, mast cells further amplify the inflamma-
tory cascade. Mast cells directly interact with bacteria and appear to play a
vital role in host defense against pathogens. Additionally, recent data suggests
that mast cells may play an active role in such diverse diseases as asthma,
pulmonary fibrosis, atherosclerosis, malignancy, and arthritis. As research in
mast cells has expanded exponentially, a technical procedure manual for work-
ing with these cells is timely. Thus, the aim of Mast Cells: Methods and Proto-
cols is to present selected molecular and cellular techniques used in studying
various aspects of this fascinating, multifunctional cell.

Mast Cells: Methods and Protocols follows the objective of the Methods in
Molecular Biology series to present step-by-step protocols that can be easily
applied in the laboratory. Although it is impossible to present all mast cell
research protocols, this book attempts to cover a range of procedures that pro-
vides a sound base of methodology for mast cell research. Mast Cells: Methods
and Protocols has been divided into nine parts. Part I consists of three chapters
presenting a review and the history of mast cells. Part II reviews techniques
used frequently in the identification of mast cells. Part III provides protocols
for the development of mast cells in vitro. Part IV offers methods for studying
mast cell signaling and gene expression. Part V reviews various techniques of
measuring mast cell expression of inflammatory mediators. Part VI suggests
methods for studying mast cell interactions with other cell types. Part VII in-
troduces novel aspects of mast cell activation and regulation, and Part VIII
analyzes various methodologies used to study roles of mast cells in host de-
fense. Part IX reviews techniques that have been utilized to study mast cell
apoptosis.

We hope that this collection of mast cell protocols will provide researchers
with basic techniques for their own mast cell studies. We would like to take



viii Preface

this opportunity to thank the series editor, John Walker, and the staff at Humana
Press for their invitation and assistance in pursuing the publication of this book.
We also want to express our sincere appreciation and gratitude to the contrib-
uting authors for taking time off their busy schedules to provide these excellent
chapters. Finally, we wish to acknowledge the superb secretarial assistance of
Dolores Moore.
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Paul Ehrlich’s “Mastzellen”—
From Aniline Dyes to DNA Chip Arrays
A Historical Review of Developments in Mast Cell Research

Harsha Vyas and Guha Krishnaswamy

Summary
It has been more than a century since the discovery of the mast cell by the genius and

tenacity of Paul Ehrlich, who described this cell when he was a medical student. One
cannot deny that this discovery also coincides with the golden age of immunology. The
discovery of this important cell type in immunological history was no serendipity: it was
a result of Ehrlich’s prodigious laboratory talent and his ability to combine intuition and
deduction despite the limited resources of his times. Since then, we have learned much
more about the immune response, immunoglobulin E, and the development and function
of mast cells in various pathological states. What follows is a review of Paul Ehrlich’s
discovery of the mast cell (mästzellen) and a chronological review of subsequent devel-
opments in mast cell research, including the recent use of proteomics and genomics to
understand mast cell biology.

Key Words: Mast cells; immunoglobulin E; cytokine; gene expression; host defense;
inflammation; history.

1. Ehrlich’s “Mastzellen”
Paul Ehrlich (Fig. 1) is credited with the initial discovery of mast cells (Fig. 2)

as we know them today. He was born near Breslau, now known as Wroclaw,
Poland, in 1854. He studied to become a medical doctor at the university in
Breslau, followed by training in Strasbourg, Freiburg, and Leipzig (1). Ehrlich
was greatly influenced by his cousin, Karl Weigert, an eminent histopatholo-
gist who pioneered the use of aniline dyes for staining bacteria and tissue sec-
tions (1). Weigert had a strong and positive influence throughout Ehrlich’s life
(1a). As a result, even as a medical student, Ehrlich had a precocious knowl-
edge of structural organic chemistry and a fascination with dyes as probes of
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Fig. 1. Picture of Paul Ehrlich (courtesy of  The Nobel Foundation).

cellular activity (1a). He already was exposed to the idea that organic chemicals
can have differential and specific reactions with various tissues and bacteria.

On June 17, 1878, Ehrlich’s date with history was set. On that day, the 24-yr-
old medical student presented his doctoral thesis, “Contributions to the theory
and practice of histological staining,” to the Medical Faculty of Leipzig. The
medical student divided his thesis into two halves. In the first part, he talked
about the chemical basis of many important histological reactions. In the sec-
ond part, he gave a detailed discussion about aniline dyes (1). The first descrip-
tion of the mast cell comes in the portion of the thesis dedicated to the
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histological applications of the aniline dyes. He presented his point of view
that “aniline dyes displayed an absolutely characteristic behavior towards pro-
toplasmic deposits of certain cells,” which he called “mastzellen.” He sought
to distinguish these cells from the Waldeyer’s “plasmazellen”—a heteroge-
neous category of cells described previously by Waldeyer (1).

Ehrlich said that these anilophilic cells, from the descriptive point of view,
should be most conveniently described as “granular cells of the connective
tissue.” He said that from a physiological standpoint, these cells might repre-
sent a “further development of the fixed cells of the connective tissue.” He also
provided a clarification to support his theory: aniline-reactive cells indeed
“have a tendency to collect around developing preformed structures in the con-
nective tissue.” He said that granular cells are characterized by an “undeter-
mined chemical substance” in the protoplasm with which the aniline dye reacts
to give a typical metachromasia (1). To this day, although by no means abso-
lute, mast cells are recognized by the presence of metachromatic granules,
when fixed and stained with toluidine blue. Further in his dissertation, Ehrlich
provided an extremely accurate description of the microscopic features of the
mast cell. He described that the typical aspect of these “granular cells” is mostly
unstained protoplasm filled with numerous granules of varying size and a
nucleus not mostly stainable, even in samples that otherwise display beautiful
nuclear staining. Ehrlich strove to classify these cells using specific histochemi-
cal reactions rather than histology, a very progressive concept for his time.

Fig. 2. Mast cell in atheromatous plaque (courtesy of George Youngberg, MD, East
Tennessee State University).
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A historically interesting aspect is how Ehrlich decided to call these cells
the “mastzellen,” or mast cell, as these were plump-appearing cells (well-fed
cells). “Mast” may be derived from Greek, which meant breast or from the
German “mastung” (from “masticate”). In today’s research, mast cells are being
increasingly recognized for their role in connective tissue remodeling and repair
(1). We now know that their granules contain many proteases and cytokines
that are known to exert far reaching effects on other cells types, such as the
smooth muscle, fibroblasts, and endothelial cells (much of this is reviewed in
later chapters of this book).

Ehrlich also noted that mast cells sometimes localize far from the blood
vessels and express a series of biological function not related to vascular func-
tions. He also said that mast cells could be found around developing tissues.
The close relationship between mast cell and tumor growth stems from this
very same idea. Sadly, the original text of this remarkable work was destroyed
in an air raid on Leipzig in 1943. Ehrlich subsequently moved to the Charité
Hospital in Berlin, where he continued his work and wrote an influential thesis
on the oxygen requirement of cells. In January 1879, the Physiological Society
of Berlin reviewed the remarkable paper by Paul Ehrlich about the mast cells
that he had discovered as a medical student 2 yr earlier. Ehrlich, in these pa-
pers, pointed out that mast cells exhibit a great avidity to basic dyes and char-
acteristically altered the shade of the dye (1).

In 1891 along with Westphal, one of his pupils, he showed another charac-
teristic feature of the mast cell granules in many species, namely the water
solubility. Almost 50 yr later, Micheals wrote that “uncounted pages of useless
and misleading research have been a result of failure on the part of many inves-
tigators to heed the admonition originally given by Ehrlich and Westphal, that
mast cell granules are soluble in water and that to preserve them, tissues must
be fixed in 50% alcohol and stained in alcoholic thionine” (1).

Ehrlich then studied the special affinity of leucocytes for various dyes. In
1891, he had discovered basophilic granular cells in human blood with my-
eloid leukemia. Ehrlich was quick to infer with his characteristic insight that,
in higher species, especially humans, the human mast cells are actually
leucocytes arising from precursor cells in the bone marrow. He believed that
there were two types of mast cells: the first located in connective tissue and the
second with their origin in the bone marrow and localized in the peripheral
blood. In 1900, Jolly had established the bone marrow origin for the mast cells.
Hence, by the time his textbook (Ehrlich and Lazarus, 1898) was revised in
1909, human mast cell origins were better understood. It is now accepted that
mast cells arise from a pluripotent cell in the bone marrow that expresses CD43,
c-kit, and CD13.
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Ehrlich also led the way in observing mast cells in two pathological situa-
tions of utmost importance—chronic inflammation and neoplasia. He felt that
in both these situations the tissue was “overnourished” because of lymph stasis
and that there was an accumulation of tissue fluid rich in nutriments. This state
led the mast cells to convert some of this abundant extracellular fluid to spe-
cific intracellular granules (1). Thus, according to Ehrlich, mast cells served as
an “indices for the nutritional status of the connective tissue,” increased and
decreased during periods of hypernutrition and starvation. Ehrlich and his pupil
Westphal found that mast cells accumulated in many tumors, more so in the
periphery of carcinomatous tumors than the substance of the tumor. Besides
the discovery of the mast cell, Ehrlich made pioneering contributions to the
method of staining the bacillus that causes tuberculosis, the development of a
therapeutic antiserum against diphtheria, and to the concepts of antibodies and
chemotherapy. Smoking 25 cigars a day, carrying around a pocketful of col-
ored, precisely sharpened pencils, writing daily instructions to his research
team, and possessing exceptional clinical knowledge characterized this great
personality. On the 150th anniversary of his birth, we cannot help but admire
the invaluable contribution he made to the science of immunology.

A chronology of developments in mast cell and immediate hypersensitivity
research is provided below. This includes Paul Ehrlich’s initial description,
culminating in immunological, molecular, and genomic technologies that have
accelerated our understanding of immediate hypersensitivity and relevant mast
cell biology.

2. Chronology of Developments in Immediate Hypersensitivity
and Relevant Mast Cell Research
3300-3640 BC: Allergic reaction to bee sting in a pharaoh is documented historically.

1878: Paul Ehrlich describes mast cells in his doctoral thesis at University of
Leipzig and coins the term “mastzellen” derived from German word
“mast” (breast [1]).

1879: Paul Ehrlich describes metachromasia (1).
1891: Water solubility of mast cells demonstrated by Paul Ehrlich (1).
1891: Description of cells with basophilic granules in leukemia by Paul Ehrlich (1).
1898: Paul Ehrlich describes two types of cells with basophilic granules: one

localized to tissue (tissue mast cells) and another derived from bone mar-
row and localized to blood (blood mast cell, basophil, mast leukocyte)
(1).

1900: Demonstration of bone marrow origin of mast cells by Jolly (1).
1900: Paul Ehrlich describes antibody formation theory (1).
1902: Description of “anaphylaxis” is made by Paul Portier and Charles Richet

(2).
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1906: The term “allergy” is coined by Clemens von Pirquet.
1907: Histamine is synthesized by Windaus and Vogt (3).
1908: Paul Ehrlich receives the Nobel Prize in Physiology or Medicine, along

with Ilya Ilyich Metchnikov, for discoveries in immunology.
1910: Physiological functions of histamine described by Dale and Laidlaw (3).
1913: Nobel Prize awarded to Charles Richet for discovery of “anaphylaxis”

(2,4–6).
1913: Schultz and Dale describe smooth muscle contraction in sensitized ani-

mals: Schultz used intestinal muscle whereas Dale used uterine muscle
of guinea pigs (7–9).

1921: Description of passive transfer of hypersensitivity with serum by
Prausnitz, popularly known as the Prausnitz-Kustner reaction (P-K reac-
tion [10–12]).

1948: Description of passive cutaneous anaphylaxis (i.e., PCA) by Ovary (9).
1952: Discovery of “histamine” in mast cells by James Riley and Geoffrey West

(13).
1961: Ovary demonstrates the release of slow-reacting substance of anaphy-

laxis (i.e., SRS-A) from mast cells when activated by allergen (9).
1961: Mast cells identified in the bronchial tissue in asthma.
1973: Putative receptor on mast cells for immunoglobulin E (IgE) recognized

(14).
1979: SRS-A identified in mast cells as a “leukotriene” (15).
1988: Sir James Black awarded the Nobel Prize for discovery of histamine (H2)

receptor antagonist (16).
1967: Kimishige Ishizaka recognizes IgE as reaginic antibody (17,18).
1985: Susumu Tonegawa receives the Nobel Prize for identification of immu-

noglobulin genes (19–21).
1989: Plaut and Paul show mast cells are capable of secreting multiple lym-

phokines (22).
1989: Cloning of canine mast cell tryptase is reported (23).
1990: Cloning of human mast cell tryptase is reported (24).
1990: Steel locus, kit ligand (KL) is identified as ligand for c-kit and reported

to be involved in mast cell proliferation (25,26).
1990: Cloning of canine mast cell chymase is reported (27).
1991: Cloning of human mast cell chymase is reported (28).
1994: Ability of mast cells to phagocytose bacteria is shown (29).
1994: Murine mast cells are shown to present antigen to T cells (30).

1994–1996: Dominant role for mast cells in the Arthus Reaction is demonstrated
(27,31,32).

1996: Mast cells are shown to be important in defense against Escherichia coli
infection (33).

2001: Transcriptome of human mast cells is analyzed (34,35).
2001–2003: Toll-like receptors are described on mast cells (36–38).
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2003: Histamine deficiency induced by histidine decarboxylase gene targeting
in mice reveals lower mast cell numbers and defective mast cell degranu-
lation (39).

2004: Expression of nitric oxide synthase and nitric oxide in human mast cells
demonstrated (40).
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The Human Mast Cell
An Overview

Guha Krishnaswamy, Omar Ajitawi, and David S. Chi

Summary
Mast cells are fascinating, multifunctional, tissue-dwelling cells that have been tra-

ditionally associated with the allergic response. However, recent studies suggest these
cells may be capable of regulating inflammation, host defense, and innate immunity.
The purpose of this review is to present salient aspects of mast cell biology in the con-
text of mast cell function in physiology and disease. After their development from bone
marrow-derived progenitor cells that are primed with stem cell factor, mast cells con-
tinue their maturation and differentiation in peripheral tissue, developing into two well-
described subsets of cells, MCT and MCTC cells. These cells can be distinguished on the
basis of their tissue location, dependence on T lymphocytes, and their granule contents.
Mast cells can undergo activation by antigens/allergens (acting via the high-affinity
receptor for immunoglobulin E, also referred to as FcεRI), superoxides, complement
proteins, neuropeptides, and lipoproteins. After activation, mast cells express histamine,
leukotrienes, and prostanoids, as well as proteases, and many cytokines and chemokines.
These mediators may be pivotal to the genesis of an inflammatory response. By virtue
of their location and mediator expression, mast cells may play an active role in many
diseases, such as allergy, parasitic diseases, atherosclerosis, malignancy, asthma, pul-
monary fibrosis, and arthritis. Recent data also suggest that mast cells play a vital role
in host defense against pathogens by elaboration of tumor necrosis factor alpha. Mast
cells also express the Toll-like receptor, which may further accentuate their role in the
immune-inflammatory response. This chapter summarizes the many well-known and
novel functional aspects of human mast cell biology and emphasizes their unique role
in the inflammatory response.

Key Words: Mast cells; immunoglobulin E; cytokine; gene expression; host defense;
inflammation.
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1. Introduction

Paul Ehrlich was the first researcher to describe cells in connective tissue
that stained reddish–purple (referred to as metachromasia) with aniline dyes,
calling them “mästzellen,” a term that may have referred to feeding or could be
interpreted as “well-fed” based on their granule contents (1). The metachroma-
sia exhibited by mast cells is caused by the interaction of dyes with acidic
heparin, a well-known constituent of mast cell granules. The discovery of these
cells by Paul Ehrlich and the historical development of mast cell research are
described in greater detail in Chapter 1. Mast cells tend to be located
perivascularly and in sentinel locations to respond to noxious stimuli as well as
to allergens. The mast cell expresses the high-affinity receptor for immunoglo-
bulin E (FcεRI) and the crosslinking of IgE occupying this receptor leads to
mast cell activation and the manifestations of immediate-type hypersensitivity
(2–4). In some cases, other ligand–receptor interactions can lead to mast cell
degranulation, which are summarized in Fig. 1.

2. Mast Cell Development and Differentiation

Mast cells develop from progenitor cells that in turn arise from uncommit-
ted hematopoietic stem cells in the bone marrow (5,6). These cells express the
receptor for stem cell factor (SCF receptor or c-kit) that binds to SCF, the latter
being a major growth factor for mast cells (5–7). Researchers have described a
CD34+, c-kit+, and CD13- precursor that develops into mast cells in the pres-
ence of specific growth factors (8,9). Mast cell progenitors also have been
described in peripheral blood by others, which may suggest the presence of a
distinct pool of cells separate from leukocytes or mononuclear cells (10). The
interactions between SCF and c-kit and the subsequent signaling that follows
are crucial for the growth and development of mast cells (11). In humans, stud-
ies have demonstrated that mutations of c-kit and elevated levels of the c-kit
proto-oncogene are associated with the development of the syndrome of mas-
tocytosis, a condition characterized by mast cell infiltration of skin and other
tissues (12,13). SCF has multiple biological effects on mast cells, including
modulating differentiation and homing, prolonging viability, inducing mast cell
hyperplasia, and enhancing mediator production (7). However, mast cells that
have been deprived of SCF undergo programmed cell death (PCD) or apoptosis
(14). It is likely that PCD in mast cells is mediated by the modulation of Bcl-2
and Bcl-XL (15). Interleukin 6 (IL-6), eotaxin, and nerve growth factor (NGF)
also enhance mast cell development from hematopoietic stem cells, and the
development of mast cells from stem cells derived from umbilical cord blood
often requires SCF in conjunction with IL-6 (5,16). Adventitial cells, including
fibroblasts, contribute to further differentiation and maturation of mast cells in
tissue by elaboration of SCF, NGF, or other mechanisms (17,18). After tissue
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localization, mast cells can undergo further differentiation into distinct sub-
sets. Two mast cell subtypes have been described in tissue—the mucosal (MCT)
or connective tissue (MCTC) mast cell (Table 1). These subtypes are based on
structural, biochemical, and functional differences and have been well charac-
terized by several researchers (3,19–21). Please see Chapter 4 for more infor-
mation.

Distinctive features help differentiate the two subsets. For example, the MCT

mast cell predominantly expresses the protease tryptase (Fig. 2A demonstrates
tryptase staining of mast cells derived from umbilical cord blood mononuclear
cells). This subset usually is localized to mucosal surfaces, often in close prox-

Fig. 1. Mast cells undergo activation by IgE-dependent and IgE-independent
stimuli, leading to release of a cascade of mediators culminating in the inflammatory
response. Histamine, platelet-activating factor (PAF), lipid mediators (leukotrienes,
prostanoids), proteases, cytokines, chemokines, nitric oxide, and endothelin may be
released in the tissue, which can lead to inflammatory cell recruitment, endothelial
activation, and cellular adhesion.
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imity to T cells. These T lymphocytes are especially of the T-helper 2-type
(Th2 secreting IL-4 and IL-5). This subset usually is seen in increased numbers
infiltrating the mucosa in patients suffering from allergic and parasitic disease.
Because of their unique T cell-dependence, the numbers of MCT cells are dimin-
ished in individuals infected with human immunodeficiency virus (HIV) (3).
Structurally, granules from MCT are scroll-rich (Fig. 2B demonstrates a typi-
cal scroll-like granule in mast cells developed from umbilical cord blood mono-
nuclear cells).

The MCTC mast cell, however, expresses tryptase, chymase, carboxypepti-
dase, and cathepsin G. It tends to predominate in the gastrointestinal tract as
well as in skin, synovium, and subcutaneous tissue (Table 1). Increased num-
bers of MCTC mast cells are seen in fibrotic diseases whereas its numbers are
relatively unchanged in allergic or parasitic diseases and in HIV infection. The
presence of these MCTC cells could help explain why patients with HIV infec-
tion continue to have allergic reactions (e.g., to medications). MCTC mast cells
have lattice and grating structures and are scroll-poor.

Table 1
Mast Cell Subtypes

Feature MCTC cell MCT cell

Structural features
Grating/lattice granule ++ –
Scroll granules Poor Rich

Tissue distribution
Skin ++ –
Intestinal submucosa ++ +
Intestinal mucosa + ++
Alveolar wall – ++
Bronchi + ++
Nasal mucosa ++ ++
Conjunctiva ++ +

Mediator synthesized
Histamine +++ +++
Chymase ++ –
Tryptase ++ ++
Carboxypeptidase ++ –
Cathepsin G ++ –
LTC4 ++ ++
PGD2 ++ ++
TNF-α ++ ++
IL-4, IL-5, IL-6, IL-13 ++ ++
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3. Mast Cell Activation and Mediator Production
Human mast cells and basophils express the receptor for IgE, FcεRI (2).

FcεRI (in contrast to the other receptor for IgE, FcεRII) binds IgE with high
affinity (22). The other receptor for IgE, FcεRII, has been detected on eosino-

Fig. 2. (A) Tryptase immunostaining of human cord blood-derived mast cells
(×400). In this specimen, more than 95% of human cord blood-derived mast cells
expressed tryptase, with only 20% expressing chymase. (B) Ultrastructurally, mast
cells demonstrate microvilli-like projections on the surface and typical granules. This
picture demonstrates the presence of scroll-like granules within the mast cell derived
from umbilical cord blood mononuclear cells.
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phils, mononuclear cells, lymphocytes, and platelets. FcεRI is a multimeric
complex composed of four chains, designated as α (which has the IgE-binding
domain), β, and the two disulfide-linked γ chains (23,24). Typically, multiva-
lent antigen binds to IgE, which in turn binds by the Fc portion to the α-chain
of FcεRI, leading subsequently to receptor aggregation and internalization and
culminating in receptor-mediated signaling. The β and γ chains of FcεRI pos-
sess the immune receptor tyrosine-based activation motifs, which are consid-
ered pivotal to signal transduction (25). The bridging of two IgE molecules by
multivalent antigen or by univalent antigen in presence of a carrier molecule
results in activation of Lyn kinase, which then phosphorylates the β and γ
chains (22). The absence of Lyn has been associated with defective mast cell
signaling in mice (26). Syk kinase then becomes activated sequentially, fol-
lowed by involvement of phospholipase C γ, mitogen-activated protein kinases
(MAPK), and phosphoinositol-3 kinase (27). The generation of inositol triph-
osphate and of diacylglycerol and other second messengers leads to release of
calcium intracellularly as well as protein kinase C activation, events culminat-
ing in FcεRI-mediated secretion. Degranulation appears to be associated with
activation of G proteins that cause actin polymerization and relocalization.
These events also are accompanied by the transcription of several cytokine
genes, leading to further evolution of the inflammatory cascade.

In a typical allergic reaction, antigen/allergen (for example, latex or peanut
allergen) crosslinks two IgE molecules occupying FcεRI, resulting in a cascade
of rapid sequence signaling events and leading to degranulation and elabora-
tion of mediators (28). Mast cells also can be activated to degranulate by a
variety of stimuli including; opiates, components of the complement cascade
(29–31), neuropeptides (vasoactive intestinal peptide, calcitonin gene-related
peptide, and substance P), superoxide anion, radio-contrast media, oxidized
low-density lipoproteins, histamine releasing factors, chemokines (monocyte
chemotactic proteins-1, -2, and -3 [MCP-1, -2, -3], and monocyte inflamma-
tory peptide 1 α [MIP-1 α]), regulated upon activation normal T-cell-expressed
and secreted (RANTES), connective tissue-activating peptide, pathogenic bac-
teria (32,33), parasites (34,35), enterotoxin B (36), cholera toxin (37), or
changes in osmolality (38,39). We have recently demonstrated that IL-1, cat-
echolamines, and cell–cell interactions (e.g., mast cell-fibroblast contact) can
enhance mast cell activation and cytokine expression (40–43), which indicates
the occurrence of multiple pathways of mast cell activation.

Mediators secreted by mast cells can be subdivided into preformed (secre-
tory granule-associated) and others newly synthesized after cellular activation
(3,44). Preformed mediators (summarized in Fig. 3) include histamine, proteo-
glycans (heparin, chondroitin sulfate E), serotonin, proteases (such as tryptase,
chymase, β-hexosaminidase, β-glucuronidase, β-D-galactosidase, cathepsin G,
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and carboxypeptidase), some cytokines (tumor necrosis factor [TNF]-α), and
basic fibroblast growth factor (bFGF). The newly generated products include the
lipid mediators (prostaglandin D2 and leukotrienes, generated from arachidonic
acid), thromboxanes, 5,12-hydroxy-eicosatetraenoic acid, nitrogen radicals,
oxygen radicals, inflammatory cytokines, and several chemokines.

4. The Mediators Expressed by Mast Cells and Their Role
in the Inflammatory Response

Plaut et al. (45) first demonstrated that murine mast cells were capable of
expressing many cytokines. Since then, we and others have shown that human
mast cells express a spectrum of cytokines and chemokines (3,46,47). Both in
vivo and in vitro studies have shown that human mast cells are capable of
expressing pleiotropic cytokines and growth factors, such as TNF-α (3,48–
51), granulocyte macrophage colony-stimulating factor (52), IL-3 and IL-4
(36,53–59), IL-5 (54–56,60), IL-6 (55,56,61–64), IL-8 (54,65,66), IL-10 (67),
IL-13 (68–70), IL-16 (71), MIP-1 α (72), MIP-1 β (73), regulated upon activa-
tion normal T-cell-expressed and -secreted (3,73), and MCP-1 (74,75). Human
mast cells also are capable of expressing growth factors. Vascular endothelial

Fig. 3. After activation of mast cells by IgE and antigen, the release of preformed
and newly synthesized mediators occurs, leading to acute and chronic inflammatory
effects, mediated by vascular injury, cellular recruitment, and culminating in tissue
remodeling and angiogenesis.
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growth factor (VEGF), a cytokine crucial to angiogenesis and the growth of
blood vessels, and NGF (76,77), are recognized products of mast cells. Auto-
crine production of SCF has been shown from mast cells (78,79).

It is likely that heterogeneity of human mast cells exists in regards to
cytokine expression in vivo and studies by Bradding et al. (63), demonstrated
this phenomenon in mast cells obtained from bronchial biopsies of patients
suffering from asthma. By immunocytochemistry, these investigators noted that
although MCTC cells predominantly expressed IL-4, the MCTC cells expressed
both IL-5 and IL-6 (63). In our studies, cord blood-derived mast cells expressed
the eosinophil-active growth factors IL-5 and GM-CSF and the eosinophil
chemotactic C-X-C chemokine, IL-8, after activation (42). The production of
these cytokines in cord blood-derived mast cells was further enhanced by the
addition of the monokines IL-1β and TNF-α in a dose-dependent manner while
dexamethasone inhibited production of these cytokines. How these various
cytokines and chemokines interact with the inflammatory response is summa-
rized below.

Mast cells have been incriminated in such diverse diseases as allergy,
asthma, rheumatoid arthritis, atherosclerosis, interstitial cystitis, inflammatory
bowel disease, progressive systemic sclerosis, chronic graft-vs-host disease,
fibrotic diseases, sarcoidosis, asbestosis, ischemic heart disease, keloid scars,
and malignancy (3). The mediators released by mast cells can independently
and, in synergy with macrophage- and T-cell-derived cytokines, induce much
of the inflammatory pathology observed in inflammation and serve to orches-
trate a complex immune response. Histamine, LTB4, LTC4, PAF, and PGD2

may have multiple effects on inflammatory cell recruitment (eosinophils),
smooth muscle hyperplasia, and vascular dilatation (80,81). Tryptase, chymase,
and TNF-α from mast cells activate fibroblasts, leading to collagen deposition
and fibrosis. Mast cell-derived TNF-α regulates NF-κB-dependent induction
of endothelial adhesion molecule expression on endothelial cells in vivo (49).
Mast cell granules and tryptase also can potentiate endotoxin-induced IL-6 pro-
duction by endothelial cells. Mast cell-derived cytokines and chemokines fur-
ther regulate IgE synthesis and cell migration, basophil histamine release,
smooth muscle proliferation, and endothelial chemotaxis and proliferation. IL-4
and IL-13 can regulate adhesion molecule expression on endothelial cells but
also can class switch B cells to synthesize IgE (82,83). Data suggest that mast
cells also can directly activate B cells to switch to IgE. IL-5, another product of
mast cells, also can serve to activate eosinophils while accentuating IgA pro-
duction from B cells. Chemokines (such as IL-8) and leukotrienes (specifically
LTC4) released by mast cells can recruit neutrophils and eosinophils to inflamed
airways, which can further potentiate damage (3). Mast cells also have been pos-
tulated to provide the IL-4 pulse that allows the development of Th2 cells that
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selectively secrete IL-4 and IL-5 on activation (84). Exciting recent data also
suggest that certain mast cell-derived chemokines, especially MIP-1α, can
potentiate a shift of T cells towards a Th1-phenotype, whereas others, such
as MCP-1, can shift these cells functionally to a Th2-phenotype (85). Thus, T cells
and mast cells can complement the functions of each other and contribute to the
“cytokine pool” that leads subsequently to chronic inflammation.

5. Functions of Mast Cells in Physiological and Pathological States
Mast cells may play crucial roles in various disease states, including vascu-

lar disease, fibrotic states, rheumatological disease, certain malignancies, and
in host defense against infectious pathogens. The probable roles of the mast
cell in human diseases are summarized in Fig. 4.

5.1. Vascular Disease

Mast cells are uniquely positioned around capillary vessels and may thus
play crucial roles in vascular injury and atherosclerosis (4). Mast cell granule
components, released upon activation, could have both anticoagulant and
thrombogenic functions (86–88). On the other hand, mast cells may play sev-
eral pathological roles in atherosclerosis. Increased numbers of mast cells have
been found in the shoulders of atherosclerotic plaques, and here they appear to
be associated with plaque rupture culminating in luminal thrombosis (89).
Kovanen et al. (90) found increased numbers of mast cells at the site of athero-

Fig. 4. Multiple roles of human mast cells in chronic disease states and
immunophysiology or pathology.
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matous rupture in patients who had died of acute myocardial infarction. Mast
cell chymase and cathepsin G have been shown to convert angiotensin I to
angiotensin II, which is a potent vasoconstrictor and can mediate several vas-
cular, biological responses (91,92). Mast cell chymase cleaves apolipoprotein
B-100 of low-density lipoprotein, which facilitated lipid aggregation and foam
cell development (93), while at the same time also degrading apolipoprotein A
of high-density lipoprotein, thereby reducing cholesterol efflux and increasing
lipid deposition and thereby atherosclerosis (94). On the other hand, mast cells
have been reported to produce tissue plasminogen activator (95), as well as
plasminogen activator inhibitor-1 (96). Mast cell tryptase also can cleave fibrino-
gen, thereby retarding coagulation (97). One can therefore surmise multiple
effects of mast cells on atherothrombotic disease, and the ultimate role of mast
cells in any given situation may depend on the balance of these various effects.

5.2. Host Defense

Mast cells may play crucial roles in host defense by modulating both innate
and adaptive immune responses (38,44,98). Various functions of mast cells
make them crucial players in host defense. First, these cells can directly phago-
cytose foreign particles (and bacteria) and also express receptors, such as inter-
cellular adhesion molecule (ICAM)-1 and ICAM-3, CD 43, CD 80, CD 86,
and CD 40L, allowing interaction with T and B lymphocytes. Second, they
enhance the development of Th2 cells and allow B cells to class switch to IgE.
A role as antigen presenting cells has also been proposed for mast cells (99).
By influencing both humoral and cell-mediated immune mechanisms, mast
cells regulate host defense. Third, activated complement products (and neu-
ropeptides), often generated during an innate immune response to an infectious
event, induce mast cell degranulation, thereby integrating innate immunity and
neuroimmune mechanisms. Fourth, mast cells are themselves capable of secret-
ing a plethora of cytokines, chemokines, and other mediators that can activate
lymphocytes and macrophages. These include the cytokines (TNF-α, IL-1 β,
IL-4, IL-5, IL-8, and IL-13 [32,100]), lipid mediators, and histamine, which
can have profound effects on vascular endothelium, including the alteration of
vascular permeability and adhesiveness. This can allow other circulating in-
flammatory cells to adhere and emigrate into tissue. Thus, mast cells are key
players in host defense, with a role in immune surveillance, phagocytosis, and
immune activation.

5.3. Tissue Remodeling/Fibrosis

Mast cells are increased in numbers in many fibrotic diseases and may play
a crucial role in the development of fibrosis (101). The percentages of mast
cells in bronchoalveolar lavage fluid from patients with sarcoidosis or intersti-
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tial fibrosis are greater than from control individuals (102), and patients with
idiopathic interstitial pulmonary fibrosis show evidence of mast cell degranu-
lation and elevated mast cell numbers (103). In the kidney tissue of patients
with IgA nephropathy, mast cell numbers correlate with the degree of intersti-
tial fibrosis and creatinine clearance. In these kidney tissues, mast cells express
tryptase and bFGF (104), which may be partially responsible for the fibrosis
observed. The mast cell appears to be the dominant source of bFGF in some
patients with pulmonary fibrosis (105). Similarly, patients with pulmonary fibro-
sis associated with scleroderma show higher numbers of mast cells and quanti-
ties of histamine and tryptase in bronchoalveolar lavage fluid than patients
with normal chest roentgenograms (106). Mast cells also are found in intimate
contact with myofibroblasts in keloid scars, suggesting they may play a role in
fibroblast activation and scar formation (107). Thus, it appears that mast cells
play a pivotal role in fibrotic disorders (108,109).

The mechanisms behind this relationship between mast cells and fibrosis/
tissue remodeling are unclear. Mast cell products, such as tryptase, TNF-α,
and bFGF, induce fibroblast proliferation (105,110,111). However, fibroblasts
appear to enhance mast cell survival, suggesting the presence of a bidirectional
relationship between these cell types (3,112). Fibroblast expression of SCF
and its interactions with c-kit on mast cells may provide one explanation for
these observations. Fibroblasts, however, also are closely opposed to mast cells
in fibrotic diseases, suggesting the additional possibility of cognate, cell–cell
interaction such as that mediated by CD40–CD40L ligation (113,114). To fur-
ther complicate the picture, mast cells are themselves capable of laying down
some forms of collagen and mast cell tryptase can activate collagenases capable
of matrix degradation. These data suggest multiple mechanisms by which and
multiple levels where mast cells can regulate tissue fibrosis and repair (115).

5.4. Systemic Mastocytosis and Malignancy

A disorder characterized by excessive numbers of mast cells and tissue
infiltration by these cells is systemic mastocytosis. In this condition, muta-
tions of c-kit (Asp 816 Val mutation) occur (11,116–118), and a subsequent
pathological infiltration of affected tissue by mast cells may be seen, resulting
in many of the manifestations (119). The patients may present with skin lesions
(pigmented macules that urticate with contact [Darrier’s sign]) or systemic symp-
toms arising from mast cell infiltration of solid organs, such as the liver, spleen,
lymph nodes, and bone marrow (119,120). Cutaneous manifestations include
urticaria pigmentosa, diffuse and erythematous mastocytosis, mastocytoma
(mast cell deposits or tumors), and telangiectasia macularis eruptiva perstans
(121). Some patients have skin limited and indolent, slowly progressive dis-
ease, whereas others develop rapidly progressive and fatal mast cell leukemia,
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a feature especially found in some patients with the c-kit mutation (13,122,
123). Osteoporosis is often a feature of mastocytosis, and mast cells may con-
tribute to bone resorption (124). Patients with mastocytosis may develop myelo-
proliferative syndromes, myelodysplasia, and/or lymphoreticular malignancy, the
mechanisms of which are unknown (125). Interestingly, the marker, α-tryptase
is elevated in the serum of patients and provides us with an excellent diagnos-
tic clinical tool (126). By inducing angiogenesis, the secretion of VEGF and
bFGF, and the elaboration of collagenases, mast cells can contribute to tumor
pathology and invasiveness (127–129).

5.5. HIV and Rheumatological Disease

A probable role for mast cells and IgE-mediated pathology has been reported
in HIV infection (130). The chemokine receptor, CCR3 is expressed on mast
cells and may provide one explanation for the chemotactic effects of tat protein
on mast cells (130). In one study, increased adventitial mast cell numbers were
noted in the arteries of patients dying of cocaine toxicity (131,132), but the role
of mast cells in HIV and cocaine-induced vascular pathology is unclear (132).

Mast cells may play a role in various arthritides. For example, the release of
mast cell mediators (α- and β-tryptase and histamine) has been demonstrated
in the joint of various forms of inflammatory arthritis (133,134). In osteoar-
thritis, a degenerative but potentially inflammatory disorder, mast cell counts
and tryptase and histamine levels are elevated in synovial fluid (135,136). Acti-
vated mast cells also are seen in the lesions present in patients with rheumatoid
arthritis (137–139), whereas mast cell chemotactic activity and their expres-
sion of VEGF have been demonstrated in rheumatoid synovium (140,141).
Mast cell infiltration of the minor salivary glands is observed in patients with
Sjögren’s syndrome, and this infiltration often is associated with fibrosis and
c-kit expression (142). Patients with fibromyalgia demonstrate higher dermal
deposits of IgG and increased dermal mast cell numbers, but the role these play
in pathogenesis of the disease is unknown (143).

6. Conclusions

Mast cells are fascinating, multifunctional, bone marrow-derived, tissue-
dwelling cells. They can be activated to degranulate in minutes, not only by
IgE and antigen signaling via the high affinity receptor for IgE, but also by a
diverse group of stimuli. These cells can release a wide variety of immune
mediators, including an expanding list of cytokines, chemokines, and growth
factors. Mast cells have been shown to play roles in allergic inflammation and,
more recently, they have been shown to modulate coagulation cascades, host
defense, and tissue remodeling. The role of mast cells in asthma, atherosclero-
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sis, HIV, cocaine abuse, fibrotic disorders, and rheumatological disease is being
actively studied. The availability of novel molecular tools, such as the chip array
technology, should shed more light on these true biological roles of these ubiq-
uitous cells.
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Mast Cells in Allergy and Autoimmunity
Implications for Adaptive Immunity

Gregory D. Gregory and Melissa A. Brown

Summary
As in the fashion industry, trends in a particular area of scientific investigation often

are fleeting but then return with renewed and enthusiastic interest. Studies of mast cell
biology are good examples of this. Although dogma once relegated mast cells almost
exclusively to roles in pathological inflammation associated with allergic disease, these
cells are emerging as important players in a number of other physiological processes.
Consequently, they are quickly becoming the newest “trendy” cell, both within and out-
side the field of immunology. As sources of a large array of pro- and anti-inflammatory
mediators, mast cells also express cell surface molecules with defined functions in lym-
phocyte activation and trafficking. Here, we provide an overview of the traditional and
newly appreciated contributions of mast cells to both innate and adaptive immune responses.

Key Words: Mast cells; allergy; asthma; autoimmune disease; mast cell-deficient
mice (W/Wv); c-kit, activation.

1. Introduction
Mast cells are finally becoming recognized for their potent influence in many

physiologic responses outside the realm of allergy. This long-overdue recogni-
tion is the result of several factors. First, mast cells contribute to many of the
initiating and subsequent events in allergic disease (1). Given allergies cause
considerable rates of morbidity in society, most mast cell biologists previously
have focused their energy on studying the consequences of mast cell activation
in immediate hypersensitivity responses, late-phase allergic inflammation, and
chronic inflammation associated with diseases such as asthma. Second, there
are considerable difficulties in isolating and analyzing mast cells populations
directly ex vivo. Thus, most early studies of mast cells relied on the use of
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transformed mast cells (2–5). Although such cells have been instrumental in
delineating mast cell signaling pathways and in revealing the surprising poten-
tial of mast cells to express a wide variety of cytokines and chemokines, they
are not useful for assessing in vivo function.

2. Key Discoveries Have Enabled the Current Revolution
in Mast Cell Biology
2.1. Identification of Methods to Grow Mast Cells In Vitro

Unlike lymphocytes and monocytes, mast cells do not circulate but remain
relatively fixed and dispersed in tissues under basal conditions. Thus, there is
no good repository of fully mature mast cells from which to draw to study their
function ex vivo. The secondary lymphoid organs normally contain mast cell
residents. However, even in inflammatory settings in which additional mast
cells migrate to the lymph nodes, the relative scarcity of cells, when compared
with T cells or B cells, for example, precludes easy functional analysis. The
definition of mast cell differentiation factors, in particular, interleukin (IL)-3
and stem cell factor (SCF), that can act on hematopoietic stem cells present in
bone marrow or fetal liver have made it possible to grow large numbers of
committed mast cell precursors (6–11). These cells express high levels of c-kit
and the high-affinity immunoglobulin E (IgE) receptor (FcεRI), contain pre-
formed mediators that are present in the characteristic granules, and express
some of the inducible mast cell mediators associated with more mature tissue
mast cells (11). Importantly, bone marrow-derived mast cells (BMDMCs)
remain growth factor-dependent, are nontransformed, and thus provide a bet-
ter model to study mast cell biology.

2.2. Use of Mast Cell-Deficient Mice to Study In Vivo Contributions
of Mast Cells

A major breakthrough in mast cell biology was the discovery of several
distinct and naturally occurring mutations in the c-kit locus, some of which
have profound effects on murine mast cell development. Mast cell precursors
require the expression of c-kit, a transmembrane receptor with intrinsic tyrosine
kinase activity, for the normal response to SCF, a major migration, proliferation,
maturation, and survival factor (reviewed in [12–14]). SCF is expressed in the
variety of tissue microenvironments in which mast cells normally develop. The
c-kit mutations result in receptors that either fail to be expressed on the cell
surface or have markedly deficient tyrosine kinase activity. The most com-
monly used c-kit-mutant mouse for studies of mast cell function is designated
WBB6/F1-c-kitW/c-kitWv (often referred to as W/Wv). W/Wv mice have two dis-
tinct mutations in the c-kit receptor locus (which is allelic with the W [white
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spotting] locus, hence the designation) that result in severe impairment of SCF
signaling. The W mutation is a loss of function mutation, resulting from a 234
basepair in frame deletion in the c-kit coding sequence resulting in the loss of
the transmembrane domain and the N-terminal amino acids of the kinase
domain. c-kitW mutations lead to an inability of c-kit to be expressed on the
cell surface, and homozygous c-kitW mice exhibit perinatal lethality. The Wv

mutation results in a leaky, loss-of-function phenotype as the result of a single
missense mutation within the canonical kinase sequence resulting in an 80–
90% reduction in autophosphorylation of c-kit. c-kitWv/Wv homozygous mice
express normal cell surface levels of c-kit and are not mast cell-deficient. How-
ever, a cross between c-kitW/+ and c-kitWv/+ mice yields W/Wv heterozygous
progeny that are viable and virtually lack mast cells (15). These mice also are
deficient in skin melanocytes, are anemic, and are sterile (12). Another muta-
tion, Wsh, also results in a mast cell-deficient phenotype. Wsh/Wsh (W-sash)
mice are gaining popularity for use in studies of mast cell function. These mice
are viable, fertile, and do not have the anemia that occurs in W/Wv mice (16–
20). Although the sh mutation in the c-kit gene is not yet genetically defined,
these mice offer a future alternative to W/Wv mice for mast cell function studies.

An advantage of the c-kit-mutant mouse model for in vivo studies of mast
cell function is that normal mast cell populations can be restored to many tis-
sues by the transfer of a population of BMDMCs (11). Reconstitution with
BMDMCs leads to a selective correction of the mast cell defect (the anemia
associated with the c-kit mutation is not corrected), allowing a direct assess-
ment of the contribution of mast cells to a given phenotypic outcome.

2.3. Characterization of Other Modes of Mast Cell Activation

A hallmark of mast cells is the cell surface expression of FcεRI (21). The
strong interaction of this receptor with IgE molecules confers mast cells with
an antigen-specific receptor that can activate the cell immediately upon anti-
gen crosslinking. IgG also is an effective mast cell activator that acts through
low-affinity Fcγ receptors (22–24). It is now clear that mast cells can be acti-
vated by several Ig-independent routes as well. Mast cells express a number of
Toll-like receptors, a highly conserved family of pattern-recognition receptors
that are activated by interaction with microbial products (25). Complement,
neuropeptides, and several cytokines also elicit degranulation and/or new gene
expression (26–30). This finding has implications for understanding mast cells
in the context of both allergic and nonallergic events. If an adaptive immune
response that elicits IgG and IgE is not necessary for initial mast cell activa-
tion, this implies that mast cells can exert their effects much earlier in an immune
response than originally proposed, before antigen-specific lymphocyte responses
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are initiated. Indeed there is evidence that mast cells directly influence the
initiation of both T- and B-cell responses.

3. Roles of Mast Cells in Immediate-Type Hypersensitivity

Although allergies can cause extreme discomfort and alter quality of life,
they also have the potential to be life threatening. Allergic responses generally
are classified as immediate, occurring within minutes of allergen exposure;
late phase, occurring within hours; or chronic, during which symptoms can
relapse and remit over time, as is the case with asthma (1). These responses
generally occur locally at mucosal surfaces, such as the airway passages and
the gut, as well as in the skin, where mast cells are prevalent. Although there
are differences in the particular manifestations of immediate-type allergic reac-
tions at various sites, all pathology is the direct result of inflammation that gives
rise to itch, redness, edema, and cellular influx. When allergen is encountered
systemically, anaphylaxis occurs, resulting in rapid onset of these symptoms at
several sites simultaneously (31). The precipitous drop in blood pressure can
be deadly in this circumstance.

Mast cells are the central effector cells in the early events associated with
allergic inflammatory responses. Poised at the interface of the external envi-
ronment in the skin and at mucosal surfaces, mast cells are situated to be among
the first cells to encounter antigens that elicit allergic reactions (32). The high-
affinity IgE receptor that associates with IgE through its Fc region forms a
stable antigen receptor that shares a remarkably similar downstream signaling
pathway with the transmembrane T-cell receptor complex. Interaction of mul-
tivalent allergen with cell-bound IgE results in: (1) the immediate release of
contents of mast cell secretory granules, which includes preformed mediators
such as histamine, neutral proteases, some cytokines, and proteoglycans; and
(2) newly synthesized mediators include the products of endogenous arachi-
donic acid metabolism, such as prostaglandin D and leukotrienes (e.g., LTB4

and LTC4). The inducible expression of a large array of cytokines and
chemokines also occurs. Collectively, these mediators initiate rapid vascular
permeability, leading to plasma extravasation and tissue edema,
bronchoconstriction, mucous overproduction, and leukocyte recruitment. Mast
cells also are implicated in the late-phase responses. A prolonged secretion of
chemoattractive and immunomodulatory molecules contributes to the continu-
ing tissue edema, cellular influx, and inflammation observed hours after initial
mast cell activation. Using the mast cell-deficient mouse model, it has been
shown that all of the tissue swelling, increased vascular permeability, intersitial
clotting, and neutrophil recruitment in both immediate and late phases of an IgE-
mediated cutaneous inflammatory response are dependent on mast cells (13).

Although mast cells have an established role in these processes, what is not
known is where mast cells first exert their influence. The classic model pur-
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ports that mast cells are players in immediate-type hypersensitive responses
only after the adaptive immune response is established (33). In many respects,
an allergic response is very similar to responses to conventional antigens. T cells
must be primed (sensitized) via antigen presentation by dendritic cells in the
lymph nodes. In allergic responses, this process is thought to be dominated by
the generation of Th2 cells, which express IL-4, IL-5, and IL-10 among other
cytokines. This Th2 “milieu” has effects on developing B cells, inducing class
switching to IgE production, primarily by IL-4 and IL-13. Allergen-specific
IgE binds to mast cells and only upon secondary exposure to allergen are the
mast cells triggered. However, new findings suggest that mast cells can have a
more direct influence on very early events and thus contribute to shaping the
character of the adaptive immune response. Evidence to support this comes
from studies showing that B cells can undergo isotype switching, leading to the
production of IgE in the absence of T cells (34). This switching is dependent
on the expression of CD40L (CD154) and IL-4 by mast cells. T-cell responses,
as assessed by interferon-γ production and activation markers such as CD44
and CD11a, also are attenuated in mast cell-deficient mice after immunization
with peptide and adjuvant (Robbie-Ryan and Brown, unpublished results).
Finally, mast cells express IL-4 and IL-12, as well as histamine, molecules
that regulate T-helper cell fate decisions. Histamine may exert its effects on
T cells, either directly during initial antigen encounter in the lymph node or
indirectly through effects on dendritic cells at sites of antigen entry (Fig. 1.
[35–38]).

How mast cells are activated through Ig-independent modes in initial phases
of an allergic response is still a matter of speculation. Evidence exists that
allergens, many of which are serine proteases, can directly activate mast cells,
as has been demonstrated for eosinophils (39,40). As discussed previously in
this chapter, a multitude of nonmicrobial agonists of mast cells exist, including
neuropeptides, cytokines, and stress hormones, that could also have an influ-
ence on mast cell activation in this setting.

4. Roles of Mast Cells in Asthma

Allergic asthma is a chronic disease of the respiratory tract (41). It is charac-
terized by relapsing–remitting episodes of reversible airway obstruction. Clini-
cal symptoms include shortness of breath, wheezing, chest discomfort, and
coughing, which can lead to respiratory failure. Eosinophilia, lung inflamma-
tion, elevated serum IgE, mucus hypersecretion, and hyperreactive airways are
typical. Like immediate hypersensitive responses, allergens elicit the initial
symptoms, and mast cell mediators promote early bronchial constriction, air-
way edema, and mucus plugging as well as recruitment of eosinophils. Lym-
phocytes and eosinophils are recruited within 24 h and contribute to the
disordered airway physiology and early remodeling. Because mast cell-stabi-
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lizing drugs have little value in treating chronic asthma, it has been assumed
that mast cells do not contribute to later events in the pathophysiology of this
disease.

However, recent data from human studies strongly suggest that mast cells
are intimately involved. Mast cells are prevalent within the bronchial smooth
muscle, and their density correlates with indices of bronchial hyperrespon-
siveness. Tryptase, a mast cell specific mediator, induces airway smooth
muscle hyperplasia and also affects lung epithelial cells by promoting fibrosis.
Long-term effects likely include the irreversible alterations in airway anatomy
and decline in lung function with time. Animal models of asthma are limited in
their ability to recapitulate chronic asthma and, thus, an in vivo demonstration
of the effects of mast cells on chronic asthma has not been established.

5. Roles of Mast Cells in Autoimmune Inflammation
Autoimmune diseases comprise a group of diverse disorders (42). Although

they differ in effector mechanisms and site of tissue damage, they are all char-
acterized by immune reactivity to self-antigens. The ensuing inflammation
leads to destruction of specific cells or tissues. Clonally expanded populations
of self-reactive B or T lymphocytes may initiate some of the inflammatory
events, but other immune cells also are essential for the full manifestation of
disease. It is not surprising, given the potent proinflammatory capability of mast
cells, that mast cells have been implicated in these processes. A wealth of cor-
relative data is available that implicate mast cells in the inflammation that is
associated with autoimmune disease. For example, multiple sclerosis is a CD4+

T-cell-mediated autoimmune disease characterized by inflammation in the cen-
tral nervous system (CNS [43,44]). It is associated with an early breach of the
blood–brain barrier, focal perivascular mononuclear cell infiltrates, gliosis, and
demyelination of the CNS white matter (44–46). A major autoimmune response
appears to occur against myelin proteins and/or myelin-producing cells of the
CNS (i.e., oligodendrocytes), leading to demyelination, a hallmark of these dis-
eases. More than100 yr ago, Neuman observed that mast cells were associated
with CNS plaques in patients with multiple sclerosis (MS [47]). This finding
has been confirmed in several subsequent studies. In both the murine model of
MS, experimental allergic encephalomyelitis (EAE) and the human disease, it
was shown that sites of inflammatory demyelination are also sites of mast cell
accumulation in brain and spinal cord (48–50). In acute EAE, the percentage of
degranulated mast cells increases with the clinical onset of disease symptoms
(51). Tryptase, a mast cell-specific proteolytic enzyme, is elevated in the cere-
brospinal fluid of patients with MS (52), and mast cell-derived proteases can
degrade myelin in vitro (53,54). Myelin can directly stimulate mast cell degranu-
lation as well (49,51,55). Differences in disease susceptibility may be influ-
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enced by genetically determined mast cell numbers. Indeed, the classic EAE-
susceptible murine strain, SJL/J, has increased numbers of mast cells com-
pared to the resistant C3H strain (56). Mast cell-stabilizing drugs used to treat
both human disease and experimental demyelinating diseases in rodents have
met with some success (57–60). Finally, compelling data linking mast cells
and MS were very recently obtained in microarray analyses of MS plaques.
Transcripts encoding the histamine 1 receptor as well as mast cell-specific
genes, including tryptase and FcεRI, are increased significantly in plaques from
patients with chronic MS compared with normal control patients (61).

Rheumatoid arthritis, a chronic inflammatory disease of the diarthrodial
joints, appears to be exacerbated by mast cells. In collagen-induced arthritis,
mast cells accumulate in the swollen paws of mice and are subject to degranu-
lation as disease progresses (62). Mast cells also are implicated in a model of
spontaneous disease observed in K/BxN mice (63). Like the human disease,
the symptoms appear to be initiated by T cells, but B cells also are required.
IgG antibodies to a ubiquitous cytoplasmic enzyme, glucose-6-phospate
isomerase, are able to transfer disease in a strain-independent fashion (64–
69). These antibodies aggregate as immune complexes with the enzyme at the
articular cavity. One of the first events is the degranulation of local mast cells
in the joint. In humans, mast cells accumulate in the synovial tissue and fluids
of affected joints (70).

Many other examples of the connection between mast cells and autoimmu-
nity exist. Mast cell infiltrates are prevalent in the salivary glands of patients
with Sjögren’s syndrome, an inflammatory disorder of the tear ducts and sali-
vary glands (71). Bullous pemphigoid, a blistering skin disease, is character-
ized by degranulated mast cells in the blisters and high concentrations of mast
cell-derived chemoattractants in blister fluids (72–75). Mast cell involvement
is also suspected in experimental vasculitis and thyroid eye disease (76,77).
Because mast cells are located within the pancreatic ducts and implicated in
other inflammatory conditions of the pancreas (78–82), there exists a likely
role for mast cells in the islet cell destruction associated with type I diabetes. In
vivo proof of a role for mast cells has been shown for EAE, serum-induced
rheumatoid arthritis, and bullous pemphigoid using mast cell-deficient mice
(63,83,84). Although this proof does not definitely prove mast cells alter the
course of the human disease counterparts, the features of mast cells, including
their widespread distribution, their ability to migrate during an immune response,
and the nature of the mediators they produce, make it likely that they do make an
important contribution.

It is likely that the details of mast cell activation and their mode of action are
somewhat different in these various disease syndromes. Mast cells may be acti-
vated relatively late in the inflammatory process by the self-reactive antibodies
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observed in rheumatoid arthritis, MS, and systemic lupus erythematosus (SLE)
or by complement or cytokines that are present locally. In MS, this can contrib-
ute to the activation of CNS antigen-presenting cells and direct destruction of
the myelin sheath. Likewise, mast cell products may be directly involved in
joint destruction in RA. Mast cell chemokines, particularly IL-8, that recruit
neutrophils appear to be important in bullous pemphigus (84). As proposed for
mast cells in allergic responses, these cells also may have influence during the
inductive phase of disease. The influence of mast cells on dendritic cells at the
site of antigen entry may regulate dendritic cell function or T-cell development
directly (Fig. 2).

6. Conclusion
Scientists have only begun to understand the place that mast cells have in

both immunity and disease. Our understanding of the contribution of mast cells
to bacterial immunity (85,86), wound healing (87), angiogenesis (88), cardiac
function (89–91), and cancer (92–95) is still in its infancy. Although tradition-
ally considered players in Th2 type responses that are dominated by IL-4, IL-13,
and IL-10, there is much strain-specific heterogeneity in murine mast cell
cytokine responses. In some settings, mast cells that produce high levels of
these “anti-inflammatory cytokines” may actually downregulate the immune
response. These genetically based differences also are likely to exist in humans
and can profoundly affect the magnitude or quality of a response. It is possible
that these observations explain, in part, why mast cell mediators do not pro-
mote severe allergic responses in some individuals.
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Analysis of MCT and MCTC Mast Cells in Tissue

Lawrence B. Schwartz

Summary
The MCTC and MCT types of human mast cells initially were recognized on the basis

of the protease compositions of their secretory granules, with tryptase, chymase, carbox-
ypeptidase A3, and cathepsin G in the former and only tryptase in the latter. Antibodies
against chymase and tryptase traditionally have been used to distinguish these mast cell
types from one another. Antitryptase antibodies label all mast cells; antichymase labels
only the MCTC type. To identify both types in a tissue section, a sequential double-label-
ing scheme was developed to first stain chymase-positive cells, thereby blocking their
recognition by the antitryptase antibody, which will label only the chymase-negative
mast cells. In general, these immunocytochemical techniques are more sensitive and
specific than classical histochemical techniques for detecting mast cells.

Key Words: Mast cells; tryptase; chymase.

1. Introduction
Mast cells in humans are primary effector cells in immediate hypersensitiv-

ity reactions, such as systemic anaphylaxis, urticaria, atopic asthma, atopic
rhinitis, and atopic conjunctivitis. Mast cell involvement in atopic diseases pro-
vides neither a teleologic justification for their existence through evolution nor
a rationale for their existence in nonatopic individuals. In rodents, mast cells
may play a protective role. Rodent mast cells participate in the innate immune
response against bacteria and viruses (1–3) and also against certain parasites
(4,5). Rodent mast cells play key roles in the pathogenesis of non-immunoglo-
bulin E (IgE)-mediated hypersensitivity disorders (6–8). Mast cells occupy
sentinel positions in tissues where noxious substances might attempt entry, and
immediate-type hypersensitivity reactions typically begin.

Mast cells in human tissues have been divided into two major types based
on the protease content of their secretory granules (9). Those cells with tryptase
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together with chymase, carboxypeptidase, and cathepsin G are called MCTC

cells; those with only tryptase are called MCT cells (10–12). These two pheno-
types of mast cells have been studied by electron and light microscopy.
Immunogold labeling with antichymase and antitryptase MAbs illustrates the
protease phenotypes described above, whereas the scroll-rich granules being
more apparent in MCT cells and grating/lattice substructures in MCTC cells
(13). Ultrastructural studies of immature mast cells in tissues suggest that
these protease phenotypes appear at the time granules first form (14). MCTC

cells are the predominant mast cell type in normal and urticaria pigmentosa
skin, perivascular sites, cardiac tissue, and in small bowel submucosa,
whereas MCT cells are the predominant type found in the small bowel mucosa
and in the normal airway, where they also appear to be selectively recruited
to the surface epithelium of the airway during seasonal allergic disease. In
asthmatics, concentrations of MCTC cells in airway smooth muscle increase
dramatically and correlate with methacholine-induced bronchial hyperreac-
tivity (15). Of further interest is the selective attenuation of the numbers of
MCT cells in the small bowel of patients with end-stage immunodeficiency
diseases (16), a finding that suggests the recruitment, development, or sur-
vival of MCT cells is somehow dependent on the presence of functional T
lymphocytes.

Basophils normally reside in the circulation but enter tissues at sites of
inflammation, particularly during the late phase of IgE-mediated immediate-
hypersensitivity reactions and during the early phase of cell-mediated delayed-
type hypersensitivity reactions. Although basophils differ from mast cells by
lineage and by a number of morphologic and functional features, they also
express tryptase, albeit in much smaller quantities than mast cells (17). Mast
cells from different tissues, irrespective of their protease phenotype, and baso-
phils exhibit functional differences in their response to non-IgE-dependent acti-
vators and pharmacologic modulators of activation.

Although all mast cells degranulate when FcεRI is cross-linked, skin-derived
MCTC cells also respond to C5a and Compound 48/80, whereas MCT cells from
lung do not (18). The ability of MCTC cells to be activated by agents not asso-
ciated with FcεRI and IgE suggest this cell type may have a greater role in
innate immunity by responding to either innate or microbial danger molecules.

Substantial amounts of both PGD2 and LTC4 are secreted by FcεRI-stimu-
lated lung-derived MCT cells, whereas skin-derived MCTC cells make prima-
rily PGD2 (19). Cord blood-derived mast cells exhibit this same lipid profile as
skin-derived mast cells, but when primed with interleukin (IL)-4 and IL-5, their
ability to secrete LTC4 is induced (20).

The functional differences between MCT and MCTC cells may depend in
part upon the properties of the proteases uniquely expressed in the latter cell
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type (21). For example, the ability of chymase to activate angiotensinogen/
angiotensin I to angiotensin II (independent of angiotensin converting enzyme)
and endothelin suggest the potential for mast cells to locally regulate the cir-
culation. Chymase also can process procollagen to a collagen fibril-like mate-
rial, potentially affecting fibrosis. Finally, the ability of chymase to stimulate
mucus production may be important in disorders of the airway, such as asthma.

Another interesting feature that distinguishes MCT from MCTC cells is their
response to IL-4. MCT, but not MCTC cells, undergo apoptosis when treated
with IL-4 if IL-6 has been neutralized (22). Otherwise, IL-6 protects MCT cells
from IL-4-induced apoptosis. Also of interest is the ability of MCTC cells from
skin to proliferate in serum-free media (23). In contrast, MCT cells from lung
do not proliferate under these conditions. These distinguishing properties may
provide pathways for regulating the relative levels of these two mast cell types
in tissues. Subheadings 2. and 3. will focus on the detection of these two mast
cell types in tissues.

2. Materials
1. Biotin-conjugated or free B7 monoclonal antibody (MAb) against chymase,

alkaline phosphatase-conjugated or free G3 MAb against tryptase (Chemicon
International, Temecula, CA; see Note 1).

2. 3-amino-9-ethyl-carbazole, Fast Blue RR and naphthol AS-MX phosphoric acid
(Sigma, St. Louis, MO).

3. D-Val-Leu-Arg-4-methoxy-2-naphthylamide (MNA), Z-Ala-Ala-Lys-MNA, and
Suc-Ala-Ala-Phe-MNA (Enzyme Systems Products, Livermore, CA).

3. Methods
Although chymase and carboxypeptidase appear to be uniquely expressed

by MCTC cells, to date, a unique marker for the MCT cell has not been reported.
Thus, current detection techniques are based on experiments that show all mast
cells contain tryptase, while a distinct subset contains chymase.

3.1. Enzyme Histochemistry

Because of the high levels of tryptic activity in all human mast cells and of
chymotryptic activity in a portion of these cells, enzyme histochemical sub-
strates have been used to detect MCT and MCTC cells (24,25). These substrates
can be used on cryostat sections of unfixed or formalin-fixed (with or without
glutaraldehyde) tissues as well as on sections of paraffin-embedded Carnoy’s
fluid-fixed tissues. Tissues fixed in aldehydes should be washed overnight at
4°C in 0.05 M cacodylate buffer, pH 7.2, containing 7.5% sucrose before being
stored at –70°C.

MNA (0.2–0.4 mM) and Z-Ala-Ala-Lys-MNA (0.2–0.4 mM) have been used
successfully for the detection of tryptase activity, whereas Suc-Ala-Ala-Phe-
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MNA (0.4 mM) can be used for chymase detection. Each MNA substrate is
applied in 0.15 M of phosphate buffer at an optimal pH (6.5–8.0) containing
Fast Blue B salt zinc chloride complex (3.2 mM) as a capture reagent at 37°C
for a time interval of up to 2 h. Sections are then washed in distilled water,
dehydrated with ethanol, cleared and mounted (see Note 2).

3.2. Immunocytochemistry
3.2.1. Specimen Preparation

1. Carnoy’s fluid (ethanol:chloroform:acetic acid, 6:3:1 v/v) originally was reported
as an optimal fixative for cytocentrifuged preparations of dispersed mast cells
and for tissues. However, fixation of cytocentrifuged preparations with methanol
containing 0.6% H2O2 and of tissue sections and cytocentrifuged preparations
with neutral-buffered formalin also has been performed.

2. Tissue sections that are paraffin embedded should be dewaxed with graded etha-
nol solutions (100%, 95%, 80%, 70%, 50%, 0%), and nonspecific staining can be
reduced by incubation with an appropriate dilution of heat-inactivated serum that
corresponds to the species of the secondary antibody.

3. Fixed cells or tissue sections are blocked by incubation with 0.6% H2O2 in methanol
for 30 min at room temperature if peroxidase is to be used for color development.

4. Cells are then washed with 50 mM Tris-HCl, pH 7.6, containing 0.05% Tween-
20 and 0.15 M NaCl (TTBS).

3.2.2. Single Labeling

1. Anti-tryptase (G3 MAb, 1.5 µg/mL), anti-chymase (B7 MAb, 1.5 µg/mL) or
negative control mouse MAb in phosphate-buffered saline (PBS) containing 10%
heat-inactivated serum from the species of the secondary detector antibody are
incubated with the cells or tissues overnight at 4°C. The optimal MAb concentra-
tion must be determined empirically. Shorter incubation periods at room tem-
perature or 37°C may be possible.

2. After washing the cells or tissue section with TTBS, peroxidase-conjugated goat
anti-mouse IgG (Fc-specific) is added at an appropriate dilution for 1 h at room
temperature.

3. Samples are then washed with TTBS and incubated with a freshly-prepared solu-
tion of 3-amino-9-ethyl carbazole (0.2 mg/mL in 0.1 M acetated buffer, pH 5.2)
containing 0.01% H2O2 for 5–10 min at room temperature.

4. The slides are washed with distilled water and then mounted in a 90% glycerol
solution. Positively stained cells become reddish brown. Biotinylated primary
Ab also can be used and developed with Streptavidin-peroxidase and peroxidase
substrate as above. Finally, primary labeling with alkaline phosphatase-conju-
gated G3 MAb (0.7 µg/mL) followed by Fast Blue RR (1 mg/mL) in 0.1 M Tris-
HCl, pH 8.2, containing naphthol AS-MX phosphate (0.2 mg/mL) stains
tryptase-containing cells blue (see Note 3).
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3.2.3. Simultaneous Double-Labeling

The double-labeling technique in which antitryptase and anti-chymase
MAbs are added simultaneously to show that chymase resides in mast cells
that also contain tryptase (9).

1. Endogenous peroxidase in cytospins and tissue sections is inhibited as previ-
ously mentioned.

2. Cells are incubated with a mixture of anti-chymase (biotin-B7, 4 µg/mL) and
anti-tryptase (alkaline phosphatase-G3, 0.7 µg/mL) MAbs overnight at 4°C.

3. Tryptase-positive mast cells are stained blue by addition of Fast Blue RR and
naphthol AS-MX phosphate, mounted in 90% glycerol, and photographed on a
calibrated stage.

4. Cover slips are then floated off and chymase-positive cells are labeled with
Streptavidin-peroxidase. By examining the same fields as those photographed
after the alkaline phosphatase stage, one can see that chymase-positive cells con-
vert from blue to reddish brown after addition of 3-amino-9-ethyl carbazole.
Tryptase-positive mast cells without chymase remain blue (see Note 4).

3.2.4. Sequential Double-Labeling

Sequential double-labeling with anti-chymase MAb and then anti-tryptase
MAb is used to display differentially stained MCT and MCTC cells in the same
tissue section or cytospin (9,10).

1. Tissue sections or cytospins prepared as above are incubated first with biotin-B7
MAb (4 µg/mL) overnight a 4°C followed by streptavidin-peroxidase and naph-
thol AS-MX phosphate.

2. Mast cells with tryptase but not chymase are then labeled with alkaline phos-
phatase-G3 (0.7 µg/mL), which can then be visualized by deposition of a blue
dye, Fast Blue RR, thereby showing chymase- mast cells. Deposition of the red-
dish-brown naphthol AS-MX phosphate dye on chymase+ mast cells blocks sub-
sequent labeling by alkaline phosphatase-conjugated anti-tryptase MAb. When
this sequential double-labeling technique has been completed, MCT cells appear
blue and MCTC cells appear brown (see Note 5).

3.2.5. Immunogold Electron Microscopy

Labeling of chymase and tryptase at an ultrastuctural resolution provides a
more detailed analysis of their subcellular locations (13,14,26).

3.2.5.1. SINGLE-LABELING

1. Fresh surgical tissue at 4°C is fixed in a solution of in 0.1 M of cacodylate buffer,
pH 7.2, containing 2% paraformaldehyde and 1.5% glutaraldehyde for 2 h,
washed in cacodylate buffer containing 5% sucrose, and postfixed with 1%
osmium tetroxide in cacodylate buffer for 1 h. Osmication improves ultrastruc-
tural resolution without appreciably affecting immunogold staining.
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2. Specimens are then dehydrated in graded ethanol, transferred through propylene
oxide, and embedded in araldite obtained from Fluka Durcupan ACM.

3. Thick sections (1 µm) are cut first, stained with toluidine blue and examined for
orientation and histologic quality.

4. Then thin sections of 60–100 nm are cut with an ultramicrotome.
5. Thin sections are placed on uncoated 200HH mesh ultrahigh transmission Thin-

line nickel grids and allowed to dry overnight. Each section fills the entire grid
opening of about 1.3 mm in diameter. This viewing area permits viewing of
approx 10 mast cells in skin, 15 mast cells in basal intestinal mucosa and super-
ficial submucosa, and 5 mast cells in alveolar wall.

6. Sections on grids are placed upon drops of reagents in cavities of porcelain color
plates, etched for 70 min in saturated aqueous sodium metaperiodate solution,
and finally washed in microfiltered deionized water.

7. Each grid is washed in PBS and incubated with normal goat serum for 1 h at
room temperature. Etching times that were only 15–30 min yielded less
immunogold staining, whereas longer etching times produced no apparent change
in the distribution or intensity of staining. Use of hydrogen peroxide as an etch-
ing agent proved to be suboptimal.

3.2.5.2. DOUBLE-LABELING

1. For double immunogold labeling, grids are placed overnight at 4°C and for 2 h at
25°C onto 20-µL drops of mixtures of each primary Ab. Anti-tryptase (48 µg/mL
of the G3 mouse MAb) and anti-chymase (45 or 90 µg/mL of rabbit IgG anti-
chymase pAb) antibodies are diluted in PBS containing 0.1% bovine serum albu-
min (BSA).

2. Sections are then washed sequentially for 5-min intervals in 0.05 M Tris-HCl
buffer at pH 7.2, 0.05 M Tris-HCl buffer pH 7.2 containing 0.2% BSA, and 0.05
M Tris-HCl buffer at pH 8.2 containing 1% BSA.

3. Gold-labeled goat IgG anti-mouse IgG and goat IgG anti-rabbit IgG are incu-
bated with the grids for 1 h at room temperature and then sequentially washed in
Tris-HCl buffer at pH 7.2 containing 0.2% BSA, Tris-buffered saline, and deion-
ized water. Controls should include omission of the primary antibodies and utili-
zation of comparable concentrations of nonimmune control mouse and rabbit
primary antibodies.

4. Sections labeled with the antibodies should be sequentially counterstained with
uranyl acetate for approx 5–30 s, depending on the tissue, and then with lead citrate
for 45–90 s and examined by transmission electron microscopy. Using this tech-
nique one concludes that MCTC cells store tryptase and chymase in the same secre-
tory granules, whereas MCT cells lack chymase in all secretory granules.

3.3. Flow Cytometry
3.3.1. Lung-Derived Mast Cells

Fresh surgical specimens of human lung are mechanically minced and digested
with proteases to disperse cells (27).
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1. Samples should be minced in a balanced salt buffer such as Hank’s balanced
salt solution without calcium (HBSS–), and incubated with type 2 collagenase
(1.5 mg/mL) and hyaluronidase (0.5 mg/mL) at 37°C for 60 min with gentle
agitation (2–5 mL of protease solution per gram of lung).

2. Dispersed cells are separated from residual tissue by washing them through a no.
80 mesh sieve.

3. Proteases are then removed by washing the cells in HBSS–.
4. Residual tissue is digested up to three more times to disperse retained mast cells.
5. The dispersed cells are combined, filtered, layered onto a 65–70% (v/v) Percoll

cushion and centrifuged at 700g for 20 min at room temperature. Erythrocytes
and tissue debris pass through the cushion while nucleated cells are collected
from the HBSS–/Percoll interface. Typically 0.2 to 1 × 106 mast cells of 5–15%
purity are obtained per gram of lung.

3.3.2. Skin-Derived Mast Cells

1. Fresh samples of surgical skin are cleaned of subcutaneous fat by blunt dissec-
tion, and residual tissue is cut into 1- to 2-mm fragments and digested with type
2 collagenase (1.5 mg/mL), hyaluronidase (0.7 mg/mL), and type 1 DNase (0.3
mg/mL) in HBSS– for 2 h at 37ºC (23).

2. The dispersed cells are collected by filtering through a no. 80 mesh sieve and are
then resuspended in HBSS containing 1% FCS and 10 mM 4-(2-hydroxyethyl)-
1-piperazine-ethanesulfonic acid (HEPES).

3. Resuspended cells are layered over a 70–75% Percoll cushion and centrifuged at
700g at room temperature for 20 min. Nucleated cells are collected from the
buffer/Percoll interface, while erythrocytes sediment to the bottom of the tube
(see Note 5).

4. Skin-derived mast cells can be cultured at a concentration of 1 × 106 cells/mL in
serum-free AIM-V medium (Life Technologies, Rockville, MD) containing 100
ng/mL of recombinant human stem cell factor at 37°C in 6% CO2. The culture
medium should be changed weekly and cells are split when they reach a concen-
tration of approx 2 × 106 cells/mL. The percentages of mast cells can be assessed
cytochemically by metachromatic staining with toluidine blue, immunocy-
tochemistry with anti-tryptase and anti-chymase Abs and by flow cytometry with
anti-Kit (YB5.B8) and anti-FcεRI (22E7) MAbs. The protease phenotype of cul-
tured cells can be examined by immunocytochemistry with anti-tryptase and anti-
chymase MAbs (10). Typically, mature mast cells approaching 100% purity are
obtained by 4 wk of culture, and these cells divide about every 5–7 d for 2–3 mo.

4. Notes
1. Alternative mouse monoclonal antibodies against chymase (CC1) and tryptase

(AA1) (Calbiochem, San Diego, CA) are also available.
2. Although mast cells in general are readily distinguished from other cell types

because of their large content of proteases, these substrates are not specific for
tryptase and chymase. Consequently, other cell types with trypsin-like and chy-
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motrypsin-like proteases will be labeled. In contrast, antibodies against these
enzymes can provide greater specificity.

3. All human mast cells are stainable with the anti-tryptase MAb, whereas only a
subset is stainable with the anti-chymase MAb. Basophils, which contain much
less tryptase than mast cells (17), often are stained after indirect immunocy-
tochemistry but not with the less-sensitive alkaline phosphatase-G3 technique
described in Note 2 (28).

4. Although basophils from healthy subjects do not express chymase, one study
indicated that those from patients with asthma or drug allergic reactions may do
so (29), whereas another study found that basophils from asthmatics do not
express chymase (30). Also, transient expression of chymase in a human bone
marrow-derived cell of uncertain lineage also has been reported (31).

5. The precise conditions for sequential double-labeling to effectively distinguish
chymase-positive from chymase-negative mast cells must be determined empiri-
cally. The advantage of the technique is that blue MCT cells and reddish brown
MCTC cells can be visualized in the same field. However, because tryptase resides
in both cell types, the success of the technique requires relatively intense staining
for chymase such that the anti-tryptase MAb is blocked from recognizing tryptase
in those cells.

6. Cells from lung and skin that have been enriched by Percoll density-dependent
sedimentation are suitable for activation and tissue culture. To reduce the likeli-
hood of any microbial contamination, cells are typically layered over a solution
of PBS containing 20% human AB serum (Sigma) and centrifuged at low speed
(500g) for 20 min at room temperature. Further purification of the mast cells can
be achieved by cell sorting or magnetic bead techniques using anti-Kit antibody.
However, this technique does not separate MCT from MCTC cells.
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Mast Cell Ultrastructure and Staining in Tissue

Shruti A. Shukla, Ranjitha Veerappan, Judy S. Whittimore,
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Summary
Mast cells are bone marrow-derived cells that are widely distributed in the tissue.

They are found predominantly in the subepithelial tissue near blood vessels and nerves
and usually are sprinkled diffusely without forming clusters. In tissue sections stained
with hematoxylin and eosin, normal mast cells usually display a round-to-oval nucleus
with clumped chromatin and indistinct or no nucleoli. They have moderately abundant
cytoplasm and are oval, spindle, or polygonal in shape. The cytoplasm is amphophilic,
and sometimes small slightly eosinophilic granules may be visible. Hematoxylin and
eosin staining is not a specific or reliable method for detecting mast cells in tissue sec-
tions because of variable cellular morphology. For confirmation of mast cells, special
stains, such as mast cell tryptase or CD117, are required.

Key Words: Mast cell; hematoxylin and eosin; toluidine blue; mast cell tryptase and
chymase; Leder stain; CD117 (c-kit); ultrastructure.

1. Introduction
Identification of mast cells in tissue can be performed by routine staining

methods that allow visualization of cellular morphology by using special stains
that are more specific for mast cells or by performing ultrastructural examina-
tion. In this chapter, methods to prepare tissue for ultrastructural examination,
along with procedures to perform different stains that are commonly used to
identify mast cells, are described. The methods described in this chapter are
well established and are obtained from the listed references. Hematoxylin and
eosin, which is the most common stain used for tissue sections in pathology, is
not a very specific or reliable method to demonstrate mast cells. Other his-
tochemical and immunohistochemical stains, such as toluidine blue, mast cell
tryptase and chymase, Leder stain, and CD117 (c-kit), are more specific for
mast cells.
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Mast cells also can be identified on electron microscopy. Ultrastructurally,
the mast cell nucleus is small with a round-to-oval shape. The cell surface
shows slender filiform cytoplasmic projections or folds. Numerous membrane-
bound mast cell granules are present in the cytoplasm in addition to rough
endoplasmic reticulum, Golgi vesicles, free ribosomes, mitochondria, lysos-
omes, filaments, microtubules, and lipid bodies. The mast cells can be of two
subtypes depending on the scroll-rich or scroll-poor morphologies displayed
by the granules (1). Both morphologies may demonstrate granules with amor-
phous material, finely granular electron-dense material, nondiscrete scroll for-
mations that merge with one another, loosely organized internal lamellae, or
some peripheral coiled parallel lamellae. The scroll-rich variant has granules
containing multiple discrete complete membranous scroll formations that are
usually loosely wound and may enclose cores of central electron dense mate-
rial. Some granules may display tightly wound scrolls. Granules with discrete
scrolls are generally absent in mast cells with scroll-poor morphology. Crystal-
loid substructures with a grating or lattice appearance may be seen in some of
the electron-dense granules that are present in cells with scroll-poor morphology.

The substructures can demonstrate variable periodicities. Granules associ-
ated with the scroll-poor morphology tend to be more numerous, larger, and
more uniform in shape. Lipid bodies, large round nonmembrane-bound cyto-
plasmic structures with internal lucencies, are less frequent in cells with scroll-
poor morphology. The scroll-rich and the scroll-poor morphology (grating or
lattice patterns), along with varying content of chymase and tryptase, further
divide the mast cells into the MCT (tryptase-positive only) and MCTC (tryptase-
and chymase-positive) subtypes, respectively. Effects of fixation and variable
planes of sectioning cause difficulties in the interpretation of granule morphol-
ogy. Mast cells cultured from peripheral blood have been shown to have mini-
mal chymase activity in presence of a scroll-poor ultrastructure. Mast cell
ultrastructure can be affected by the degree of maturity and by degranulation.
Immature mast cells demonstrate a smaller size and a higher nuclear cytoplas-
mic ratio with fewer granules. Granules with dense central nucleoids embed-
ded in granule matrix may be present (1,2).

In regard to staining methods, hematoxylin, the most widely used nuclear
stain, is extracted from logwood known as campeache wood. Fresh-cut wood
is colorless but converted to dark reddish brown when exposed to atmospheric
oxidation; the oxidized dye is hematein (3). Hematoxylin and its counterstain
eosin are the most commonly used stains for routine histologic examination of
tissue sections.

The classic histochemical stains used to demonstrate mast cells are the
metachromatic stains like toluidine blue. The membrane-bound granules in the
mast cell cytoplasm contain biologically active mediators, including acidic
proteoglycans, which bind basic dyes, such as toluidine blue. Because stained
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granules typically acquire a color that is different from that of a native dye,
they are referred to as metachromatic granules. Metachromatic stains are
strongly recommended as routine stains for mast cells (4).

The most specific method for identification of mast cells in tissue is immu-
nohistochemical staining for mast cell tryptase. It has been recently demon-
strated that tryptase is present in both major subtypes of human mast cells that
have been described so far: T mast cells, predominantly found in the lung and
containing only tryptase, and TC mast cells, predominantly found in the skin
and bowel and containing chymase in addition to tryptase. Tryptase alone is
useful in the identification of mast cells, whereas the addition of the chymase
stain helps in subtyping the mast cell population. Rare human mast cells may
contain only chymase (5–7).

Esterases are enzymes that are capable of hydrolyzing aliphatic and aro-
matic bonds. They have been classified as specific or nonspecific esterases
depending on their preference for certain substrates. Chloacetate esterase is
found in granulocytes and mast cells. Specimens containing mast cells are
incubated with naphthol AS-D chloracetate in the presence of freshly formed
diazonium salt. Enzymatic hydrolysis of ester linkages liberates free naphthol
compounds. These couple with the diazonium salt forming highly colored
deposits at the site of enzyme activity (8,9).

CD117 (c-kit) is a tyrosine kinase receptor found in various normal cells,
including interstitial cells of Cajal, germ cells, bone marrow stem cells, mel-
anocytes, breast epithelium, and mast cells. It also can be found in a wide vari-
ety of tumors, such as follicular and papillary carcinoma of the thyroid;
adenocarcinoma of the endometrium, lung, ovary, pancreas, and breast; malig-
nant melanoma; endodermal sinus tumor; and small cell carcinoma, and has
been particularly useful in identifying gastrointestinal stromal tumors (10–13).
Several other stains have been used to identify mast cells or mast cell subsets,
including berberine and Alcian blue. CD34 is used in the proper context to
identify mast cell precursors.

2. Materials

2.1. Tissue Preparation for Electron Microscopy

1. Tissue fixative: 3% glutaraldehyde in cacodylate buffer and 1% osmium tetrox-
ide in cacodylate buffer.

2. 70% ethanol.
3. 100% ethanol.
4. 100% propylene oxide.
5. Araldite 502.
6. Dodecenyl succinic anhydride (DDSA; HY 964).
7. 2,4,6-tris (dimethylaminomethyl) phenol; (DMP-30; DY 064).
8. Uranyl acetate in 50% ethanol.
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9. 10 N sodium hydroxide.
10. Embedding medium (see Note 1): 20 mL of araldite 502, 22 mL of DDSA, and

0.63–0.84 mL of DMP-30.
11. Lead citrate solution: add 0.3 g of lead citrate and 0.5 mL of 10 N sodium hydrox-

ide to 10 mL of distilled water in a centrifuge tube. Shake the tube until the lead
citrate is dissolved.

2.2. Tissue Preparation for Paraffin-Embedded Tissue

1. Alcoholic formalin (10% formalin, 65% alcohol).
2. 95% alcohol.
3. Absolute alcohol.
4. Xylene.
5. Paraffin.
6. The paraffin embedded specimens are cut at 4–5 µ and appropriate sections are

used for hematoxylin and eosin stain, toluidine blue stain, mast cell tryptase and
chymase stain, Leder stain, and CD117 stain.

7. Control sections can be obtained from paraffin-embedded sections of neurofibro-
mas with mast cells for the toluidine blue stain, Leder stain, and CD117 stain.
Paraffin-embedded sections of skin, colon, or lung can be used for mast cell
tryptase and chymase stains.

2.3. Hematoxylin and Eosin Staining

1. Harris hematoxylin: 5 g of hematoxylin, 50 mL of absolute ethyl alcohol, 100 g
of ammonium aluminum sulfate (aluminum works as mordant), 1000 mL of dis-
tilled water, and 2.5 g of mercuric oxide (ripening agent).

2. Eosin solution: 200 mL of eosin Y (1% aqueous solution), 600 mL of 95% ethyl
alcohol, and 4 mL of acetic acid glacial. (This solution must be acidic, best stain-
ing occurs at pH 4.6–5.0, to develop the appropriate charge on protein.)

2.4. Toluidine Blue Staining

1. 0.5% toluidine blue stain: 0.5 g of toluidine blue O (CI no. 52040 Certistain®,
Merck, cat. no. 1.15930) and 100 mL of distilled water.

2.5. Mast Cell Tryptase and Chymase Staining

1. 0.05 M Tris-buffered saline (DAKO® TBS, cat. no. S3001), pH 7.2–7.6.
2. DAKO EnVision® system, peroxidase (K1390) includes: peroxidase blocking

reagent, labeled polymer, buffered substrate solution, pH 7.5, and DAB chro-
mogen.

3. Absorbent wipes.
4. Ammonium hydroxide, 15 M diluted to 37 mM.
5. Harris hematoxylin.
6. 95% and absolute ethanol.
7. Anti-human tryptase monoclonal antibodies (Promega, cat. no. G3361).
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2.6. Leder Stain (Naphthol-AS-D Chloracetate Esterase) Staining
(see Note 2)

1. The commercially available Sigma Kit (no. 91C) includes: Naphthol AS-D
chloracetate solution, Fast Blue BB base solution, Trizmal concentrate pH −7.6 ±
0.15, sodium nitrite solution, citrate solution and Gill No.3 hematoxylin solution.

2. Acetone.
3. 37% formaldehyde.

2.7. CD117 (C-Kit) Staining

1. Electric pressure cooker (Cell Marque™, cat. no. CMM977).
2. One pair of plastic staining dishes and slide rack (Cell Marque, cat. no.

CMM960).
3. Declere by Cell Marque (cat. no. CMX633-P) or Trilogy™ by Cell Marque (cat.

no. CMX833-P).
4. Anti-CD117 antibody (Cell Marque) is available as 1, 6, or 15 mL prediluted

antibodies that are ready to use and as 0.05, 0.5, or 1 mL concentrate, which can
be diluted 1:10 or 1:30 before using. Five slides per pack of positive control
slides are available.

3. Methods
The methods described in Subheadings 3.1.–3.7. outline: (1) tissue prepa-

ration for electron microscopy; (2) tissue preparation for paraffin-embedded
tissue; (3) hematoxylin and eosin staining; (4) toluidine blue staining; (5) mast
cell chymase and tryptase staining; (6) Leder staining; and (7) CD117 staining
in tissue sections.

3.1. Tissue Preparation for Electron Microscopy

The procedure for tissue preparation includes fixation, dehydration, infiltra-
tion, embedding, and staining. Araldite 502 is an epoxy resin embedding medium
that is used in our laboratory. Tissues to be embedded in araldite 502 can be dehy-
drated with commonly used organic solvents such as propylene oxide, because
epoxy resins are more soluble in propylene oxide (14–16).

3.1.1. Fixation

Tissues can be fixed in a wide range of fixatives. The tissue is diced into
small fragments to achieve better fixation and infiltration. One of the most
commonly used fixation method is utilizing glutaraldehyde followed by osmium
tetroxide. The procedure used in our laboratory is given below:

1. Tissue is fixed with 3% glutaraldehyde in cacodylate buffer for 3 h.
2. Replace the glutaraldehyde solution with 1% osmium tetroxide in cacodylate

buffer and let the tissue fix for 1 h.
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3.1.2. Dehydration

Many different dehydration schedules can be followed. The procedure used
in our institution is as follows:

1. Replace the fixative with 70% ethanol for 10 min.
2. Replace the solution with 95% ethanol for 10 min.
3. Replace the solution with 100% ethanol for 10 min.
4. Replace the solution with 100% ethanol for 15 min.
5. Replace the solution with 100% propylene oxide for 15 min.
6. Replace the solution with 100% propylene oxide for 15 min.

3.1.3. Infiltration

For all of the infiltration steps, a specimen rotator is used to ensure continu-
ous mixing (17).

1. Drain the tissue of most of the propylene oxide, leaving a little so that the tissue
does not dry out.

2. Replace the solvent with a 1:1 solution of propylene oxide: embedding medium,
and allow it to stand for at least 4 h at room temperature.

3. Remove the mixture, replace it with 100% embedding medium and leave for 6–
12 h at room temperature.

3.1.4. Embedding

This may be done in EMS embedding capsules (EMS, cat. no. 70020) or a
flat embedding mold (EMS, cat. no. 70900).

1. Transfer each sample to a dry capsule or mold and fill the mold with embedding
medium.

2. Cure the medium overnight or for 48 h in an oven at 60°C.
3. Blocks can be trimmed and sectioned after they return to room temperature.
4. The sections are then placed on copper grids (EMS, cat. no. FF100-Cu) for double

stained using uranyl acetate and lead citrate.

3.1.5. Staining

The staining method used in our laboratory is the double-staining method.
The sections are first stained with saturated uranyl acetate in 50% ethanol,
followed by staining with lead citrate. Stock solutions of lead citrate can be
prepared and stored before use. The lead citrate stock solution in our labora-
tory is prepared by the Venable and Coggeshall method. The double-staining
procedure used in our laboratory is as follows (18):

1. Place a piece of filter paper at the bottom of a Petri dish and place a piece of
premarked dental wax sheet on top of the filter paper. Prepare two such Petri
dishes.
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2. Pipet out and place drops of the uranyl acetate stain on the dental wax paper.
3. With the help of tweezers, place the grids with the section side down on a drop of

uranyl acetate stain and leave it for 10–15 min.
4. Remove the grids from the first Petri dish and wash with 10 mL of 70% ethanol

followed by 10 mL of distilled water.
5. Pipet out and place drops of lead citrate stain on the dental wax paper in the

second Petri dish.
6. With the help of tweezers, place the grids with the section side down on a drop of

the lead citrate stain and leave it for 10 min.
7. Remove the grid and wash with 20 mL of distilled water, twice.
8. The sections now are ready to be visualized using a transmission electron micro-

scope.

3.2. Tissue Preparation for Paraffin-Embedded Tissue

Formalin-fixed tissue is processed with a standard procedure, which includes
dehydration, clearing, infiltration, and embedding. Dehydration is necessary in
the preparation of tissue blocks for embedding in a nonaqueous medium, such
as paraffin, celloidin, and some plastics. These media will not infiltrate tissue
that contains water. There are two ways in which the dehydrating agents act to
remove water. Some reagents are hydrophilic and attract water from tissue,
whereas other reagents dehydrate by repeated dilution of the aqueous tissue
fluids. Most dehydrating agents are alcohols (e.g., ethyl alcohol, methyl alco-
hol, isopropyl alcohol, and butyl alcohol). Acetone is a very rapid-acting and
less-expensive dehydrator.

Clearing agents also are referred to as dealcoholization agents; their primary
purpose is to remove alcohol used for dehydration and to make the tissue recep-
tive to the infiltration medium. Xylene is the most widely used clearing agent.
Xylene is a flammable reagent and is considered a hazardous substance, so the
waste product must be either recycled or disposed of in an appropriate manner.

After dehydration and clearing, tissue must be infiltrated with a supporting
medium, which also is called embedding medium. Paraffin wax is the most
popular medium because the tissue blocks may be processed in comparatively
short period of time, serial sections are easily taken and routine and most spe-
cial stains are easily done. Water-soluble waxes, celloidin, plastics, agar and
gelatin and 30% sucrose are examples of other embedding media (19,20).

A wide variety of processors are available. The two major systems used by
processors are the open system and the closed system. The open system does
not use vacuum, whereas the closed system uses heat and vacuum. The closed
system is computerized and can be programmed to change the solutions at
desired intervals. The following is an example of solutions and times for rou-
tine overnight processing with a closed system that is used in our laboratory
utilizing the Thermo Shandon Hypercenter XP processor (see Note 3):
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1. A total of 3 h in alcoholic formalin.
2. 40 min each in six changes of dehydrant.
3. 40 min each in three changes of clearing agent.
4. 1 h in paraffin.
5. 1.5 h in paraffin.

3.3. Staining Tissue With Hematoxylin and Eosin

Harris hematoxylin stains specimens rapidly with very good results. A com-
monly used stain is 4 mL of glacial acetic acid added to every 96 mL of Harris
hematoxylin (see Note 4). In the progressive method, slides are first stained
with hematoxylin, which stains only the nucleus, then rinsed and stained with
eosin (21–23). The regressive method uses a stronger hematoxylin dye that
stains the entire cell and an acid alcohol solution is used to remove the excess
stain such that only the nucleus remains stained (21–23).

3.3.1. The Progressive Method

1. Dip in three changes of xylene for 2 min each.
2. 10 dips in absolute alcohol.
3. 10 dips each in two changes of 95% alcohol.
4. Rinse under tap water until water runs off evenly.
5. Dip for 1–3 min in Harris hematoxylin with acetic acid.
6. 10 dips each in two changes of tap water (see Note 5).
7. Dip in 0.25% ammonia water or 0.5% lithium carbonate until blue.
8. 10 dips each in two changes of tap water or running water may be used.
9. 10–20 dips in eosin or 1–3 min in eosin-phloxine.

10. 10–15 dips in two changes of 95% alcohol.
11. 10–15 dips each in three changes of absolute alcohol.
12. 10–15 dips each in three changes of xylene and let slides remain in the last con-

tainer until a cover slip is applied.
13. The result from a representative section stained with hematoxylin and eosin is

shown in Fig. 1A.

3.3.2. The Regressive Method

1. Dip in three changes xylene for 2 min each.
2. 10 dips in absolute alcohol.
3. 10 dips each in two changes of 95% alcohol.
4. Rinse under tap water until water runs off evenly.
5. 10–15 min in Harris hematoxylin without acetic acid.
6. 10 dips each in two changes of tap water.
7. 5–10 dips in 1% hydrochloric acid in 70% alcohol.
8 Wash well under running water.
9. Dip for 30 s in 0.25% ammonia water without agitating (see Note 6).

10. 10 dips each in two changes of tap water.
11. 10–20 dips in eosin.
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Fig. 1. (A) Hematoxylin and eosin-stained tissue section (×400) shows round-to-
oval mast cell nuclei that stain blue and the cytoplasm stains pink and very faint pink
granules are visible in the cytoplasm, as indicated by the arrows. (B) Toluidine blue-
stained tissue section (×1000) shows the presence of metachromatic granules in mast
cells that appear red–purple and the orthochromatic background that stains blue, as
indicated by the arrows. (C) Chymase-stained tissue sections (×1000) show brown
staining in the mast cell cytoplasm, as indicated by the arrows. (D) Mast cell granules
are stained red with Leder stain (×1000), as indicated by the arrows. (E) Mast cell
cytoplasmic membrane is stained brown with CD117 (c-kit) (×1000), as indicated by
the arrows.
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12. 10 dips each in two changes of 95% alcohol.
13. 10 dips each in three changes of absolute alcohol.
14. 10 dips each in three changes xylene and let slides remain in last container until a

cover slip is applied.

3.4. Staining Tissue Section With Toluidine Blue

The procedure used in our laboratory is as follows (4):

1. Bring the section to tap water and rinse for 5 min.
2. Stain in 0.5% toluidine blue solution for 5 min.
3. Rinse quickly in two changes of 95% ethyl alcohol for 1 min each.
4. Place in two changes of absolute ethyl alcohol for 1 min each.
5. Clear in xylene.
6. Mount with permaslip.
7. The result from a representative section stained with toluidine is shown in

Fig. 1B. Toluidine blue stains mast cells red–purple (metachromatic stain-
ing) and the background blue (orthochromatic staining).

3.5. Staining Tissue Section With Mast Cell Tryptase and Chymase

The procedure used in our laboratory is as follows (24):

1. Rehydrate tissue to distilled water.
2. Place tissue in TBS for 2 min.
3. Wipe off TBS and incubate the specimen for 5 min with the peroxidase blocking

reagent. This will quench any endogenous peroxidase activity.
4. Rinse gently with TBS.
5. Wipe off TBS and incubate the specimen and positive control with the primary

antibody, and the negative control with TBS. Incubate for 15–20 min.
6. Rinse gently with TBS.
7. Wipe off TBS and incubate with labeled polymer for 15–20 min.
8. Rinse gently with TBS.
9. Wipe off TBS and incubate with the substrate–chromogen solution for 5–10 min.

(see Note 7).
10. Rinse gently with TBS and distilled water.
11. Immerse slides in a bath of Harris hematoxylin for 6 s.
12. Rinse slides with distilled water.
13. “Blue” slides with 0.25% ammonia.
14. Rinse slides with distilled water for 2–5 min.
15. Dehydrate, clear, and mount with Cytoseal.
16. The result from a representative section stained with mast cell chymase is shown

in Fig. 1C. The mast cell cytoplasm stains brown.

3.6. Staining Tissue Section With Leder Stain
(Naphthol-AS-D Chloracetate Esterase) (8,9)

1. Prewarm sufficient deionized water for substrate use to 37°C. Check the tem-
perature before use.
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2. Immediately before fixation, add 1 mL of sodium nitrate solution to 1 mL of fast
red violet LB base solution in a test tube. Mix gently by inversion and allow
standing 2 min. Active evolution of gas bubbles should be avoided.

3. Add solution from step 2 to 40 mL of prewarmed deionized water.
4. Add 5 mL of TRIZMAL, pH 6.3, buffer concentrate.
5. Add 1 mL of Naphthol AS-D chloracetate solution (see Note 8). The solution

should turn red. Mix well and pour into Coplin jar.
6. Bring citrate-acetone formaldehyde solution to room temperature (23–26°C) and

fix the slides by immersing in this solution for 30 s (see Note 9).
7. Rinse slides thoroughly in running water for 45–60 s and then place in solution

from step 5. Do not allow slides to dry.
8. Incubate for 30 min at 37°C protected from light.
9. After 30 min, remove slides and rinse thoroughly in running deionized water for

at least 2 min.
10. Counter stain 2 min in hematoxylin solution, Gill no. 3.
11. Rinse in tap water and air dry.
12. Evaluate microscopically. If cover slipping is required use only aqueous mount-

ing media.
13. The result from a representative section stained with chloracetate esterase is

shown in Fig. 1D. The mast cell cytoplasmic granules stain red with Leder stain.

3.7. Staining Tissue Section With CD117 (C-Kit)

The immunohistochemical staining for CD117 includes: (1) paraffin speci-
men preparation, (2) pretreatment, and (3) staining.

3.7.1. Paraffin Specimen Preparation

1. For the most optimal results, use Paraffin-embedded tissue that has been fixed in
neutral formalin (preferably) or other fixative for 6–24 h.

2. Dry overnight at 37°C or 2–4 h at 58°C, and the slides are ready for pretreatment.

3.7.2. Pretreatment Options

The preferred method of pretreatment is the use of HIER (Heat Induced
Epitope Retrieval) technique using Cell Marque’s Declere with citrate or Trilogy
with ethylene diamine tetraacetic acid. This method allows for simultaneous
deparaffinization, rehydration, and epitope retrieval and is as follows (25):

1. Fill two staining dishes with 200 mL of Declere or Trilogy and place them in the
pressure cooker.

2. Put a slide rack containing the slides to be stained in one of the staining dishes
and cover the staining dishes with their lids.

3. Lock the pressure cooker lid and make sure vent is in the closed position.
4. Set the pressure mode for “high” and move “up” arrow until 15 is reached; then,

press the “start” button.
5. The timer will start when the correct pressure and temperature is reached.
6. Wait approx 5 min, then push “rapid release” tab.



74 Shukla et al.

7. Red pin will descend when all the pressure is released so you can remove the lid.
8. Transfer slides from the first container to hot rinse.
9. Agitate slides and let sit it for 5 min.

10. Rinse slides in IHC Wash Buffer and proceed with IHC protocol.

3.7.3. Staining

The Ventana NexES IHC–Full system is used for automated CD117 stain-
ing in our laboratory. A manual staining method can be used if required. The
recommended manual staining procedure is as follows (26):

1. Place slides in peroxide block for 10–15 min; rinse with deionized water.
2. Apply the antibody and incubate for 60 min at room temperature; rinse with

deionized water.
3. Apply link, incubate for 10 min at room temperature; rinse with deionized water.
4. Apply ample amount of chromogen and incubate for 1–10 min at room temperature.
5. Rinse with four to five changes of deionized water.
6. Counterstain and cover slip.
7. The result from a representative section stained with CD117 is shown in Fig. 1E.

The mast cell cytoplasmic membrane stains brown.

4. Notes
1. a) For better penetration and stability, benzyldimethylamine (BDMA) is recom-

mended in place of DMP-30 as an accelerator. The quantity of BDMA required is
1–1.2 mL. Slight variations of the accelerator (DMP-30 or BDMA) will drasti-
cally affect the color and brittleness of the block. b) Before measuring and mix-
ing the resin, the anhydride should be warmed (60°C) to reduce the viscosity.
Thorough mixing is necessary to be able to achieve uniform blocks. The final
block can be made harder by replacing some of the DDSA with NMA (0.5 mL of
nadic methyl anhydride (NMA) for each 1.0 mL of DDSA). c) Although the mix-
ture can be stored for up to 6 mo at 40°C, it is highly recommended that freshly
prepared embedding medium always be used. If the mixture is stored, it should
be warmed thoroughly prior to adding the accelerator (17).

2. Store the Naphthol AS-D chloracetate solution, Fast Blue BB base solution,
Trizmal concentrate pH −7.6 ± 0.15, sodium nitrite solution, and citrate solution
in refrigerator at 4°C. Store acetone in flammable cabinet.

3. The cassettes in which the tissue is placed must be completely immersed in the
solution. The reagents must be changed as frequently as required depending on
the workload.

4. Mix the ammonium aluminium sulfate dissolved in water by heating and the
hematoxylin dissolved in alcohol and ring it to a boil rapidly. Remove from
heat and slowly add the mercuric oxide. Reheat the solution until it turns dark
purple and cool it by immediately plunging the container in a basin of ice (21).

5. Change water frequently. Where two changes are indicated, one container should
be changed after each basket. Rotate the containers so that the clean water is in
the second container.
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6. Do not agitate in the ammonia water, as most section loss will occur at this point.
This step requires 10–30 s, and the solution should be changed when it becomes
discolored.

7. Prepare the substrate–chromogen solution: combine 1 mL of the buffered sub-
strate and 1 drop of the DAB chromogen, and mix immediately. This solution is
stable for approx 5 d when stored at 2–8°C. Rinse the test tube thoroughly after use.

8. If the substrate appears turbid bring to room temperature and mix well.
9. To prepare citrate–acetone-formaldehyde fixative, add 65 mL of acetone and 8

mL of 37% formaldehyde to 25 mL of citrate solution. Store in refrigerator and
bring to room temperature before use.
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Summary
During the past few decades, a number of functionally important cell surface antigens

have been detected on human mast cells (MCs). These antigens include the stem cell
factor receptor (SCFR/CD117), the high-affinity immunoglobulin E receptor, adhesion
molecules, and activation-linked membrane determinants. Several of these antigens
(CD2, CD25, CD35, CD88, CD203c) appear to be upregulated on MCs in patients with
systemic mastocytosis and therefore are used as diagnostic markers. Quantitative mea-
surement of these markers on MCs is thus of diagnostic value and is usually performed
by multicolor-based flow cytometry techniques utilizing a PE- or APC-labeled antibody
against CD117 for MCs detection. This chapter gives an overview about the methods of
staining of MC in various tissues with special reference to novel diagnostic markers
applied in patients with suspected systemic mastocytosis.

Key Words: Mast cell; mastocytosis; classification; diagnostic criteria; phenotyping;
flow cytometry.

1. Introduction
Mast cells (MCs) are multifunctional effector cells of the immune system

(1,2). These cells are found in most organs. MCs are derived from multipotent
uncommitted CD34+ hematopoietic progenitor cells (3–5). In contrast to other
leukocytes, MCs undergo differentiation and maturation in extramedullary tis-
sues and, as mature cells, are not found in the peripheral blood (1,2). MCs are
easily identified in tissue sections by their characteristic granules that stain
metachromatic after exposure to basic dyes (1,2). MCs also express a distinct
composition of cytoplasmic and cell surface antigens (2,6). The stem cell fac-
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tor receptor (KIT) is typically expressed on MCs in various organs indepen-
dently of the maturation stage of MC or cell activation (6). Activation of MCs
through cell surface antigens often results in the release of granule-derived
proinflammatory and vasoactive mediators, with consecutive clinical symp-
toms (7–10). The most intriguing example is immunoglobulin E (IgE) recep-
tor-mediated release of histamine in allergic reactions (7).

A number of previous and more recent observations support the concept of
MC heterogeneity (11–14). In fact, depending on the environment and other
factors, MCs differ from each other in expression of mediators, response to
diverse stimuli, and expression of cell surface antigens (11–14). More recently,
it also was found that MCs in patients with systemic mastocytosis (SM) clearly
differ in their phenotype when compared with normal MCs (15,16). Likewise,
in contrast to normal MCs, MCs in patients with SM express CD2 and CD25
(15–17). In addition, MCs in SM express increased amounts of CD63, CD69,
CD88, and CD203c (16–19). The organ that usually is analyzed in patients
with suspected SM is the bone marrow.

During the past 10 yr, a number of useful techniques for the enumeration
and phenotypic analysis of MCs in the bone marrow have been established.
Most of these techniques are based on the unique expression of the SCF recep-
tor (KIT/CD117) on these cells (15,20,21). In fact, in the bone marrow, KIT is
expressed on MC and CD34+ hematopoietic progenitors but not on other mature
hematopoietic cells.

2. Patients and Materials
1. Patients with suspected mastocytosis.
2. Tissue samples (bone marrow aspirate, tissue cell suspensions, blood).
3. FACS-lysing and -fixation solution (Becton Dickinson, San Jose, CA).
4. Monoclonal antibodies (MAbs) from various companies (Table 1).
5. Goat F(ab’)2 anti-mouse IgG (H+L) FITC (Caltag Lab, Hamburg, Germany).
6. Saponin S-7900 (Sigma-Aldrich, Steinheim, Germany).
7. HEPES buffer (Biomol, Hamburg, Germany).
8. Formaldehyde, 37% (Merck, Darmstadt, Germany).
9. AB-serum (PAA laboratories, Pasching, Austria).

10. Tyrode’s buffer, Ca2+-free: 0.2 g/L KCl, 0.05 g/L Na-dihydrogen phosphate, 8 g/L
NaCl, and 1 g/L glucose.

11. Collagenase type II (Worthington, Lakewood, NJ).
12. Nytex cloth (Lohmann & Rauscher, Rengsdorf, Germany).
13. RPMI 1640 medium (PAA laboratories).
14. Fetal calf serum (PAA laboratories).
15. Ficoll (Biochrom AG, Berlin, Germany).
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3. Methods
3.1. Phenotyping of Bone Marrow MCs

Bone marrow MCs usually are incubated with MAbs in heparinized samples
shortly after aspiration without a preceding isolation step or separation from
erythrocytes. This procedure has been recommended because bone marrow
MCs often are lost in Ficoll separation steps or prior erythrocyte lysis
(15,16,20,21). In select cases (patients with high-grade MC diseases, e.g., MC
leukemia), MCs also can be enriched by Ficoll isolation without loss of a con-
siderable number of MCs. In low-grade MC disease, however, it is of great
importance to provide optimal prestaining conditions and an appropriate pro-
tocol for sampling of bone marrow cells (21).

3.1.1. Sampling of Bone Marrow Cells

Correct sampling of bone marrow cells is a first critical step in MC
phenotyping in patients with suspected SM (20,21). The selection of patients
and pre-invasive steps in the diagnostic work-up in SM have been described in
detail elsewhere (22–24). In all patients examined, a bone marrow biopsy is
performed (22–24). Usually, the bone marrow is obtained from the posterior
iliac crest. Aspiration can be performed with any type of bone marrow-aspira-
tion needle. In recent years several companies have offered biopsy needles
through which bone marrow can be aspirated after the biopsy cylinder has been
removed (one step procedure and one needle for both the biopsy and aspira-
tion). The quality of the aspirated marrow does not differ from that obtained
with conventional aspiration needles (unpublished observation).

In the procedure of aspiration, the goal is to prevent contamination with
peripheral blood and to collect as many MCs in the sample as possible (see
Note 1). To reach this goal, aspiration has to be performed firmly and quickly
(21). Approximately 1.5–3.0 mL of aspirate should be collected in heparinized
tubes or syringes. Harvest of larger aspirate volumes in a single tube will not
increase, but rather decrease, the percentage of MCs in the sample (21). After
collection, the aspirate is passed through a 25-gage needle to disaggregate bone
marrow particles. Quick staining of freshly prepared bone marrow smears with
0.5% toluidine blue may be helpful to determine the content of MCs in the
sample (21). In each case, the aspirated cells should be subjected to antibody
staining, erythrocyte lysis, and fixation within 6 h (20,21). Sometimes, the tech-
nique of staining may also work after 24 h (21). However, the time between
aspiration and MC analysis should always be kept to a minimum (see Note 2).



80 Hauswirth et al.

3.1.2. Incubation of Bone Marrow Samples With Monoclonal
Antibodies, Erythrocyte Lysis, and Fixation of Cells

1. After sampling, bone marrow aspirates are incubated with MAbs. Usually, com-
binations of directly conjugated antibodies (MAbs with different color labels)
are co-applied (15–21). Table 1 provides a list of monoclonal antibodies that are
recommended to be used in patients with suspected SM. Table 2 lists proposed
antibody combinations that can be applied in suspected SM. Usually, 106 nucle-
ated bone marrow cells (determined by counting in a hematocytometer or under
a light microscopy) are incubated with MAbs (approx 1 µg of MAb should be
applied to 1 × 106 cells) at room temperature for 15 min.

2. After staining with MAbs, erythrocytes are lysed in 2 mL of FACS Lysing Solu-
tion containing formaldehyde for cell fixation (15–21).

3. Cells are then washed and analyzed on a flow cytometer using an appropriate
software (such as Paint-a-gate, Becton Dickinson). Antibody reactions should
always be controlled by applying isotype-matched control antibodies (15–21).

3.1.3. Antibody Selection and Gating Strategy
The most appropriate marker for identification and enumeration of (normal

or neoplastic) MCs in the bone marrow or other tissue is CD117 (15–21). How-
ever, because CD117 is also expressed on immature hematopoietic progenitor
cells and sometimes even on nonhematopoietic cells, additional markers should
be applied to define the MCs component by flow cytometry in bone marrow
samples: first, to distinguish CD117+ MCs from CD117+ nonhematopoietic
cells, staining of MC with a MAb against CD45 is recommended (15–21). In
addition, we recommend the use of a CD34 MAb to discriminate between MCs
and immature myeloid progenitors, which may be of great importance in patients
with SM and a co-existing myeloid non-MC lineage neoplasm (15–21). By
applying these stains and light scatter parameters, MC can easily be identi-
fied and discriminated from all other cells in the bone marrow sample (Fig. 1),
even if their frequency is as low as 1:10-4 to 1:10-5 (one MC among 10,000–
100,000 cells [21]). In patients with suspected SM, several other MC-related
markers (such as CD63) can be used, which then reconfirm the identity of MCs
(15–18). Some of these markers also appear to be upregulated on MCs in SM,
so that their investigation is diagnostic (Table 3 [15–21]). The most powerful
diagnostic MC markers in suspected SM appear to be CD2 and CD25 (Fig. 2;
[15–18,21]; see Note 3). These antigens are usually not expressed on normal
MCs or MCs in the reactive bone marrow (Fig. 2, Table 3) and therefore have
been proposed as diagnostic criteria (16,22–24). These two markers should
therefore always be applied in flow cytometry analyses in patients with sus-
pected SM (Table 1 [21–24]).

Figure 3 shows abnormal expression of CD203c on MC in SM. The “minimum
panel” recommended for the diagnosis of SM should include CD2, CD25, CD34,
CD45, and CD117 (see Note 1 [15,21]). In addition, a control tube for evaluation
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Table 1
Specification of MAbs

Clone CD Antigen Ig class Source

RPA-2.10 CD2 LFA-2 IgG1 Mouse
M–ΦP9 CD14 LPS-R IgG1 Mouse
MMA CD15 3-FAL IgG1 Mouse
2A3 CD25 IL-2 Rα IgG1 Mouse
581 CD34 HPCA-1 IgG1 Mouse
E11 CD35 CR1 IgG1 Mouse
2D1 CD45 LCA IgG1 Mouse
CLB-gran 12 CD63 ME491 IgG1 Mouse
W17/1 CD88 C5aR IgG1 Mouse
104D2D1 CD117 SCFR,c-kit IgG1 Mouse
9F5 CD123 IL-3 Rα IgG1 Mouse
97A6 CD203c E-NPP3 IgG1 Mouse

IL, interleukin, CR; complement receptor; SCF, stem cell factor.

Table 2
Combination of MAbs Applied in Four-Color
Flow Cytometry Experiments

Tube FITC PE PerCP APC

1 IgG1 CD34 CD45 CD117
2 CD34 IgG1 CD45 CD117
3 CD2 CD34 CD45 CD117
4 CD34 CD2 CD45 CD117
5 CD25 CD34 CD45 CD117
6 CD11c CD34 CD45 CD117
7 CD35 CD34 CD45 CD117
8 CD63 CD34 CD45 CD117
9 CD88 CD34 CD45 CD117

10 CD34 CD203c  CD45 CD117
11 CD34 CD123 CD45 CD117

Conjugates: FITC, fluorescein isothiocyanate; PE, phycoerythrin;
PerCP, peridinin chlorophyll protein; APC, allophycocyanin.

of baseline autofluorescence levels should always be included in the diagnostic
procedure (21). With regard to selection of color label, it is of importance to be
aware that the expression levels vary among antigens, and that PE and APC pro-
vide a more sensitive stain compared to other labels (Fig. 2 [18–21]). Therefore,
PE or APC should be used for “relatively weak” antigens such as CD2 (21).
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Fig. 1. Gating strategy for the identification of bone marrow mast cells (MCs).
Shown is a representative dot plot analysis of bone marrow MCs in a patient with
systemic mastocytosis (SM). A total of 50,000 events/tube are acquired and analyzed
for expression of CD117 in a stepwise fashion. (A) Only a few CD117++ cells are
identified in the entire cell population. (B) in a next step, an electronic live gate is
introduced, resulting in an increased percentage of visible CD117++ cells. (C) The
forward side scatter diagram shows that the CD117 ++ cells are diffusely distributed
suggesting heterogeneity with regard to size and granulation. (D) Double staining for
CD34 and CD117 confirms that the CD117 ++ cells are indeed (CD34−) MCs.

3.1.4. Data Acquisition and Flow Cytometry

Instrument setup, calibration, and quality control should follow rules identi-
cal to those described for the immunophenotyping of other nucleated blood
cells (20,21). For data acquisition, the use of a double-step procedure is recom-
mended (20,21). In a first step, information from a small proportion of cells in
the test tube (2–5 × 104 events), that is, type of cells and their relative distribu-
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Fig. 2. Surface expression of CD2 and CD25 on bone marrow mast cells (MCs).
Expression of CD2 (A1) and CD25 (A2) on bone marrow MCs in a patient with sys-
temic mastocytosis (SM). MCs were stained with a CD117 APC monoclonal antibodies
(MAb) for MC detection, a PE-labeled CD2 MAb, and a FITC-labeled CD25 MAb.
Note the difference between labels (PE vs FITC) in sensitivity with regard to detection
of surface antigens. Therefore, the isotype-matched control-antibodies (IgG1) have to be
labeled in the same color as the test antibody, in each experiment. Expression of CD2
and CD25 confirms the neoplastic nature of MCs. Normal bone marrow MCs invariably
are CD2- (B1) and CD25 (B2) negative, as exemplified in the histogram shown.

tion in the sample, is obtained. In a second step, information on events acquired
through an electronic live gate containing only CD117+ cells is stored (Fig. 1).
Such data-acquisition procedures have proven to be a reasonable approach in
the analysis of rare cells (frequency: <0.01% [20,21]). In addition, this approach
has overcome the problem related to the acquisition and storage of multiparam-
eter information on large numbers of events (106–107 per test tube [20,21]).
Among collected events, a minimum of 102–103 MCs should be present.
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Table 3
Immunophenotype of MCs in Normal Tissuesa

and Patients With SM

Expression of surface antigens on MCs in

CD Normal tissuea SM

CD2 –  +
CD14 – –
CD15 – –
CD25 –  +
CD33  +  +
CD34 – –
CD35 –  +
CD45  +  +
CD63  +   +b

CD69  +   +b

CD88  +   +b

CD117  +  +
CD123 – –
CD203c  +   +b

a In normal internal organs, most of the markers are distributed
homogenously on MCs without major subpopulations or organ-
dependent heterogeneity.

b These antigens are overexpressed on MCs in patients with
SM compared with normal MCs. Usually, MCs are obtained from
the bone marrow in SM for diagnostic tests.

3.1.5. Alternatives of Immmunophenotyping of Bone Marrow MCs

In a few patients with SM (high-grade disease, i.e., aggressive SM or MC
leukemia), reasonable amounts of aspirated MCs can be enriched by Ficoll
density gradient centrifugation. In these patients, MCs also can be analyzed
phenotypically by single color flow cytometry, immunocytochemistry, or by a
combined toluidine blue–immunofluorescence staining technique (see Sub-
heading 3.3.). In addition, bone marrow MCs can be (and are usually) exam-
ined by immunohistochemistry, which is another standard diagnostic approach
(see Notes 4 and 5).

3.2. Phenotyping of MCs in Extramedullary Organs
3.2.1. Other Hematopoietic Organs Analyzed in Patients
With Mastocytosis

In almost all patients with suspected SM, the bone marrow is affected and is
the primary organ to be analyzed (22,23). Other “hematopoietic” organs
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Fig. 3. Expression of CD203c on bone marrow mast cells (MCs). (A) Normal bone
marrow MCs express low but detectable amounts of CD203c. The graph shows a his-
togram of MCs stained with the PE-labeled CD203c monoclonal antibody (MAb)
97A6. (B) In patients with systemic mastocytosis (SM), the levels of CD203c expressed
on bone marrow MCs usually are higher as compared with those found on MCs in the
normal bone marrow. A comparison of the two samples analyzed (A vs B) suggests an
approximately fivefold higher expression of CD203c on MCs in a patient with SM (B)
compared with normal MCs (A). Note logarithmic scale of immunofluorescence intensity.

(spleen, liver, lymph nodes, peripheral blood) may also be affected in these
patients, and sometimes it may be of importance to know whether these organs
contain MC infiltrates (25,26). Phenotyping of MCs in these organs usually is
performed by immunohistochemistry but not by surface marker studies (see
Notes 4 and 5 [25]). An exception is blood. Thus, in patients with MC leuke-
mia, circulating MCs can be detected by flow cytometry (27–29). In typical
MC leukemia, the percentage of MCs in the peripheral blood exceeds 10% of
all nucleated white blood cells (22,30). However, in some cases (e.g., aleuke-
mic MC leukemia), the percentage of MCs is less than 10% (22,28). In these
patients, cell surface phenotyping of MCs in the peripheral blood is sometimes
helpful to confirm the presence of MCs and to determine their phenotype (28).

3.2.2. MC Phenotyping in Extrahematopoietic Tissues

MCs can also be examined phenotypically in nonhematopoietic organs, such
as the lung, skin, or gastrointestinal tract (31–35). However, cell surface marker
analysis on these MC subsets usually cannot be performed in patients with SM
but instead has to be performed in surgical specimens obtained from patients
who suffer from other neoplastic disorders (31–35). Likewise, lung tissue can
be obtained at surgery (lobectomy) from patients with bronchiogenic carci-
noma. Tissue MCs are isolated as follows:
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1. Tissue is chopped into small fragments and washed extensively in Mg2+/Ca2+-
free Tyrode’s buffer (31–35).

2. Tissue fragments are incubated in collagenase type II (2 mg/mL) at 37°C for 1–3 h
(31–35). The additional use of other enzymes may increase the percentage of MC
in the final suspension samples. However, many of these enzymes (but not colla-
genase) are known to degrade various cell surface antigens and, therefore, their
use is not recommended for MC isolation.

3. Dispersed cells are separated from the tissue by filtration through Nytex cloth,
washed, and recovered in RPMI 1640 medium plus 10% fetal calf serum.

Immunophenotyping of MCs in lung cell suspensions can be performed in
the same way as described for cell marker analysis of bone marrow MCs.
Again, MCs are detected by CD117 and are delineated from other (CD117+)
tissue cells by multicolor flow cytometry (17,35). The MAbs applied are the
same as those used to phenotype bone marrow MCs (Table 2 [17,35]). Apart
from flow cytometry, however, suspended MCs also can be analyzed by combined
toluidine blue/immunofluoresence staining technique (see Subheading 3.3.).

3.3. Combined Toluidine Blue–Immunofluorescence Staining
3.3.1. Indication and Limitations

This technique has been applied in previous years to demonstrate expression
of cell-surface antigens on metachromatically stained leukocytes (31–35).
The advantage of this technique is that no additional surface markers are
required for MC detection and, thus, all metachromatically stained subsets of
MCs (including phenotypically distinct subpopulations) are included in the
analysis (31–35). The disadvantage of the technique is that it is sometimes
impossible to differentiate between MCs and basophils when analyzing very
immature cells (leukemic cells, metachromatic blasts) and that completely
“agranular” MC progenitors may escape analysis. Another disadvantage is that
the technique cannot be performed on samples containing an excess of erythro-
cytes or samples that were exposed to erythrocyte lysis and fixation buffer.

3.3.2. Technique
1. Cells are incubated with 20% human AB-serum (100 µL per 106 cells) for 30 min

at 4°C to minimize nonspecific antibody binding (31–35).
2. Cells are incubated with MAbs (1 µg per 106 cells) for 30 min at 4°C, washed,

and exposed to second-step fluorescein-labeled goat F(ab’) 2 anti-mouse IgG
(H+L) antibody (30 min, 4°C).

3. Cells are fixed in glutaraldehyde (0.025%) for 1 min (31–35).
4. Cells are washed and incubated with toluidine blue (0.0125%) for approx 8 min

(31–35). The exact time of exposure to toluidine blue has to be adjusted in each
laboratory and differs significantly when basophils (instead of MC) are analyzed
(in the laboratory of the authors, MCs are exposed for 8 min and basophils for
11–12 min).
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5. After washing, cells are examined under bright-field and fluorescence light. Isotype
matched control antibodies should be examined in parallel in each experiment.
With regard to detection of surface antigens on MCs, the combined toluidine
blue–immunofluorescence staining technique is equally sensitive compared to
multicolor flow cytometry (35).

3.4. Flow Cytometric Evaluation of Cytoplasmic Antigens

Several important MC antigens (signaling molecules, granule-associated
antigens, MC tryptase) may be expressed in cytoplasmic compartments but not
on the cell surface (1,2,13,17). For these antigens, different immunostaining
techniques are available. The traditional approach is immunohistochemistry
(see Notes 4 and 5) or immunocytochemistry (13,17,25,26). More recently,
however, flow cytometry-based techniques for detection of cytoplasmic MC
antigens like tryptase have been developed (36–38). These techniques have the
advantage (over traditional staining techniques) in that MCs can be examined
simultaneously for expression of cytoplasmic and cell surface antigens by
multicolor staining technique. Another advantage is the possibility to objec-
tively quantify antigen expression in the flow cytometer (36). A number of
different protocols are available for detection of cytoplasmic antigens in human
leukocytes (36–38). We recommend the use of saponin-based protocols. An
example for such protocol using anti-tryptase antibody G3, is given below:

1. Before staining, erythrocytes are lysed in 2 mL of FACS Lysing Solution.
2. Cells are then washed in phosphate buffered saline and permeabilized with 0.1%

saponin dissolved in HEPES buffer.
3. Cells are incubated with the anti-tryptase MAb G3 diluted in saponin solution,

for 30 min.
4. After washing in saponin, a fluorescein isothiocyanate-conjugated second step

antibody (goat anti-mouse) is applied for 30 min.
5. Cells are washed once in saponin solution, once in phosphate-buffered saline,

and then are exposed to labeled antibodies against cell surface antigens (for cell
detection).

6. Consecutive steps in the procedure and data acquisition are identical to that de-
scribed for cell-surface antigen phenotyping of MCs (see Subheading 3.1.).

4. Notes

1. The Spanish Network on Mastocytosis (REMA) has recently provided useful rec-
ommendations for the application of immunophenotypic analyses in mastocytosis
including cell sampling techniques, antibody selection, and data acquisition (21).

2. Only a few centers and universities in Europe and in the United States offer flow
cytometry-based examination of MCs as a routine technique for diagnosis of SM.
Some of these centers may also offer examination of referral material. In this
case, it is of importance to keep the time of transport of bone marrow samples to
an absolute minimum (21).
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3. Expression of CD2 and CD25 on bone marrow MCs has been defined as minor
criterion of SM in the updated consensus classification of mastocytosis adopted
by the WHO in 2001 (22). If at least one major and one minor or at least three
minor criteria are fulfilled, the diagnosis SM can be established (22). However,
the absence of CD2 or/and CD25 on MC does not exclude the diagnosis SM.

4. Expression of CD2 and CD25 on MC also can be studied by immunohistochem-
istry (IHC). However, the CD2 IHC-staining protocol is less sensitive compared
with flow cytometry. With regard to CD25, however, bone marrow MCs also can
be analyzed by IHC, yielding the same results compared with flow cytometry.

5. Only very few patients with SM lack bone marrow infiltrates (= major criterion
of SM). These rare patients have splenic mastocytosis or advanced MC sarcoma.
In these patients, phenotyping is largely restricted to immunohistochemistry.
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Identification of Mast Cells in the Cellular Response
to Myocardial Infarction

Nikolaos G. Frangogiannis and Mark L. Entman

Summary
Myocardial infarction is associated with an acute inflammatory response, leading to

replacement of injured cardiomyocytes with granulation tissue. Mast cells are actively
involved in postinfarction inflammation by releasing histamine and tumor necrosis fac-
tor-α, triggering a cytokine cascade. During the proliferative phase of healing, mast cells
accumulate in the infarct and may regulate fibrous tissue deposition and angiogenesis by
releasing growth factors, angiogenic mediators, and proteases. This chapter describes
simple and reliable methods used to identify mast cells in control and infarcted canine
hearts. Toluidine blue staining, labeling with conjugated avidin, and tryptase histochem-
istry are useful in the detection of mast cells in canine tissues. In the healing infarct, mast
cells are associated with other cell types that are important for granulation tissue forma-
tion. We present immunohistochemical methods identifying monocytes, neutrophils,
macrophages, endothelial cells, myofibroblasts, and smooth muscle cells in dog infarcts.
These techniques are useful tools for pathological studies in canine models.

Key Words: Mast cell; toluidine blue; metachromatic; FITC-avidin; tryptase; his-
tochemistry; pathology; immunohistochemistry; endothelial; macrophage; neutrophil;
myofibroblast; smooth muscle cell; wound healing; infarct; myocardial ischemia.

1. Introduction
The presence of mast cells has been established in amphibian, murine, rat,

canine, and human heart tissue (1–3). Because of their strategic location, mast
cells are likely to play an important role in initiating the inflammatory response
through the release of proinflammatory mediators, capable of triggering a
cytokine cascade. Gordon and Galli (4) identified mouse peritoneal mast cells
as an important source of both preformed and immunologically induced tumor
necrosis factor (TNF)-α. Additional observations suggested that mast cells are
capable of producing multiple cytokines and chemokines, such as interleukin
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(IL)-4, IL-5, IL-8, Macrophage Inflammatory Protein-1α, Macrophage Inflam-
matory Protein-1β, Monocyte Chemoattractant Protein-1, and lymphotactin (5–
7). Cytokine expression by cardiac mast cells has been recently demonstrated.
Mast cells in rupture-prone areas of human coronary atheromas were positive
for TNF-α (8). Furthermore, our laboratory (9) has demonstrated constitutive
expression of TNF-α in canine cardiac mast cells.

A possible role for cardiac mast cells in mediating injury was suggested in
a porcine model of C5a-mediated myocardial ischemia (10). Our studies (9)
indicated a role for mast cell mediators in initiating the cytokine cascade ulti-
mately responsible for intercellular adhesion molecule (ICAM)-1 induction in
the reperfused canine myocardium. The constitutive presence of TNF-α in mast
cells in control canine hearts led us to postulate that mast cell-derived TNF-α
may be released after myocardial ischemia, representing the “upstream”
cytokine responsible for initiating the inflammatory cascade (Fig. 1).

Our experiments demonstrated a rapid release of histamine and TNF-α bio-
activity in the early postischemic cardiac lymph. In addition, histochemical
studies indicated mast cell degranulation in ischemic but not in control sec-
tions of canine myocardium. These findings suggested rapid mast cell degranu-
lation and mediator release after myocardial ischemia. C5a, adenosine (11),
and reactive oxygen may represent the stimuli responsible for initiation of mast
cell degranulation. Furthermore, in vitro experiments showed that early postis-
chemic cardiac lymph is capable of inducing IL-6 expression in canine mono-
nuclear cells. Incubation with a neutralizing antibody to TNF-α in part inhibited
IL-6 upregulation, suggesting an important role for TNF-α as the upstream
cytokine inducer (9). These studies allow us to refine our hypothesis regarding
the role of mast cells in myocardial ischemia and reperfusion. Mast cell degranu-
lation appears to be confined in the ischemic area and results in rapid release of
TNF-α, inducing IL-6 in infiltrating mononuclear cells. Histamine also may be
an important autacoid by stimulating surface expression of P-selectin from
Weibel–Palade bodies and inducing leukocyte rolling.

Mast cells also may be involved in regulating fibrous tissue deposition and
scar formation in healing infarcts (12). Using labeling with fluorescein-labeled
avidin (FITC-avidin), tryptase histochemistry, and toluidine blue staining, we
demonstrated a striking accumulation of mast cells in areas of collagen deposi-
tion and cell proliferation. The increase in mast cell numbers was first noted
after 72 h of reperfusion. After 5–7 d of reperfusion, mast cell numbers in
fibrotic areas, in which myocytes were fully replaced by scar, were markedly
higher than the numbers from areas of the same section showing intact myocar-
dium. Mast cells are important sources of transforming growth factor (TGF)-β,
(13) basic fibroblast growth factor (14), and vascular endothelial growth factor
(15), factors that can regulate fibroblast growth, modulate extracellular matrix
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metabolism, and stimulate angiogenesis (16). Mast cell-derived TGF-β and
tryptase may play a significant role in mediating myofibroblast α-smooth
muscle actin (α-SMA) expression in the healing scar. Mast cells also may influ-
ence healing and tissue remodeling by expressing gelatinases A and B (17–19),
which are implicated in extracellular matrix metabolism. Finally, an important
role for the chymase pathway in promoting angiotensin II generation and car-
diac fibrosis has been suggested (20).

2. Materials
1. Alcohol: 70%.
2. Acetic acid: 10%.
3. Chloroform: 30%.
4. Zinc chloride: 0.6 % in 0.1 % sodium acetate.
5. Sodium acetate: 0.1%.
6. Toluidine blue: 0.5% (w/v) (Sigma, St. Louis).
7. Hydrochloric acid: 0.5 N.
8. FITC-avidin.

Fig. 1. Role of the mast cell in myocardial infarction. Mast cells are capable of releas-
ing a wide variety of preformed and newly synthesized mediators important in the
proinflammatory (TNF-α, histamine, proteases) and in the proliferative phase of infarct
healing (TGF-α, bFGF, VEGF, tryptase, chymase, matrix metalloproteinases [MMPs]).
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9. Phosphate-buffered saline (PBS).
10. N-CBZ-GLY-GLY-ARG-β-naphthylamide: 0.54 mM (Sigma).
11. Fast Garnet GBC Salt: 0.22 mM (Sigma).
12. Dimethylformamide: 3.8 % (by volume) in 50 mM Tris-HCl (pH 6.8).
13. Tris-HCl: 50 mM (pH 6.8).
14. Cupric sulfate: 1%.
15. Hydrogen peroxide: 3% (Sigma).
16. Elite Vectastain peroxidase kit (mouse; Vector laboratories, Burlingame CA).
17. Elite Vectastain peroxidase kit (rabbit; Vector Laboratories).
18. Peroxidase substrate kit (Vector).
19. Mouse anti-human macrophage antibody PM-2K (Biogenesis).
20. Mouse anti-human Mac 387 antibody (Dako).
21. Mouse anti-canine neutrophil antibody SG8H6 (kindly donated by Dr. C. W.

Smith, Baylor College of Medicine).
22. Mouse anti-human CD31 antibody (Dako).
23. Mouse anti-human α-SMA antibody (Sigma).
24. Rabbit anti-canine chymase antibody (kindly donated by Dr. G. H. Caughey,

UCSF).
25. Eosin.
26. Xylene.
27. Aquamount.
28. Cytoseal XYL mounting medium.

3. Methods
The methods described in Subheadings 3.1. and 3.2. outline: (1) the identi-

fication and phenotypic characterization of mast cells in the canine heart; and
(2) the identification of the cellular content of healing infarcts (macrophages,
myofibroblasts, endothelial cells, neutrophils, and monocytes).

3.1. Identification of Canine Cardiac Mast Cells in Paraffin-Embedded
Tissue

Mast cells can be identified in paraffin-embedded canine heart using: (1)
toluidine blue staining (see Subheading 3.1.1.); (2) staining with FITC-labeled
avidin (Subheading 3.1.2.); and (3) tryptase histochemistry (Subheading
3.1.3.). Fixation is critical for detection of mast cells in canine tissue (see Note 1).
Tissue samples are collected from the canine heart and fixed in Carnoy’s fixative
(60% ethanol, 30% chloroform, 10% acetic acid) for 4 h. Fixed tissues are
dehydrated in a graded series of alcohols and embedded in paraffin wax. Sec-
tions are cut at 5 µ, dewaxed in xylene, rehydrated, and stained.

3.1.1. Toluidine Blue Staining

Sections stained with toluidine blue are rinsed with 0.5 N HCl (pH 0.5) for
5 min, stained with 0.5 % w/v toluidine blue in 0.5 N HCl for 30 min and
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counterstained for 1 min with fast green. Mast cells are easily identified by the
dark violet staining of their granules.

3.1.2 FITC-Avidin Staining

Bergstresser et al. (21) described that fluorochrome-conjugated avidin stains
rodent and human mast cells. Dewaxed sections are incubated for 60 min at
room temperature in FITC-avidin diluted in PBS. The optimal dilution for
staining of canine sections fixed in Carnoy’s is 1:100. After staining the sec-
tions are washed three times for 10 min with PBS and cover slipped with
Aquamount without counterstaining. Mast cells are identified as intensely fluo-
rescent granular cells (Fig. 2A,B; see Note 2).

3.1.3 Tryptase Histochemistry

1. To stain for tryptase activity, a reaction mixture is prepared containing 0.54 mM
N-CBZ-GLY-GLY-ARG-β-naphthylamide, 0.22 mM Fast Garnet GBC Salt and

Fig. 2. Identification of mast cells in canine hearts. (A) Staining with FITC-conju-
gated avidin identifies mast cells as intensely fluorescent cells packed with granules.
(B) In canine infarcts mast cells accumulate in the scar (i) but not in noninfarcted areas
(c) (1 h occlusion/7 d reperfusion). (C) Tryptase histochemistry identifies mast cells
as red/brown granular cells. (D) Mast cell degranulation in the infarcted myocardium
is demonstrated using FITC-avidin staining.
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3.8% dimethylformamide (by volume) in 50 mM Tris-HCl (pH 6.8) as previously
described by Caughey et al. (22).

2. After incubation at 30°C in the reaction mixture for 30 min, the slides are immersed
in 1% cupric sulfate for 10 min at room temperature, washed in deionized water for
5 min, and cover slipped with Aquamount without counterstaining.

3. Mast cells are easily identified as red-stained granular cells (Fig. 2C; see Note 3).

3.1.4 Identification of Degranulating Mast Cells in Infarcted Canine Hearts

Although electron microscopy is the gold standard for identifying degranu-
lating mast cells, we have used FITC-avidin staining to demonstrate mast cell
degranulation in the canine heart (9). Infarcted hearts show a significant num-
ber of degranulating mast cells (Fig. 2D), whereas the majority of mast cells
have normal morphology in noninfarcted myocardium.

3.2. Identification of the Cellular Content of Healing Infarcts

During the proliferative phase of healing, infarcts contain a large number of
inflammatory, vascular, and matrix-producing cells. To study the cellular envi-
ronment in healing infarcts, we developed immunohistochemical methods to
identify cell types often associated with mast cells in healing tissues. This sec-
tion describes immunohistochemical techniques to label neutrophils, macro-
phages, endothelial cells, fibroblasts, and smooth muscle cells in normal and
infarcted canine hearts.

3.2.1 Fixation and Tissue Processing

For optimal staining with the endothelial cell (CD31) and macrophage (PM-
2K) markers we use samples fixed in B*5 fixative without formalin (0.6% zinc
chloride) as described by Beckstead (23). This fixative combines optimal anti-
genic survival with good morphological preservation.

3.2.2. Immunohistochemistry

1. Immunohistochemistry is performed using the ELITE mouse kit, which contains
all the necessary reagents for the technique except the hydrogen peroxide, PBS,
the primary antibodies and the peroxidase substrate kit (diaminobenzidine).

2. 5-µ sections are cut, dewaxed in xylene and graded alcohols, and rehydrated.
3. Sections are pretreated with a solution of 3% hydrogen peroxide to inhibit endo-

genous peroxidase activity and incubated with 2% horse serum for 1 h to block
nonspecific protein binding.

4. Subsequently they are incubated for 2 h at room temperature with the primary
antibody diluted in 2% horse serum. The following primary antibodies are used:
mouse anti-human macrophage antibody PM-2K (1:200 dilution) to identify mature
canine macrophages (24), mouse anti-human Mac 387 antibody (1:1000 dilution) to
detect newly recruited myeloid cells (neutrophils and monocytes), mouse anti-
canine neutrophil antibody SG8H6 (kindly donated by Dr. C. W. Smith, Baylor
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College of Medicine [25]), mouse anti-human CD31 antibody (1:100 dilution) to
label endothelial cells, and mouse anti-human α-SMA antibody (1:400 dilution)
to identify myofibroblasts and smooth muscle cells (see Note 4).

5. After rinsing with PBS three times, 5 min each slide, the slides are incubated for
30 min with the secondary antibody (0.5% biotinylated anti-mouse IgG) and then
again washed in PBS.

6. The biotinylated secondary antibody is detected using the ABC system, a pre-
formed macromolecular complex between avidin and biotinylated enzyme. Sec-
tions are incubated for 30 min with ABC reagent, which is prepared 30 min before
incubation according to the manufacturer’s recommendations.

7. After washing with PBS, peroxidase activity is detected using diaminobenzidine
(Peroxidase substrate kit).

8. Slides are counterstained with eosin and mounted in Cytoseal XYL mounting
medium.

9. Mast cell identification is performed with a rabbit anti-canine antibody to
chymase at a 1:500 dilution (kindly donated by Dr. G. H. Caughey, UCSF [19])
using the ELITE rabbit kit. The immunohistochemical protocol is similar to the
one described previously for the murine antibodies; however a biotinylated anti-
rabbit IgG (included in the kit) is used as the secondary antibody.

4. Notes
1. Mast cell heterogeneity was established by the pioneering work of Enerback,

who demonstrated a distinctive mucosal mast cell phenotype in the gastrointesti-
nal tract of the rat (26,27). In rodents, the use of modified fixation helps to distin-
guish mast cell subpopulations: mucosal or “atypical” mast cells are smaller in
size, and their granules may become resistant to metachromatic staining after
routine fixation with formalin, whereas “typical” or connective tissue mast cells
contain large amounts of histamine and stain metachromatically regardless of
fixation. In humans, the strict classification into mucosal and connective tissue
type mast cells is not possible. However, human mast cell subtypes can also be
defined according to staining and fixation properties (28). We have shown that
the canine heart contains at least two subpopulations of mast cells, which can be
distinguished by their staining properties: approx 40% of the mast cells stained
with toluidine blue when the tissue was fixed with formalin (resembling “typical”
or “connective tissue” mast cells), whereas the remainder could not be detected
unless fixatives such as Carnoy’s were used (2).

2. Fluorochrome-conjugated avidin is a simple and reliable technique for detection
of mast cells in the canine heart. Avidin binds specifically to individual mast cell
granules allowing identification of degranulated mast cells in areas of injury (29).
TRITC-avidin and FITC-avidin are equally effective in identifying mast cells.
Bergstresser and colleagues suggested that fixation is unimportant for mast cell
staining with FITC-avidin (21). However, in our experience, infarcted formalin-
fixed canine hearts demonstrated fewer mast cells compared with samples fixed
in Carnoy’s. The effects of different fixatives on mast cell staining with conju-
gated avidin have not been systematically studied.
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Fig. 3. Identification of the cellular content of canine infarcts (A and B, 1-h occlu-
sion/24-h reperfusion; C–F, 1-h occlusion/7-d reperfusion). (A) After 24 h of reper-
fusion staining with Mac387, an antibody that labels newly recruited myeloid cells
(monocytes and neutrophils) identifies a large number of leukocytes in the myocar-
dium (arrowhead). (B) In comparison, at the same time point, staining with PM-
2K, a marker for mature macrophages labels a small number of cells (arrowheads).
(C) After 7 d of reperfusion the healing infarct is filled with PM-2K positive mature
macrophages. (D) Mast cells are identified using immunohistochemistry for chymase.
(E) CD31 immunohistochemistry labels the vascular endothelium in the healing infarct.
(F) α-SMA staining identifies myofibroblasts, predominantly localized in the infarct
border zone (arrowheads) and vascular smooth muscle cells (arrow).
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3. Tryptase histochemistry has been used to identify mast cells in human, bovine,
canine, and murine tissues. Cytochemical reaction mixtures need to be made fresh
daily. In addition, the sensitivity of the technique decreases in old histological
samples. In our experience, only a small percentage of mast cells can be identi-
fied in tissues older than six months. When using fresh samples, however, the
method is relatively simple, reliable, and specific for identification of canine mast
cells. It is particularly valuable because commercially available antibodies to
human tryptase do not crossreact with its canine homologue.

4. Identification of specific cell types in canine tissues requires use of optimal cel-
lular markers (Fig. 3). Most anti-human CD68 antibodies do not crossreact with
canine species. However, the monoclonal antibodies AM-3K and PM-2K, spe-
cific for mature human macrophages, detect canine macrophages in all tissues
examined (24,30). Endothelial cell identification requires the use of an anti-CD31
antibody (31). Factor VIII staining labels only arteriolar and venular but not capil-
lary endothelial cells. In addition, lectin histochemistry identified vascular endo-
thelial cells in control hearts, but gave poor results in staining of the infarct
vasculature (31). The antibody Mac387 labels myeloid cells, neutrophils and
monocytes, but not mature macrophages and serves as a marker of acute inflam-
matory activity (30,32). In control hearts α-SMA staining labels vascular smooth
muscle cells. However in healing infarcts, a large population of phenotypically
modulated fibroblasts termed myofibroblasts express α-SMA and are predomi-
nantly localized in the border zone of the infarct (33).
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Growth of Human Mast Cells From Bone Marrow
and Peripheral Blood-Derived CD34+ Pluripotent
Progenitor Cells

Arnold S. Kirshenbaum and Dean D. Metcalfe

Summary
Human mast cells (HMCs) are derived from a CD34+ pluripotent progenitor cell that

is Kit (CD117+), CD13+, FcεRI- and lacks lineage-specific surface markers. Bone mar-
row and peripheral blood are two tissue sources available for obtaining CD34+ progeni-
tor cells from which to culture HMCs. CD34+ cells can be isolated and enriched by
magnetic separation columns and stored under specific conditions until ready for use.
Alternatively, enriched CD34+ cells may be immediately cultured in serum-free culture
media containing recombinant human stem cell factor (rhSCF), rhIL-6, and rhIL-3 (first
week only). Weekly hemidepletions and the removal of adherent cells and/or debris
enables the investigator to obtain HMC cultures, identified by Wright–Giemsa and
acidic toluidine blue stains, by 8–10 wk.

Key Words: Human mast cells; CD34+ cells; progenitor cells; bone marrow; periph-
eral blood.

1. Introduction
Human mast cells (HMCs) are derived from a CD34+ pluripotent progenitor

cell that is Kit (CD117)+, CD13+, FcεRI- and lacks T-cell (CD2), B-cell
(CD19, CD20), macrophage (CD14), and eosinophil lineage surface markers
(1–3). In addition to peripheral blood and bone marrow, HMCs have been derived
from CD34+ progenitor cells from cord blood (4–7), and fetal liver (8,9); in vitro
studies have reported that the mature HMC progeny will differ, depending on
the tissue of origin. Furthermore, using rhSCF and rhIL-6, mature FcεRI+/
CD117+/CD13+ tryptase+ HMCs require at least 8–10 wk in culture to fully
mature. Other lineages that appear in vitro (monocytes) are depleted with
weekly passage, and this is believed to prevent competition for growth factors,
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and release of inhibitory growth factors such as interferon-γ (10), which reduces
HMC growth and proliferation.

The use of peripheral blood leukapheresis to collect mononuclear cells, fol-
lowed by immunomagnetic or affinity column enrichment of CD34+ cells, pro-
vides large numbers of CD34+ cells and significantly increases the HMC yield.
Laboratory methods are described that detail the isolation of bone marrow and
peripheral blood-derived CD34+ cells and growth of HMCs in vitro from these
progenitors.

2. Materials
1. MACS High Gradient Magnetic LS Separation Columns (Miltenyi Biotec,

Auburn CA).
2. StemPro-34 SFM with nutrient supplement (Invitrogen, Carlsbad, CA).
3. 200 mM (100X) L-glutamine, penicillin-streptomycin (100X; Biofluids,

Rockville, MD). Culture concentrations: L-glutamine 2 mM, penicillin 100 IU/
mL, streptomycin 50 µg/mL.

4. Ammonium chloride solution (StemCell, Vancouver, BC).
5. RhIL-3, rhIL-6, rhSCF (PeproTech, Rocky Hill, NJ).
6. 75-cm2 tissue culture flasks (Sarstedt, Newton, NC).
7. 5 mL polystyrene, 15 mL polypropylene, and 50 polypropylene tubes (Becton-

Dickinson Labware, Franklin Lakes, NJ).
8. 1X PBS, pH 7.2, containing 0.5% bovine serum albumin (BSA), 2 mM ethylene

diamine tetraacetic acid.
9. FITC-conjugated anti-human CD34 (anti-HPCA2, Becton-Dickinson, San Jose, CA).

10. Acidic toluidine blue (pH <1.0).
11. Hematek-2000 Wright–Giemsa slide stainer (Bayer Corporation, Elkhart, IN).
12. Cytospin 3 (Shandon, Pittsburgh, PA).
13. M199 medium 1X with Earles’ salts, L-glutamine, sodium bicarbonate, HEPES

buffer (Invitrogen).
14. DMSO (Sigma, St. Louis, MO).
15. FBS (Invitrogen).
16. Preservative-free heparin sodium (1000 U/mL; American Pharmaceutical Part-

ners, Schaumburg, IL).
17. Lymphocyte separation media (ICN Biomedicals, Aurora, OH).
18. 30-µm nylon net filter (Millipore, Bedford, MA).
19. Nalgene Cryo 1°C freezing container (Daigger, Vernon Hills, IL).
20. Nunc 1.8-mL SI (377267) cryotubes (Nunc, Roskilde, Denmark).

3. Methods
3.1. Preparation of Bone Marrow or Peripheral Blood
for CD34+Selection

CD34+ pluripotent progenitor cells are collected from either bone marrow
or peripheral blood. On average, bone marrow contains 1–2% CD34+ cells,
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and peripheral blood contains 0.01–0.1% CD34+ cells (11), so yields will dif-
fer significantly.

1. Preload 10- or 50-mL syringes with 0.5 or 1.0 mL of preservative-free heparin
sodium, respectively. Collect aspirated bone marrow in 10-mL syringes. Collect
venipuncture-derived peripheral blood into 50-mL syringes. Mix cells and hep-
arin by rotating the syringes for 1 min.

2. Place a maximum of 10 mL of either heparinized bone marrow or peripheral
blood into a 50-mL tube and add 25 mL of StemPro serum-free media with nutri-
ent supplement, 2 mM L-glutamine, 100 IU/mL penicillin, and 50 µg/mL strepto-
mycin (herein referred to as complete media). Complete media should be kept at
4oC and be remade fresh every 2 mo.

3. Mix cells by gently pipetting and underlayer 14 mL lymphocyte separation media
by gently inserting a 10 mL pipet through the mixed bone marrow or peripheral
blood, and pipetting 14 mL of separation media slowly into the bottom of the
tube (see Note 1). Centrifuge tubes at 675g for 20 min at room temperature. The
red cells will collect below the separation media at bottom of the tube. Identify
the mononuclear cell layer just above the separation media and pipet off com-
plete media just above the interface.

4. Using a 25-mL pipet, gently skim off and collect the mononuclear cells by back
and forth motion (see Note 2). Discard the remaining red cell pellet and separa-
tion media in biohazard waste bags. Add 25 mL of complete media and centri-
fuge the mononuclear cells at 300g for 10 min to remove debris. Remove the
supernatant and resuspend the pelleted mononuclear cells in 25 mL of media.
Repeat twice.

5. Resuspend mononuclear cells in 5 mL of sterile blocking buffer solution consist-
ing of 1X PBS, pH 7.2, containing 0.5% BSA and 2mM ethylene diamine
tetraacetic acid. Remove clumps, aggregates, or particles by passing the cell sus-
pension through sterile a 30-µm nylon net filter into a 15-mL tube (see Note 3).
Count cells and record total using a hemocytometer.

3.2. CD34+ Cell Selection and Enrichment (see Note 4)

CD34+ purity is important for eliminating unwanted cells from cultures.
Magnetic separation columns initially yield a CD34+ cell purity between 65
and 75%. A second CD34+ enrichment using a new column may be necessary
to obtain purities of 90–95% CD34+ cells.

1. Resuspend 107 mononuclear cells in 100 µL of sterile blocking buffer in a 5-mL
tube. Add 10 µL of FITC-conjugated anti-human CD34 and incubate the cells for
30 min at 37°C.

2. Add 2 mL of sterile blocking buffer and centrifuge at 210g for 5 min. Decant the
supernatant and resuspend the cell pellet in 80 µL of sterile blocking buffer. Add
20 µL of MACS anti-FITC microbeads per 107 cells and incubate the cells for
15 min at 6–12°C.
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3. Add 2 mL of sterile blocking buffer and centrifuge at 210g for 5 min. Decant the
supernatant and resuspend the cells at a concentration up to 108 cells per 500 µL
of sterile blocking buffer.

4. Place the MACS LS column into the magnetic field and run 3 mL of degassed
sterile blocking buffer through the column. Pipet the cell suspension onto the
column and collect the effluent in a 15-mL tube as the negative fraction. Rinse
the column with 1 mL of sterile blocking buffer three times, remove the column
from the magnetic cell separator, and place the column on a new 15-mL collec-
tion tube. Apply 5 mL of buffer to the LS separation column and flush out mag-
netically labeled cells by applying the plunger supplied with the column. Count
cells and record total using a hemocytometer.

3.3. Cryopreservation of CD34+ Cells

A minimum of 5 × 106 CD34+ cells/mL of cryoprecipitate mixture is rec-
ommended for preservation and recovery (see Note 5). The cryoprecipitate
mixture consists of two parts.

1. Part 1: mix M199 media with DMSO in a 4:1 v/v ratio. Aliquot in 15-mL tubes
and keep frozen at 20°C until use.

2. Part 2: add 3000 U/mL preservative-free heparin to FBS, aliquot in 15-mL tubes,
and keep frozen at 20°C until use.

3. To cryopreserve 5 to 10 × 106 cells, prepare two tubes containing either 0.5 mL
of cold (4°C) M199/DMSO or FBS/heparin. Add 2.5–5.0 × 106 cells into each
tube and keep on ice for several minutes. Combine cells into a total of 1 mL and
pipet into 1.8-mL cryotubes. Allow cells to equilibrate at 4°C for 30 min. Trans-
fer cells to a Nalgene Cryo 1°C freezing container and place in a –70°C freezer
overnight. After 24 h, transfer cryotubes to liquid nitrogen.

4. For recovery, quick thaw cells at 37°C, resuspend in 10 mL of complete media,
and centrifuge at 300g for 10 min. Suction supernatant completely to remove any
DMSO. Resuspend cells in 5–10 mL of complete media, count cells, and record
total using a hemocytometer.

3.4. CD34+ and HMC Cultures

Under ideal conditions, 5 × 106 CD34+ cells at 8–10 wk may give rise to
10–20 × 106 HMCs with less than 5% contamination with other cell types, as
determined by Wright–Giemsa and acidic toluidine blue staining.

1. Add 100 ng/mL rhSCF, 100 ng/mL rhIL-6, and 30 ng/mL rhIL-3 (first week
only) to complete media and culture 2.5–5.0 × 104 CD34+ cells/mL in a total
volume of 20 mL in 75-cm2 tissue culture flasks (see Note 6).

2. Perform hemidepletions weekly by carefully inserting a 5-mL pipet into the back
of the flask, remove supernatant, and add back fresh media containing rhSCF and
rhIL-6. Check flasks weekly for adherent cells or debris. Monocytes and other cells
will proliferate initially and compete for growth factors in suspension, resulting in
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adherent cells or debris from cell death. This extraneous material may have a
deleterious effect on HMC yields and must be removed weekly. If adherent cells
are present, gently pipet flasks, suction off nonadherent HMCs and move cells
and growth media to a new flask. In the event of cell debris, remove nonadherent
HMCs and growth media, pipet into a 50-mL tube, and centrifuge at slow speed
(150g) for 5 min at 22°C. Resuspend the cell pellets in fresh complete media with
rhIL-6 and rhSCF, and culture in new flasks (see Note 7).

3. Check total and HMC counts weekly by staining with Wright-Giemsa and acidic
toluidine blue (see Subheading 3.5.; Fig. 1 [12]).

3.5. HMC Histochemical Stains

HMC numbers are calculated by determining the percentage of acidic tolui-
dine blue positive cells out of total Wright–Giemsa-positive cells. Acidic tolui-
dine blue-positive HMC numbers can be confirmed by tryptase staining.

Fig. 1. Human mast cells derived from CD34+ peripheral blood leukocytes. (Re-
produced with the permission of ref. 12.)
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3.5.1. Wright–Giemsa

1. Count cells directly out of flasks, and concentrate at 210g for 5 min to at least 2 ×
105 cells/mL, for optimal cytospins.

2. Add 100 µL of cell suspension to cytospin sample chambers and clean slides.
Spin slides at 14g for 5 min. Let slides air dry and place on an automated
Hematek-2000 for Wright–Giemsa stain. Add one to two drops of Permount and
cover slip.

3.5.2. Acidic Toluidine Blue

1. Add 0.5 g of toluidine blue to 30 mL of absolute ethanol. Bring the volume to
100 mL with distilled deionized water. Adjust to a pH <1.0 with 1N HCl. Store
at room temperature.

2. Prepare Mota’s fixative in a 100-mL bottle with a magnetic stirrer by adding 4 g
of lead acetate (basic) to 50 mL of distilled deionized water. Stir at slow speed
and add 2–4 mL of glacial acetic acid to dissolve the lead acetate and make the
solution clear. Add 50 mL of absolute ethanol. Keep tightly closed and store at
room temperature. Prepare fresh every 1–2 mo.

3. Fix cytospins by adding several drops of Mota’s fixative to cover the cells for
10 min. Mota’s evaporates quickly, so replenish drops once or twice to prevent
crystal formation.

4. Slowly run water down the slides, not directly on cells, to remove fixative, and
blot any droplets. Do not disturb the cells.

5. Add two to three drops of acidic toluidine blue to the slide and let stain for 20 min.
Run water down the slide to remove the stain, and blot dry. Add one to two drops of
Permount and cover slip.

4. Notes
1. It is important not to disturb the bone marrow or peripheral blood when underlay-

ing them with separation media because clots tend to form and make skimming
off of mononuclear cells difficult.

2. Before skimming off of mononuclear cells, if clots are noted in the interface or
below, suction clots with a 10- or 25-mL pipet placed directly on the clot. The
interface is minimally disturbed and clots are avoided in the mononuclear cell
suspension.

3. Red blood cells normally contaminate most preparations and will not affect HMC
yields if left in culture. For significant red cell contamination, lyse red blood
cells by adding ammonium chloride to cells in a 4:1 ratio, incubate cells on ice
for 10 min and centrifuge at 300g for 5 min at 22°C. Resuspend the mononuclear
cell pellet in complete media with growth factors and culture.

4. MACS LS magnetic separation columns have a maximum capacity of 2 × 109

total cells and 108 magnetically labeled cells. Use degassed buffer only by apply-
ing a vacuum to the buffer at room temperature. Excessive gas in the buffer will
form bubbles, and decrease the CD34+ cell yields. Use the column immediately
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after filling to avoid formation of air bubbles. Use a maximum cell concentration
of 108 cells per 500 µL of buffer.

5. CD34+ cells generally survive cryopreservation well, with some variation between
procedures. Cell loss attributable to crystallization can occur and can affect overall
yields of cells. Viability as measured by trypan blue staining may yield viabili-
ties ranging between 75 and 90%. Remove cell debris from thawed CD34+ cells
by centrifuging at 150g for at least 5 min. Resuspend CD34+ cells in complete
media with growth factors.

6. CD34+ cells may initially proliferate 100 times or more the starting number of
cells if rhSCF is combined with rhIL-3 and rhIL-6, so do not culture greater than
5 × 104 cells/mL. Luxurious growth is observed during the first 2–3 wk, although
debris will begin to accumulate because of non-HMC lineage cell apoptosis and
necrosis. Adherent macrophages also may start increasing in number by 2 wk.
Check cultures weekly and separate nonadherent HMC committed progenitors
from adherent cells and debris. Gently pipet and remove nonadherent cells to a
new flask or centrifuge nonadherent cells and supernatant at 150g for 5 min,
resuspend cells in complete media with growth factors, and culture in a new flask.
The 4-wk time point appears to be a critical juncture, and cultures not properly
cared may undergo significant HMC loss. To counteract this, remove and replen-
ish 95% of the media at 4 wk.

7. RhSCF alone will give rise during the course of 8–10 wk to pure HMC cultures;
however, HMC numbers are less, and less cell debris is observed at all weeks in
culture. IL-3 increases all cell lineages and is a basophil growth factor but will
not give rise to significant numbers of basophils if used for the first week only in
the presence of rhSCF and rhIL-6. IL-6 helps supports HMC growth and matura-
tion and prevents apoptosis.

Acknowledgments
The authors thank Dr. Alasdair Gilfillan for reviewing the manuscript.

References
1. Kirshenbaum, A. S., Goff, J. P., Semere, T., Foster, B., Scott, L. M., and Metcalfe,

D. D. (1999) Demonstration that human mast cells arise from a progenitor cell
population that is CD34+, c-kit+, and expresses aminopeptidase N (CD13). Blood
94, 2333–2342.

2. Kirshenbaum, A. S., Kessler, S. W., Goff, J. P., and Metcalfe D. D. (1991) Dem-
onstration of the origin of human mast cells from CD34+ bone marrow progenitor
cells. J. Immunol. 146, 1410–1415.

3. Rottem, M., Okada T., Goff, J. P., and Metcalfe, D. D. (1994) Mast cells cultured
from the peripheral blood of normal donors and patients with mastocytosis origi-
nate from a CD34+/FcεRI- cell population. Blood 84, 2489–2496.

4. Toru, H., Eguchi, M., Matsumoto, R., Yanagida, M. Yota, J., and Nakahata, T.
(1998) Interleukin-4 promotes the development of tryptase and chymase double-
positive human mast cells accompanied by cell maturation. Blood 91, 187–195.



112 Kirshenbaum and Metcalfe

5. Lee, E., Min, H. K., Oskeritzian, C. A., Kambe, N., Schwartz, L. B., and Wook
Chang H. (2003) Recombinant human (rh) stem cell factor and rhIL-4 stimulate
differentiation and proliferation of CD3+ cells from umbilical cord blood and
CD3+ cells enhance FcepsilonR1 expression on fetal liver-derived mast cells in
the presence of rhIL-4. Cell Immunol. 226, 30–36.

6. Matsuzawa, S., Sakashita, K., Kinoshita, T., Ito, S., Yamashita, T., and Koike K.
(2003) IL-9 enhances the growth of human mast cell progenitors under stimula-
tion with stem cell factor. J. Immunol. 170, 3461–3467.

7. Piliponsky, A. M., Gleich, G. J., Nagler, A., Bar, I., and Levi-Schaffer, F. (2003)
Non-IgE-dependent activation of human lung- and cord blood-derived mast cells
is induced by eosinophil major basic protein and modulated by the membrane
form of stem cell factor. Blood 101, 1898–1904.

8. Kambe, N., Kambe, M., Chang, H. W., et al. (2000) An improved procedure for
the development of human mast cells from dispersed fetal liver cells in serum-free
culture medium. J. Immunol. Methods 240, 101–110.

9. Kambe, M., Kambe, N., Oskeritzian, C. A., Schechter, N., and Schwartz, L. B.
(2001) IL-6 attenuates apoptosis, while neither IL-6 nor IL-10 affect the numbers
or protease phenotype of fetal liver-derived human mast cells. Clin. Exp. Allergy
31, 1077–1085.

10. Kirshenbaum, A. S., Worobec, A. S., Davis, T. A., Goff, J. P., Semere, T., and
Metcalfe, D. D. (1998) Inhibition of human mast cell growth and differentiation
by interferon gamma-1b. Exp. Hematol. 26, 245–251.

11. Lane, T. A., Law, P., Maruyama, M., et al. (1995) Harvesting and enrichment of
hematopoietic progenitor cells mobilized into the peripheral blood of normal do-
nors by granulocyte-macrophage colony- stimulating factor (GM-CSF) or G-CSF:
potential role in allogeneic marrow transplantation. Blood 85, 275–282.

12. Tkaczyk, C., Okayama, Y., Metcalfe, D. D., and Gilfillan, A. M. (2004) Fcγ
receptors on mast cells: activatory and inhibitory regulation of mediator release.
Int. Arch. Allergy Immunol. 1333, 305–315. Adapted with permission from S.
Karger AG, Basel.



Culture of Human Mast Cells 113

113

From: Methods in Molecular Biology, vol. 315: Mast Cells: Methods and Protocols
Edited by: G. Krishnaswamy and D. S. Chi © Humana Press Inc., Totowa, NJ

9

Culture of Human Mast Cells
From Hemopoietic Progenitors

Hirohisa Saito

Summary
The survival of hemopoietic stem cells in culture is suppressed by various cytokines

and stimuli. The development of human mast cells also is affected by these stem cell-
inhibitory mechanisms because it requires a much-longer period as compared with the
development of other cell lineages. This chapter introduces the method of forming
human mast cell colonies by culturing purified cord blood cells and peripheral blood
cells in serum-free methylcellulose supplemented with stem cell factor and interleukin-
6 for 6 wk. Mast cells in colonies can be retrieved by dissolving methylcellulose, and can
be maintained in liquid medium for more than six months. This method should be useful
for obtaining non-neoplasmic functional human mast cells with high methodological
reproducibility.

Key Words: Mast cells; cellular differentiation; cord blood-derived cultured mast
cells; granulocyte macrophage colony-stimulating factor; hemopoietic stem cell;
interleukin-3; interleukin-6; peripheral blood-derived cultured mast cells; stem cell factor.

1. Introduction
A hemopoietic stem cell is capable of dividing into a cell having the identi-

cal properties (self-renewal) and into a differentiated cell at the same time.
After cell division, differentiated cells (myeloid progenitors) can survive, pro-
liferate, and further differentiate only if the appropriate growth factors, such
as granulocyte macrophage colony-stimulating factor (GM-CSF), are present
in the microenvironment, whereas the survival of renewed stem cells is sup-
ported by the continuous expression of certain transcriptional factors, such as
SCL and signal transducers and activators of transcription (STAT)-3 (Fig. 1).
Stem cell factor (SCF) strongly supports the survival of hemopoietic stem cells
by upregulating the basic helix–loop–helix transcriptional factor, SCL,
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whereas GM-CSF supports the proliferation of differentiated myeloid progeni-
tors but suppresses the expression of SCL in hemopoietic stem cells (1). IL-6
family cytokines such as IL-11 and leukemia inhibitory factor (LIF) are also
capable of supporting the survival of hemopoietic stem cells by upregulating
the expression of STAT-3 via gp130 signaling molecule. The IL-6 family-
induced expression of STAT-3 is suppressed by suppressor of cytokine signal-
ing (SOCS)-1 (2) and SOCS-3 (3), which are induced by various cytokines,

Fig. 1. Differentiation of a mast cell progenitor from a hemopoietic stem cell (HSC).
While they are self-renewing, HSCs can differentiate into various types of committed
progenitors. Commitment of differentiation is considered to be determined randomly
by intrinsic mechanisms. Erythroid progenitors (BFU-e) express erythropoietin recep-
tors (EPOR) and require EPOR for their survival, differentiation, and proliferation.
Similarly, mast cell progenitors (CFU-mast), eosinophil progenitors (CFU-Eo), and
neutrophil progenitors (CFU-G) can survive, differentiate, and proliferate only when
their appropriate growth factors are present. The survival of HSCs in culture is sup-
pressed by various cytokines and stimuli. The development of human mast cells is also
downregulated by the HSC-inhibitory mechanisms because it requires a longer period
compared with other cell lineages.
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such as IL-4 and GM-CSF, and pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharide (4). Therefore, the contamination of
these cytokines and PAMPs in the culture system, and the culture conditions
supporting the production of these cytokines, such as crowding culture with
the cytokine-producing cells (5), all suppresses the self-renewing mechanism
of hemopoietic stem cells.

SCF also supports the survival and activation of human mast cells. How-
ever, mature mast cells do not rapidly proliferate, even in the presence of SCF.
However, SCF can support the development and proliferation of mast cells
from immature hemopoietic progenitors. Therefore, proliferation of mast cells
is mostly caused by the proliferation of immature progenitors. Indeed, human
mast cells require a much longer period for their development compared with
other cell lineages. It has been previously reported that the combination of SCF
and IL-6, the inhibition of the endogenous GM-CSF by prostaglandin E2 (6),
the purification of CD34+ hemopoietic cells, and serum-free culture condition
(7) all support the proliferation of human mast cells from hemopoietic stem
cells. However, a good batch of fetal calf serum (FCS) or a good CO2 incubator
(serum-deprived culture is highly sensitive to CO2 concentration change) is
required in these culture conditions and sometimes may limit the reproducibil-
ity of these experiments outside in the laboratories.

This chapter introduces the method of forming human mast cell colonies by
culturing purified cord blood cells and peripheral blood cells in serum-free
methylcellulose supplemented with SCF and IL-6 and by laying the fresh
methylcellulose medium every 14 d as has been reported (8–10). Most mast
cell progenitors are capable of producing other cell types before 4 wk. How-
ever, they become pure colonies consisting only of mast cells after 6 wk of
culture. Mast cells can be retrieved by dissolving methylcellulose and trans-
ferred into liquid medium.

2. Materials
2.1. Preparation for Methylcellulose Culture

1. Silica (silicon gel; Immuno Biological Laboratories, Fujioka, Japan).
2. Lymphocyte Separation Medium (Organon Teknika Corp. Durham, NC).
3. Magnetic separation column (MACS II, cat. no. 441-01, Miltenyi Biotec, Bergisch

Gladbach, Germany).
4. CD4, CD8, CD11b, CD14, and CD19-conjugated MACS beads (Miltenyi Biotec).
5. CD34+ cell isolation kit (Miltenyi Biotec; see Note 1).
6. Iscove’s modified Dulbecco’s medium (IMDM; GIBCO, cat. no. 12440-053,

Invitrogen Co., Carlsbad, CA).
7. Insulin-Transferrin-Selenium supplement (GIBCO, 41400-045).
8. 2-mercaptoethanol (GIBCO, 21985-023).
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9. Penicillin + streptomycin supplement (GIBCO, 15140-122).
10. Bovine serum albumin (BSA; A-8919 Endotoxin-free grade, Sigma, St. Louis, MO).
11. Serum-free Iscove’s methylcellulose medium (MethoCult™ SFBIT H4236; Stem

Cell Technologies Inc. Vancouver, BC, Canada; see Notes 1 and 2).
12. 24-well plates (Iwaki Glass, Tokyo, Japan).

2.2. Cytokines

1. SCF (Recombinant Human SCF, PeproTech EC Ltd., London, UK, cat. no. 300-
07, size C = 1 mg).

2. IL-6 (Recombinant Human IL-6, PeproTech EC Ltd., cat no. 300-07, size C = 1 mg).
3. IL-3 (Recombinant Human IL-3, R&D Systems, Minneapolis, MN, cat. no. 203-

IL-010/CF, carrier-free).
4. GM-CSF (Recombinant Human GM-CSF, R&D Systems, cat. no. 215-GM-005/

CF, carrier-free).
5. IL-4 (Recombinant Human IL-4, R&D Systems, cat. no. 204-IL-005/CF, carrier-

free).

3. Methods
3.1. Mast Cell Culture in Methylcellulose

1. Umbilical cord blood or peripheral blood was drawn into heparinized syringes
and was incubated with 1/10 vol of Silica (silicon gel; Immuno Biological Labo-
ratories) for 30 min at 37°C. Nonphagocytic mononuclear cells (MNCs) were
separated by density-gradient centrifugation using lymphocyte separation medium.
Because phagocytic monocytes affect the differentiation of hemopoietic stem cells
(2) by releasing a variety of cytokines and mediators and by adherence, the sepa-
ration should be finished within 24 h and the samples should be kept at 0°C.

2. Lineage-negative mononuclear cells (lin-MNCs) were selected from the peripheral
blood mononuclear cells (see Note 3) using a magnetic separation column and a
mixture of magnetic microbeads-conjugated antibodies against CD4, CD8, CD11b,
CD14, and CD19 according to the manufacturer’s instructions. CD34+ cells were
positively selected from cord blood mononuclear cells using CD34+ cell isolation
kit. The frequency of CD34+ cells from peripheral blood is very low (<0.01%).
Thus, positive selection of peripheral blood CD34+ cells is not efficient.

3. The lin-MNCs (usually 106) obtained from 10 mL of adult peripheral blood or
100 CD34+ cord blood cells were suspended in 0.3 mL of Iscove’s modified
Dulbecco’s medium supplemented with 1% Insulin-Transferrin-Selenium, 5 �
10-5M 2-ME, 1% penicillin + streptomycin and 0.1% BSA. The cells were mixed
well with 2.4 mL of serum-free Iscove’s methylcellulose medium and 0.3-mL
solutions containing adequate concentrations of SCF, IL-6, and IL-3 (see Note 4).
The cell suspension was inoculated at 0.3 mL per well in the 24-well plates at
37ºC in 5% CO2. Every 10–14 d, 0.3 mL of fresh methylcellulose medium con-
taining SCF + IL-6 without cells were layered over the methylcellulose cultures
(see Note 5).
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4. After 6 wk of culture, the methylcellulose was dissolved in phosphate-buffered
saline and the cells were resuspended and cultured with IMDM containing cyto-
kines with 2% FCS (see Notes 6 and 7).

3.2. Effect of IL-3 and GM-CSF on Mast Cell Development
in the Presence of SCF and IL-6

IL-3 and GM-CSF have strong homology in their amino acid sequences and
share the common receptor β-chain CD131. GM-CSF inhibits the mast cell
development both in mouse (11) and human systems (6), whereas the effect of
IL-3 on the human mast cell development is still controversial. IL-3 is not
required for the development of cord blood-derived mast cells in the presence
of oxygen at a low concentration (7). However, IL-3 enhances the SCF-depen-
dent development of mast cells at low cell densities such as in methylcellulose
with normal oxygen concentrations (8–10). In the presence of SCF and IL-6,
cord blood CD34+ cells gave rise to pure mast cell colonies after 6 wk of cul-
ture (Fig. 2A). The addition of IL-3 or GM-CSF enhanced the mast cell colony
formation in a concentration-dependent manner. IL-3 at 1 ng/mL enhanced the
mast cell colony growth without inducing granulocyte and macrophage (GM)
colonies (Fig. 2B). IL-3 at the concentrations higher than 5 ng/mL and GM-
CSF at the concentrations higher than 0.1 ng/ml induced a substantial number
of GM colonies (Fig. 3). Macrophages present in culture suppress further mast
cell proliferation. Thus, we recommend adding IL-3 at 1 ng/mL only, at the
beginning of culture, in addition to SCF and IL-6. Continuous addition of IL-3
at higher concentrations should be avoided because IL-3 may support the
growth of other cell lineages and thus suppress further mast cell development.

3.3. Mast Cell Development From Different Progenitor Samples

Using standard conditions, 103 human CD34+ cord blood (106 cells were
usually retrieved from 10 mL of cord blood) progenitors gave rise to 100 mast
cell colonies consisting of 15,000 cells per colony on average after 6 wk. Adult
peripheral blood contains approx 2–100 mast cell progenitors/mL. A single
adult peripheral blood progenitor gives rise to 800 mast cells per colony on
average. Adult peripheral progenitor-derived mast cells express far more abun-
dant FcεRI α-chain and release far higher levels of mediators and cytokines
after receptor crosslinking compared with neonatal cord blood progenitor-
derived mast cells cultured under the same culture conditions (12).

Peripheral blood progenitors derived from the patients with severe allergic
diseases can give rise to more eosinophil-basophil colonies (Fig. 2C) than those
derived from normal donors. However, the number of mast cell colonies is not
significantly changed in such allergic patients (13). FcεRI expression and the
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Fig. 2. (A) A part of a typical mast cell colony grown at 6 wk of culture from an
adult peripheral blood progenitor. Note the retractile nature of round cells. (B) A typi-
cal GM macrophage colony grown at 4 wk of culture. Note the heterogeneously sized
cells with irregular processes. (C) A part of a mixed eosinophil basophil colony. Dark
compact cell clusters consist of eosinophils, and dispersed long narrow cells are baso-
phils. (D) Mast cells in liquid medium at 10 wk of culture. It should be noted these
cells were photographed at the same magnification using an objective �20 lens.

related functions of mast cells derived from the allergic patients were also simi-
lar with those from normal volunteers in our study (13). These mast cell func-
tions are profoundly upregulated by the addition of IL-4 into the culture (14).
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Nevertheless, mast cells in colonies can be retrieved by dissolving methyl-
cellulose, and can be maintained in liquid IMDM for more than 6 mo (Fig. 2D).
This method is considered to be highly reproducible in every laboratory and should
be useful for obtaining non-neoplastic, functional human mast cells.

4. Notes
1. Instead of the CD34+ Isolation kit, the AC133 Isolation kit (Miltenyi Biotech)

can be used for the purification of hemopoietic progenitors. Also, instead of
IMDM supplemented with insulin, transferring, and selenium, other liquid media,
such as Stem Span (Stem Cell Technologies) can be used. There is no reason to use
FCS for the expansion of hemopoietic stem cells. However, the addition of FCS
may increase the FcεRIα expression on cord blood-derived mast cells.

2. Although they may morphologically look mature (Fig. 4), when cord blood-
derived mast cells in serum-free medium almost lack FcεRI expression, the
addition of FCS (15) or IL-4 (14) increases FcεRIα expression but suppresses the
proliferation of mast cells derived from progenitors.

3. Peripheral blood progenitors derived from elderly people do not give rise to mast
cell colonies, while they give rise to hemopoietic colonies consisting of myeloid
and erythroid lineages. Thus, donors for peripheral mast cell progenitors are rec-
ommended to be less than 40 yr of age. Progenitors obtained from neonates (cord
blood) and infants can create large mast cell colonies (12,13).

Fig. 3. The number of pure mast cell colonies (closed column and a bar represent
the mean +SEM) and mixed mast cell-macrophage colonies (open column and a bar
represent the mean +SEM) at 6 wk of culture are shown (when 100 CD34+ cord blood
cells were inoculated). (Reproduced with permission from ref. 10.)
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Fig. 4. (A) May–Grünwald Giemsa stain and (B) antichymase immunostaining of a
typical cord blood-derived mast cell colony. Cord blood-derived CD34 +cells were
cultured in methylcellulose for 6 wk and further cultured with SCF, IL-6, and IL-4 for
4 wk (magnification �60)

4. Plating more than 103 CD34+ cells or 106 lin-MNCs per 3 mL of methylcellulose
medium at the beginning of culture may result in logarithmic increase in mac-
rophage colonies secreting various cytokines such as GM-CSF in an autocrine
manner. It also may result in a profound loss of mast cell colonies.

5. Before 4 wk of culture, agitation of methylcellulose medium may result in pro-
found growth of adherent macrophages on the culture plate bottom and may sup-
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press the growth of mast cells. Fresh methylcellulose medium should be softly
layered over the old medium.

6. After 15 wk of culture, the addition of FCS or IL-4 do not induce further expres-
sion of FcεRIα or chymase messenger ribonucleic acid (mRNA) in cord blood-
derived mast cells.

7. After terminal maturation (after 20 wk of culture), mast cells lose some granular
compound-related mRNA, such as histidine decarboxylase and chymase. How-
ever, they can survive in this state for years without proliferation.
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Isolation, Culture, and Characterization
of Intestinal Mast Cells

Gernot Sellge and Stephan C. Bischoff

Summary
Mast cells are bone-marrow-derived tissue cells typically located at barrier sites of

the body, such as skin, mucosal barriers, or blood barriers, that is, around blood vessels.
This location suggests that mast cells might have a function as immunological “gate-
keepers” or “watch dogs” and, indeed, some recent functional data support this idea.
Mast cells derive from myeloid progenitors, but in contrast to other myeloid cells, they
leave the bone marrow in an immature state; therefore, mast cells are not found in the
blood under normal conditions. For full maturation, the tissue environment is necessary.
Thus, mature mast cells can be only isolated from tissue such as skin or mucosal sites,
which makes mast cell isolation rather complicated. Alternatively, mast cell progenitors
can be isolated from the bone marrow, peripheral blood, or cord blood, which is easier
but requires subsequent in vitro maturation of mast cells as far as possible using
cytokines. This chapter describes a rather new technique of mast cell isolation from hu-
man intestinal mucosal tissue yielding approx 1–5 million pure and viable human mast
cells suitable to perform functional and cell culture experiments.

Key Words: Mast cells; human; intestinal; gut, bowel; innate immunity; isolation;
enzymes; mediator release assay; culture; food allergy; inflammatory bowel disease.

1. Introduction
Unlike other immune effector cells, mature mast cells are only found in the

tissue, not in the blood. Preferentially, mast cells are located at sites of the
host–environment interface, such as the skin and the mucosa of the respiratory,
gastrointestinal, and urogenital tract. The normal human gastrointestinal tract
contains numerous mast cells. The largest number are found in the lamina pro-
pria, where 2–3% of the cells are mast cells. Most of such mast cells belong to
the tryptase positive, chymase negative subtype (MCT), resembling the mucosal
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mast cell subtype in rodents. In the submucosa, mast cell density is lower com-
pared with the lamina propria (approx 1% of all cells) and, instead, the fre-
quency of the tryptase, chymase double positive mast cell subtype (MCTC),
corresponding to the connective tissue mast cells subtype in rodents, is higher
than that of the MCT subtype (1–3). Mast cells originate from immature, bone
marrow-derived CD34+ hematopoietic stem cells circulating in the peripheral
blood as committed progenitors before homing (2,4). In mice, the crucial role
of α4β7 integrin expressed on mast cell precursors and the mucosal address in
cell adhesion molecule (MAdCAM)-1 expressed on high endothelial venules
in the intestinal lamina propria for the gut homing of mast cell precursors
recently have been demonstrated (5). In humans, the regulation of this process
and the stage of maturation at which mast cells migrate from the blood into the
tissue remain largely unknown. Electron-microscopic studies revealed that
mast cell progenitors are not only found in peripheral blood but also in tissue
such as the intestine, where they represent 5–15% of total mast cell numbers
(6). This suggests that mast cell densities in the intestine are regulated by the
influx of early mast cell progenitors and the growth factor-dependent survival
and proliferation of late progenitors or even mature mast cells within the tis-
sue. The capacity of mast cells to release proinflammatory and immunoregu-
latory mediators led to the speculation that they are involved in gastrointestinal
pathologies, such as intestinal allergy, celiac disease, and inflammatory bowel
disease (IBD). In patients with IBD, the numbers of intestinal mast cell are
increased. They account for 60 and 30% of all mucosal cells that were immuno-
reative for tumor necrosis factor (TNF)-α and interleukin (IL)-5, respectively
(3,7–9). In addition, in vitro studies with mast cells isolated from intestinal
tissue demonstrated increased release of histamine and eicosanoids in mast
cells derived from patients with IBD compared with control patients (10). Such
data support the hypothesis that the mast cells were primed or preactivated by
the local inflammatory tissue environment.

We have established methods for the isolation, purification, and culture of
human intestinal mast cells, providing a unique source of tissue-derived human
mast cells. Similar methods have been used by us and by others for the isola-
tion of human mast cell from other organs such as the lung, the skin, or the
nasal mucosa (11–14). The following protocols describe the isolation of cells
from the human intestinal mucosa by a combination of mechanical fragmenta-
tion and enzymatic digestion, the purification of mast cells by magnetic cell
sorting, and the culture of mast cells. Using these protocols, as much as 100%
of pure tissue mast cells can be obtained (15,16). Furthermore, we describe
methods for the characterization of effector functions of human intestinal mast
cell with the focus on cytokine production and mediator release.
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2. Materials

2.1. Cell Isolation

1. Shaking water bath (37°C).
2. Tyrode buffer: 137 mM NaCl, 2.7 mM KCl, 0.36 mM Na2HPO4, 5.55 mM glu-

cose, adjust to pH 7.4, and store at 4°C.
3. Tissue storage buffer: tyrode buffer, ampicillin 0.5 mg/mL (Ratiopharm),

gentamycin 0.2 mg/mL (Gibco), and metronidazol 0.2 mg/mL (Baxter); store
at 4°C.

4. TE buffer: Tyrode buffer containing 2 mM ethylene diamine tetraacetic acid
(EDTA); store at 4°C.

5. TGMD buffer: tyrode buffer supplemented with gelatin (1 mg/mL, Sigma, cat
no. G-9391), 1.23 mM MgCl2, and 15 µg/mL DNAse (Boehringer, cat. no.
1284932); make fresh as required.

6. Enzyme solution PCh: 50 mL of TE buffer, 150 mg of Pronase (Boehringer, cat.
no. 1459643), and 21 mg of chymopapain (Sigma, cat. no. S-8526); make fresh
as required.

7. Enzyme solution Co: 50 mL of TGMD-buffer, 75 mg of collagenase D
(Boehringer, cat. no. 1088882); make fresh as required.

8. RPMI 1640 with phenol red, Glutamax, and 25 mM HEPES (Gibco, cat. no.
32404-014).

9. Culture medium: RPMI 1640 supplemented with 10% (v/v) heat inactivated fetal
calf serum (e.g., Biochrom), 100 µg/mL streptomycin, 100 µg/mL gentamycin,
100 U/mL penicillin, and 0.5 µg/mL amphotericin (all antibiotics from Gibco)

10. Trypan blue (Sigma, cat. no. T-8154).
11. May-Grünwald Giemsa stain (Merck, cat. no. 1014250500).
12. Giemsa (Azur-Eosin-Methylenblau; Riedel-de-Haen, cat. no. 32884).
13. Tweezers and scissors, kept in sterile beaker with 70% ethanol.
14. Bottle-top filter (Becton Dickinson, cat. no. 7105).
15. Nylon mesh, pore size 250 and 100 µm (Omnilab, cat. nos. 4-250 and 4-100).
16. 50-mL conical tubes (Falcon, cat. no. 2070).
17. N-Acethyl-L-cystein (Sigma, cat. no. A7250).

2.2. Purification of Intestinal Mast Cells

1. 80-cm2 or 175-cm2 cell culture flask (e.g., Nunc).
2. Plastic cell scraper (Biochrom, cat. no. 9903).
3. HEPES buffer: 20 mM HEPES (Sigma, cat. no. H-9136), 125 mM NaCl, 5 mM

KCl, 0.5 mM glucose, adjust to pH 7.4, store at 4°C.
4. HA buffer: HEPES buffer containing 1 mg/mL bovine serum albumin

(Boehringer, cat. no. 775827); make fresh as required.
5. MACS buffer: HA buffer, 2 mM EDTA; make fresh as required.
6. Antihuman CD117 (monoclonal anitbody [MAb] YB5.B8, BD Bioscience, cat.

no. 555713) directed against human c-kit.
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7. Goat anti-mouse IgG antibody coupled to paramagnetic beads (Miltenyi Biotech,
cat. no. 130-048-401).

8. MACS LS columns (Miltenyi, cat. no. 130-042-401).
9. MidiMACS Separation Unit (Miltenyi, cat. no. 130-042-302).

10. MACS Multi Stand (Miltenyi, cat. no. 130-042-303).
11. Nylon mesh, pore size 30 µm (Omnilab, cat. no. 4-30).
12. Trypan blue, May-Grünwald stain, Giemsa, Bottle-top filter, 50-mL conical

tubes, culture medium (see Subheading 2.1.).

2.3. Culture of Intestinal Mast Cells

1. CO2 incubator.
2. Human recombinant stem cell factor (SCF; provided by Amgen).
3. IL-4 (provided by Novartis Research Institute).
4. Other growth factors as required (e.g., IL-3).
5. 6-, 12-, 24-, 48-, or 96-well flat-bottom plates (e.g., Nunc).
6. Trypan blue, May-Grünwald stain, Giemsa, culture medium (see Subheading

2.1.), plastic cell scraper (see Subheading 2.2.).

2.4. Mediator Release

1. Shaking water bath (37°C).
2. Sonicater.
3. MAb 22E7 (provided by Hoffmann-La Roche) directed against a non-IgE bind-

ing epitope of the high affinity IgE receptor chain.
4. HACM-buffer: HA-buffer (see Subheading 2.1.), 1 mM CaCl2, 1 mM MgCl2,

store at  4°C.
5. Cytokine enzyme-linked immunosorbent assay (ELISA, e.g., R&D, Biosource).
6. Histamine radioimmunoassay (Coulter Immunotech, cat. no. IM2588).
7. Sulfidoleukotriene (sLT) (LTC4/D4/E4) RIA (Biotrend, cat. no. 900070).
8. Prostaglandin D2 (PGD2) ELISA (Cayman Chemical, cat. no. 512011).
9. HA-buffer (see Subheading 2.3.).

3. Methods
3.1. Isolation of Cells From the Intestinal Mucosa

For the isolation of cells from the human intestinal mucosa we use the modi-
fied four-step enzymatic tissue dispersion method originally described by
Schulman et al. (17). Other investigators have succeeded in isolating intestinal
cells using simpler methods (13,18). In our hands, the method described here is
slightly superior in terms of cell yield, mast cell percentage, and cell integrity.

1. Obtain intestinal tissue from surgical specimens of patients who underwent bowel
resection (see Note 1).

2. Wash specimen with water and remove adherent mesentery and fat from tissue
using tweezers and scissors. Place specimen immediately in tissue storage buffer
(see Note 2).
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3. Separate mucosa from the submucosa/muscular layer using tweezers and scis-
sors. Discard submucosa/muscularis.

4. Place mucosa in 50-mL Falcon tube containing 30 mL of TE buffer and agitate
gently to remove mucus. Transfer mucosa in a 50-mL Falcon tube containing
30–40 mL of TE buffer + 1 mg/mL N-acethyl-L-cystein. Incubate for 10 min in
a shaking water bath at 37°C. After incubation, agitate tube gently to remove
mucus. Repeat step 4 if mucus is not adequately removed.

5. Transfer mucosa in a 50-mL Falcon tube containing 30–40 mL of Tyrode buffer
+ 5 mM EDTA. Incubate for 20 min in a shaking water bath at 37°C. After incu-
bation, agitate tube gently to remove epithelial cells and residual mucus.

6. Place tissue in a plastic Petri dish containing 20 mL of enzyme solution PCh and
cut with scissors into 1-mm3 pieces.

7. Place tissue suspension on a bottle top filter containing nylon mesh with a pore
size of 250 µm. Wash with 50 mL of TE buffer (see Note 3). Discard filtrate.
Close the bottle top filter with the stopper.

8. Suspend tissue in 30 mL of enzyme solution PCh and transfer suspension in a
50-mL Falcon tube. Incubate 30 min in a shaking water bath at 37°C. Filter as
in step 7 and wash with 50 mL of TGMD buffer. Discard filtrate.

9. Suspend tissue in 25 mL of enzyme solution Co and transfer suspension in a
50-mL Falcon tube. Incubate 30 min in a shaking water bath at 37°C. Filter as
in step 7 and wash with 25 mL of TGMD buffer. Centrifuge filtrate (300g, 10 min),
remove supernatant, resuspend cells in 1–2 mL of cell culture medium, and place
at 4°C.

10. Repeat step 9.
11. Pool cells collected in steps 9 and 10, resuspend in 20 mL of RPMI, and filtrate

through a bottle top filter containing nylon mesh with a pore size of 100 µm.
Wash with 30 mL of RPMI. Centrifuge (300g, 10 min) and resuspend in 10 mL
of culture medium.

12. Count the cells after staining with trypan blue. Prepare cytocentrifuge smears
and stain with May–Grünwald/Giemsa to perform a differential count (see
Note 4, Fig. 1).

3.2. Enrichment of Intestinal Mast Cells
by Positive Selection Using Magnetic Cell Sorting

Enrichment of human intestinal mast cells can be performed by using mag-
netic cell sorting (MACS). In general, mast cells are 50–75% pure after posi-
tive sorting by immunomagnetic labeling of c-kit (15,16). In some cell
preparations, the purity can be greater than 90%. Further purification, as much
as 100%, is possible by culture of the cells (see Subheading 3.3.).

Although this method is a powerful tool for the enrichment of human intes-
tinal mast cells it has also some limitations: (1) recovery of the mast cells is
low (30–50%); (2) the positive fraction containing the mast cells frequently are
contaminated with high amounts of dead cells and cell debris that
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nonspecifically bind to the magnetic beads; and (3) the functional response to
physiological activators and the culture sufficiency is diminished directly after
MACS purification but can be restored after culture (15,16).

Purification of mast cells can be achieved also by long-term culture of
nonenriched cell fractions (19). This approach has the advantage of higher cell
numbers and a better culture sufficiency. The disadvantages are that the purity
is often poor and the required culture period quite long. This issue will be
discussed in detail in the following section.

MACS is the method of choice for the purification of mast cells if long-term
culture needs to be avoided.

1. Culture freshly isolated intestinal cells at 4 � 106/mL in culture medium over-
night in 75-cm2 (up to 1.2 � 108 cells) or 150-cm2 (up to 2.5 � 108 cells) tissue
culture flasks (see Note 5).

2. Harvest cells by gently scraping with a plastic cell scraper (see Note 6). Count
after staining with trypan blue (see Note 7).

Fig. 1. May–Grünwald/Giemsa stain of cell fractions obtained after cell isolation
(arrows, mast cells), MACS enrichment, and culture for 14 d in the presence of SCF
(50 ng/mL).
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3. To remove clumps, pass cells through a 30-µm filter. Centrifuge cells (300g, 10 min,
4°C) and remove supernatant. Keep cells cold during the following steps (use cold
solutions, centrifugation at 4°C, and so on).

4. Resuspend cells in MACS buffer (200 µL/108 cells). For fewer cells, use 200 µL.
Add MAb YB5.B8 (1.25 µg/108 cells), mix well, and incubate for 15–20 min in a
refrigerator at 4–10°C.

5. Wash cells with 10–20 mL of MACS buffer, remove supernatant, and resuspend
in MACS buffer (200 µL/108 cells) again. For fewer cells, use 200 µL. Add MAb
Goat Anti-Mouse IgG MicroBeads (1.25 µg/108 cells), mix well, and incubate
for 15 min at 4–10°C (see Note 8).

6. Wash cells with 10–20 mL of MACS buffer, remove supernatant, and resuspend
in 5 mL of MACS buffer/108 cells. For fewer cells, use 5 mL.

7. Place a positive selection column type LS+ in the magnetic field of an appropri-
ate MACS separator (located in a 4°C room). Wash with 5 mL of HA buffer
according to the manufacturer’s instructions. Discard eluate.

8. Transfer as many as 108 cells to the top of the MACS column (see Note 9). Once
the cell suspension has completely entered start washing of the column with at
least 10 mL MACS buffer. Collect the effluent in a 50-mL Falcon tube (mast
cell-depleted fraction).

9. Remove MACS column from the separator. Fill column with MACS buffer (as
much as 7 mL), firmly flush out the positive fraction using the supplied plunger
and collect cells in an appropriate tube.

10. Centrifuge cells and resuspend in culture medium. Count the cells after staining
with trypan blue. Prepare cytocentrifuge smears and stain with May–Grünwald/
Giemsa to perform a differential count (see Note 10).

3.3. Culture of Intestinal Mast Cells

In the absence of growth factors, MACS-enriched mast cells die completely
within 3–7 d. Mast cell survival is slightly prolonged if nonenriched cell frac-
tions are cultured, which is related to growth factors provided by contaminat-
ing cells. Long-term culture of human intestinal mast cells can be achieved in
the presence of recombinant SCF preventing mast cell apoptosis and inducing
proliferation (15,19). Additional factors such as IL-3 and IL-4 enhance mast
cell growth in the presence of SCF by decreasing apoptosis (IL-3) or increas-
ing proliferation (IL-4, Fig. 2 and Table 1). In the absence of SCF, IL-4 has no
effect and IL-3 has only a minimal effect on mast cell survival. The addition of
IL-3, IL-4 or IL-3 + IL-4 to the culture medium in combination with SCF can
enhance mast cell numbers after 2–3 wk of culture approximately two-, three-, or
fourfold, respectively, in comparison with mast cells cultured with SCF alone
(16,20).

The purity of mast cells largely increases during culture. If mast cells were
enriched by MACS before culture, purity is generally 85–95% after 1 wk and
95–100% after 2 wk of culture (15). If nonenriched cell fractions were cultured



130 Sellge and Bischoff

Fig. 2. Mast cell recovery after culture of MACS-enriched human intestinal mast
cells. Mast cells were cultured for indicated times in the presence of SCF (50 ng/mL),
SCF + IL-3 (100 ng/mL), SCF + IL-4 (2 ng/mL), or SCF + IL-4 + IL-3.

Table 1
Effects of IL-3, IL-4, and TGF-β on Human Intestinal Mast Cells

Cytokine IL-3 IL-4 TGF-β

Mast cell numbers
after 21 d of culturea 150–250% 200–400% 20–50%

Proliferationa ↔ ↑ ↓
Apoptosisa ↓ ↔ ↑
Histaminea,b ↑ ↑ ↓
LTC4/D4/E4

a,b ↑ ↑ ↓
PGD2

a,b ↔ ↔ ↑
TNF-αa,b n.t. d ↔ ↓
IL-6a,b n.t. d ↓ n.t. d

IL-3, IL-5, IL-13 a,b,c n.t. d ↑ ↓
Ratio of MCT/MCTC

 a n.t. d ↑ ↓

a Phenotype of mast cells cultured in the presence of SCF alone is com-
pared with the phenotype of mast cells cultured in the presence of SCF + the
indicated cytokine.

b Mediator release upon FceRI-crosslinking.
c IL-4 induces small amounts of IL-5 even without further stimulation.
d  Not tested.
PGD2, prostaglandin D2; LT, leukotrienes; TNF-a, tumor necrosis factor

alpha; IL, interleukin; MC, mast cell; T, tryptase; TC, tryptase + chymase;
TGF-β, transforming growth factor β.
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in the presence with SCF, mast cell survive selectively and highly purified
mast cells can be obtained after 4–5 wk of culture. Although 95–100% pure
mast cells can be obtained in some cultures, the purity often is poorer because
of contaminating fibroblasts. In our hands, IL-4 does not induce the growth of
intestinal lymphocytes and improve the purity of mast cells cultures used in
combination with SCF (see Notes 11 and 12).

Cultured mast cells release much higher amounts of mediators in response to
Fcε receptor I (FcεRI) crosslinking than freshly isolated mast cells (see Sub-
heading 3.4. and Fig. 3), which is most likely related to the fact that the isola-
tion and purification procedure causes a reversible damage of the cells that
reduces their functional capacities. During culture, mast cells regain the full
capacity to respond to FcεRI crosslinking. This suggests that cultured mast
cells reflect more accurately the phenotype of mast cells in vivo than freshly
isolated mast cells (15,16,19).

Human intestinal mast cells also can be maintained in co-culture with human
endothelial cells or human fibroblasts. Co-culture with endothelial cells requires
direct cell contact. The survival and proliferation of intestinal mast cells are
mediated by at least two pathways: (1) the interaction between transmembrane
SCF expressed by endothelial cells and c-kit on mast cells; and (2) the interac-
tion between the adhesion molecules and very late activation antigen-4, expressed

Fig. 3. Influence of culture on histamine and sLT (LTC4/D4/E4) release after FcεRI-
crosslinking. Mast cells were stimulated with for 30 min with the MAb 22E7 (100 ng/
mL) directly after MACS purification or after 3, 7, or 14 d of culture in the presence of
SCF (50 ng/mL). Specific histamine release as a percentage of total histamine (deter-
mined after cell lysis) is shown.
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by mast cells and vascular cell adhesion molecule-1 induced on endothelial cells
in the presence of mast cells (21). Human intestinal fibroblasts prevent mast
cell apoptosis but do not induce proliferation. In contrast to findings with the
rodent 3T3-fibroblast cell line, human intestinal fibroblasts mediate mast cell
survival independent of SCF by a yet unknown soluble factor (22). Both
co-culture systems are useful in studying the interaction of mast cells with
the respective cell type; however, they are insufficient techniques if one wishes
to obtain high numbers of purified intestinal mast cells.

1. Culture mast cells in culture medium. Adjust the cell concentration to 1–2 � 105

mast cells/mL for MACS-enriched cells or to 2 � 106 of total cells/mL for
unpurified cells. Culture of intestinal mast cells can be performed in 96-, 48-, 24-,
12-, or 6-well flat-bottomed plates in 0.2, 0.5, 1, 2, or 5 mL of cell culture medium,
respectively.

2. Add SCF at a concentration of 50 ng/mL. If required add other cytokines (see
Table 1 and Note 12).

3. Maintain cells in a humidified atmosphere containing 5% CO2 at 37°C.
4. Change 50% of the culture medium twice during the first week and then once a

week thereafter. Add new growth factors each time.
5. Subculture cells if required (see Note 13).
6. After an appropriate culture period (see text above), harvest mast cells using a

cell scraper. Count the cells after staining with trypan blue. Prepare cytocentrifuge
smears and stain with May–Grünwald/Giemsa to perform a differential count.

We have been using standard assay for the analysis of proliferation (Ki-67,
BrdU-, and 3H-thymidin incorporation) and apoptosis (annexin V, caspase
assays [16,20,22]). These assays are used frequently and they will not be
described here. For all assays, use only mast cells that have been cultured for at
least 4–7 d. Many mast cells die within the first days of culture because of
damage caused by the isolation and MACS procedure (Fig. 2). Proliferation
starts after approx 4 d (16). Short-term effects can be assayed by using
precultured mast cells.

3.4. Mediator Release and Cytokine Production
in Human Intestinal Mast Cells

In the gut, mast cells produce histamine, neutral proteases, and eicosanoids
mediating various functions such as smooth muscle contraction, leukocyte
extravasation, ion and mucus secretion, and degradation of peptides. In addi-
tion, intestinal mast cells produce multiple cytokines and growth factors, such
as TNF-α, IL-1β, IL-3, IL-5, IL-6, IL-8, IL-13, IL-16, IL-18, transforming
growth factor (TGF)-β1, basic fibroblast growth factor, and others (10,13,18,20,
23). These findings emphasize their important role in immunoregulation, tissue
homeostasis, host defense against infection, or fibrotic tissue transformation.
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Crosslinking of cell surface-bound IgE by antigen or, experimentally, of
IgE receptors by anti-IgE receptor antibodies, is the most potent and best char-
acterized stimulus for mast cell activation (2,10). In addition, several IgE-
independent triggering agents act on human skin or rodent mast cells, such as
C5a, substance P, vasoactive intestinal peptide, morphine, f-Met, compound
48/80, or chemokines (2,13). However, using human intestinal mast cells
freshly isolated from surgery specimens or cultured in the presence of SCF, we
found no mediator release after challenge with these IgE-independent agonists,
thus supporting the concept of MC heterogeneity at distinct anatomical loca-
tions and between different species (10,24). So far, only a few IgE-indepen-
dent triggers causing mediator release in human intestinal mast cells have been
identified. SCF triggers histamine release and sLT production under certain
conditions (19), and IL-4 induces IL-5 production in mast cells cultured in
medium supplemented with SCF (16,23). Escherichia coli-producing a-hemol-
ysin causes the release of histamine, sLT, and TNF-α (9). Mediator release
after IgE receptor-crosslinking in cultured human intestinal mast cells is altered
depending on the presence of cytokines such as IL-4, IL-3, and TGF-β1 in addi-
tion to SCF. IL-4 and IL-3 support the release of histamine and production of
sLT but not PGD2 in intestinal mast cells after activation (16,20). Moreover,
IL-4 profoundly alters the cytokine expression pattern in cultured human intes-
tinal mast cells, leading to an increased production of Th2-like cytokines such
as IL-3, IL-5, and IL-13 after IgE-dependent activation (23).

For the study of mast cell mediator release and cytokine production in
response to FcεRI crosslinking, we have been using two different protocols.
The first protocol describes a method for short time stimulation (up to 60 min)
to study degranulation and the production of eicosanoids. The second protocol
is useful to investigate the messenger ribonucleic acid (mRNA) transcription
and protein production of cytokines and chemokines. The protocols have been
optimized to use as small cell numbers as possible.

3.4.1. Short-Term Stimulation Assay for the Study of Degranulation
and Eiconsanoid Production

1. Wash mast cells twice in HA buffer (see Note 14).
2. Resuspend mast cells in HACM buffer (200–1000 µL per condition as required,

minimal cell concentration 2 � 104 mast cells/mL) and transfer them into appro-
priate tubes. Duplicates are recommended.

3. Prepare cell lysates for the detection of total histamine (see Subheading 3.4.2).
4. Incubate tubes in a shaking water bath at 37°C for 10 min without agonists.
5. Add trigger/agonist of interest (e.g., for FcERI crosslinking, MAb 22E7 100 ng/

mL). Leave control untreated or add appropriate isotype control.
6. Stop reaction by placing the tubes in ice-cold water at the time point of interest

(see Note 15).
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7. Centrifuge cells (300g, 10 min, 4°C) and collect supernatants. Store aliquots at
–80°C.

8. Measure mediators of interest in the supernatants (histamine, sLTs, PGD2,
cytokines, and so on). Dilution of samples might be required (in particular for
histamine). Calculate histamine release as follows: specific histamine release (%
of total histamine) = (histamine release induced by the triggering agent – spontane-
ous release in response to buffer/isotype control)/total histamine in cell lysates.

3.4.2. Preparation of Mast Cell Lysates

1. Place 100 µL of the cell suspension in an appropriate tube and add 100 µL of
water.

2. Freeze cell suspension at –80°C.
3. Before determination of histamine, thaw suspension and sonicate for 3–5 min.
4. Centrifuge cell debris down and use supernatant for analysis.

3.4.3. Stimulation Assay for the Study of Cytokine Production

We use this protocol to study cytokine production in mast cells. Histamine
and eicosanoid release can be studied with the same protocol. Because of longer
incubation time spontaneous histamine release is higher and eicosanoids might
be partly degraded using this protocol instead of the protocol described in Sub-
heading 3.4.1.

1. Wash mast cells twice in culture medium.
2. Resuspend mast cells in culture medium in the concentration and volume as re-

quired. Place cells in a fresh culture plate (see Note 16).
3. Prepare cell lysates for the detection of total histamine if you wish to study hista-

mine release in parallel (see Subheading 3.4.2.).
4. Add trigger or agonist of interest (e.g., for FcεRI crosslinking, MAb 22E7 100 ng/

mL). Leave control untreated or add appropriate isotype control.
5. Harvest cells after time of interest and transfer them to a Eppendorf tube free of

RNAs (see Note 17). Centrifuge cells (300g, 10 min, 4°C) and collect superna-
tants. Store aliquots at –80°C. Resuspend pellet immediately in RLT buffer pro-
vided by the RNeasy Mini Kit (Qiagen, cat. no. 74106).

6. Measure mediators of interest in the supernatants by appropriate ELISA. Assay
mRNA levels by semiquantitative reverse transcription polymerase chain reac-
tion or real-time reverse transcription polymerase chain reaction.

4. Notes
1. Tissue can be obtained from all parts of the bowel. Most specimens we have

obtained have come from patients who underwent resection because of large
bowel cancer.

2. Tissue can be stored at 4°C overnight, although immediate processing is prefer-
ential. In our hands, numbers and viability of isolated mast cell are only slightly
impaired after overnight storage of the tissue specimen.
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3. Tissue suspension needs to be stirred using a tweezer or with other appropriate
instruments to avoid obstruction of the filter. If residual mucus completely clogs
the mesh, transfer tissue suspension to a new bottle top filter.

4. Approximately 1–2.5 � 107 cells can be obtained from 1 g of mucosal tissue. As
much as 10 g can be used in one preparation. If more tissue is available, perform
two (or more) preparations in parallel. Normally isolated cells contain 1–4% mast
cells, but the percentage can be higher in selected patients. Cell preparations con-
tain 10–40% erythrocytes, which has to be taken in account by calculating mast
cell numbers. If required, erythrocytes can be lysed using commercially avail-
able solutions (e.g., Sigma, cat. no. R7757).

5. Overnight culture improves the efficiency of MACS purification because c-kit
expression is low after the isolation procedure and upregulated after overnight
culture. Do not add SCF to the culture medium because it downregulates c-kit in
mast cells and, therefore, diminishes the enrichment efficiency and recovery.

6. Mast cells are semiadherent. Approximately 80–90% of the cells can be har-
vested by resuspending the cells with the pipet only.

7. Normally, 30–50% of the cells are trypan positive after overnight culture (mast
cell survival is generally higher). If more than 60% of the cells are Trypan posi-
tive, we do not recommend performing a positive selection by MACS because
the enrichment efficiency and mast cell recovery will be very low. We have tried
different methods to remove dead cells (density centrifugation and dead cell
removal kit from Miltenyi). However, cell loss was always unacceptably high.
For example, density gradient centrifugation using Ficoll-Paque is sufficient to
remove more than 90% of the dead cells. Unfortunately, only 50% of the mast
cells are found in the interface fraction, whereas approx 50% are found in the
pellet together with the dead cells.

8. An anti-human c-kit Ab directly coupled to magnetic beads will be available soon
(Miltenyi).

9. Although it is passed through a 30-µm filter, the cell suspension might obstruct the
MACS column, which is related to the high amount of cell clumps and residual
mucus. We recommend applying cells in small fractions of 1–2 mL. In the case
of obstruction, remove the rest of the cell suspension on the top of the column
and replace it with 2 mL of MACS buffer. The obstruction can be overcome by
pulling up and down the buffer with a pipet. Continue with this column as recom-
mended in the protocol. For the remaining cells, use a new column.

10. Metachromatic staining of mast cells after MACS is sometimes poor, and exact
quantification is difficult. Generally, between 0.5 and 3 � 106 mast cells can be
obtained from 5 to 10 g of mucosa.

11. More than the half of the MACS-enriched cell preparation die completely within
the first days of culture. This may be related to the damage of the cells acquired
during the cell separation. Long-term culture of mast cell succeed in approx 80%
if unpurified cell preparations are used and the recovery is higher. If mast cells
have passed the critical time period of the first week, no morphological or func-
tional differences can be observed between MACS enriched and nonpurified mast
cell cultures (15).
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12. To obtain high amounts of pure mast cells, we recommend adding IL-4 at a con-
centration of 2 ng/mL (in combination with SCF) to the culture. Keep in mind
that IL-4 changes the mast cell phenotype (Table 1). IL-4 can be added at the
beginning of the culture but also later. The “IL-4 phenotype” will be obtained
after 1–2 wk.

13. In some cultures mast cells proliferate strongly in particular if IL-4 is added to
the culture medium. Proliferation will stop if mast cell numbers exceed 0.5–1 �
106/mL. Then, split cells in a new culture plate.

14. Washing of cultured mast cell is very important because culture supernatants
contain high amounts of histamine.

15. We usually stop the reaction after 30 min in a standard assay for the investigation
of degranulation and eicosanoid production in response to FcERI crosslinking.
For histamine, approx 3–5 min and for sLT, approx 10–15 min are required for
maximal release (11).

16. For mRNA studies, we use at least 5 � 104 mast cells/condition (preferable is at
least 1 � 105). For the measurement of TNF-α or IL-5 protein after FcεRI
crosslinking, cell concentrations of 2 � 105 cells/mL are sufficient. Higher con-
centrations are recommended if weaker agonists, agonists of unknown efficiency,
or other cytokines are studied. We perform experiments in 200–400 µL in a 96-
or 48-well plate.

17. For the analysis of mRNA induction for IL-3, IL-5, IL-6, IL-8, IL-9, IL-13, and
TNF-α upon FcεRI crosslinking the optimal time point is 90 min. Upregulation
of mRNA is still detectable after 6 h. To measure cytokines in the supernatants,
we recommend incubation periods of 6 h or longer.
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Activation of Nuclear Factor-κB

Chuanfu Li, Jim Kelley, and Tuanzhu Ha

Summary
Nuclear factor-κB (NF-κB) is a key transcription factor that regulates the expression

of genes involved in immune and inflammatory responses and in cell death and survival.
This chapter describes in detail the method for measuring the NF-κB binding activity in
the cultured human mast cell line HMC-1 using the electrophoretic mobility shift assay:
the activation of NF-κB was illustrated by adding lipopolysaccharide to mast cells,
nuclear proteins were isolated, and the NF-κB binding activity was determined. We also
demonstrate the specificity of the NF-κB binding activity using a competition and
supershift assay with specific antibodies that recognize NF-κB subunits p50 and p65.
Lipopolysaccharide caused a rapid and significant increase in NF-κB binding activity.

Key Words: Mast cells; nuclear factor-κB (NF-κB); inflammatory cytokines; signal
transduction; Toll-like receptors (TLRs); nuclear proteins; EMSA; HMC-1.

1. Introduction
Mast cells play a critical role in the initiation of the innate and adaptive

immune response against various pathogens and represent a potential source of
multifunctional cytokines that participates in the recruitment and activation of
other cells in the inflammatory microenvironment. Activation of mast cells
releases inflammatory cytokines, such as tumor necrosis factor (TNF)-α,
interleukin (IL)-1, IL-8, IL-5, IL-10, and IL-13. Nuclear factor-κB (NF-κB) is
a key transcription factor that controls the expression of these cytokines (1–3).
In resting cells, NF-κB exists in an inactive cytoplasmic form, bound to the
inhibitory proteins known as I-κBs. Upon cellular stimulation, I-κB proteins
are rapidly phosphorylated by I-κB kinases and degraded via the 26S uniquitin–
proteasome pathway. The released NF-κB translocates to the nucleus and binds
specific deoxyribonucleic acid (DNA) motifs and stimulates the transcription
of various genes. These include inflammatory cytokines (TNF-α, IL-1β, IL-2,
IL-6, IL-8, interferon-γ), adhesion molecules (i.e., vascular cell adhesion mol-
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ecule-1 [VCAM-1], intercellular adhesion molecule-1 [ICAM-1], and E-selectin),
acute phase response proteins, and other factors that are involved in mediating the
immune and inflammatory responses and cell survival and cell death (1–3).
We and others have reported that stimulation of mast cells results in activation
of NF-κB (4–7). Recent studies have highlighted the Toll-like receptor (TLR)-
mediated signaling pathway that directly activates NF-κB (8). Mast cell TLR2
or mast cell TLR4 recognizes the pathogen ligands in a way similar to those of
other leukocytes (9–16). TLR2-mediated mast cell activation by peptidogly-
can leads to degranulation and IL-4 and IL-5 cytokine production, whereas
with TLR4-mediated mast cell activation, TNF-α, IL-1β, IL-6, and IL-13 are
the major cytokines produced (15).

Activation of NF-κB in mast cells can be examined using the electrophoretic
mobility shift assay (EMSA [4]), which is a simple and rapid method for detect-
ing DNA-binding proteins. The principle of the assay is that the migration of
protein–DNA complexes through a nondenaturing polyacrylamide gel is slower
than that of free DNA fragments or double-stranded oligonucleotides. The pro-
cedure of the assay includes: (1) isolation of nuclear proteins from mast cells;
(2) labeling the oligonucleotides with 32P-ATP; (3) incubation of nuclear pro-
teins with 32P-labeled oligonucleotides; (4) analysis of protein–DNA interac-
tion by a nondenaturing polyacrylamide gel; (5) drying the gel followed by
autoradiography; and (6) determination of the specificity of protein–DNA
interaction by addition of excess unlabeled oligonucleotides or unrelated
oligonucleotides.

2. Materials
1. Human mast cell line (HMC-1).
2. Mast cell culture medium: 5% heat-inactivated fetal bovine serum, 0.01 M

HEPES buffer, 50 µg/mL gentamycin, 0.02 mM 2-mercaptoethanol, 5 µg/mL
insulin transferrin sodium selenite, and 2 mM L-glutamine in RPMI 1640 media.

3. Lipopolysaccharide (LPS).
4. Buffer A: 10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM ethylene diamine

tetraacetic acid (EDTA), 0.1 mM ethylenebis(oxyethylenenitrilo)tetraacetic acid
(EGTA), 1 mM dithiothreitol (DTT), 0.5 mM phenylmethyl sulfonyl fluoride
(PMSF), 1 µM aprotinin; 14 µM leupeptin, 1 µM pepstatin, 80 µg of benzamidine/
mL, 20 mM p-nitrophenyl phosphate, 40 mM β-glycerol phosphate, 1 mM
Na3VO4, 50 mM NaF, and 0.1 mM TPCK.

5. Buffer C: 20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 12 mM
DTT, 1 mM PMSF, 1 µM aprotinin; 14 µM leupeptin, 1 µM pepstatin, 80 µg of
benzamidine/mL, 20 mM p-nitrophenyl phosphate, 40 mM β-glycerol phosphate,
1 mM Na3VO4, 50 mM NaF, and 0.1 mM TPCK, 25% glycerol.

6. Nonidet P-40 (NP-40).
7. BCA protein assay reagents (Pierce).
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8. Transcription factor consensus oligonucleotides: 5'-AGT TGA GGG GAC TTT
CCC AGG C-3'.

9. T4 polynucleotide kinase.
10. [γ-32P]ATP (3000 Ci/mmol, 10 mci/mL).
11. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0.
12. DE 81 filter paper.
13. DNA loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, and

30% glycerol in water.
14. 5X binding buffer: 2.5 mg/mL of double-stranded poly (dI-dC), 50 mM Tris-HCl

(pH 7.5), 250 mM NaCl, 2.5 mM EDTA, 2.5 mM DTT, 5 mM MgCl2, 20% glycerol.
15. Nondenaturing polyacrylamide gel electrophoresis (PAGE) equipment.
16. TBE (5X) buffer: 54 g of Tris base, 27.5 g of boric acid, 20 mL of 0.5 M EDTA

(pH 8.0) per liter.
17. Whatman no. 3 filter paper.
18. Gel Drier.
19. X-ray films.

3. Methods
3.1. Preparation of Nuclear Extracts From the Cultured Cells (see Note 1)

1. Culture HMC-1 in mast cell culture media. Subculture the cells as designated
groups at 1 � 106.

2. After overnight culture, stimulate the cells with desired stimuli for certain time,
for example, stimulate the cells with LPS at 100 ng/mL for 30–60 min. Harvest
the cells into a 10-mL culture tube.

3. Centrifuge at 1500g for 5 min to pellet the cells. Discard the supernatant, wash
the cells with 10 mL of cold Tris-buffered saline (TBS), resuspend the cells, and
obtain a pellet of the cells by centrifugation at 1500g for 5 min at 4°C.

4. Resuspend the cell pellets in 1 mL of TBS, transfer the cells into a 1.5-mL
Eppendorf tube, and obtain a pellet of the cells again by centrifugation for 15 s in
a microcentrifuge at 10,000g at 4°C.

5. Discard the TBS, add 200 µL of cold buffer A to the cell pellets, and suspend the
cells by gentle mixing.

6. Incubate the tube containing the cells on ice for 20 min to swell the cells. Twenty
min after incubation, add 12.5 µL of a 10% solution of NP-40 and vortex the tube
for 10 s.

7. Centrifuge the homogenate for 1 min at 10,000g in a microcentrifuge at 4°C.
Transfer the supernatant, which contains cytoplasmic proteins, to a fresh tube
and immediately store at −80°C.

8. Add 1 mL of Buffer A, without NP-40, into the tube to wash the nuclear pellets.
After centrifugation in a microcentrifuge at 10,000g for 1 min at 4°C and discard
the supernatant.

9. Add 50 µL of ice-cold Buffer C into the nuclear pellets and shake the tube vigor-
ously at 4°C for at least for 20 min using a shaking platform.
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10. Centrifuge the nuclear extract for 15 min at 10,000g in a microcentrifuge at 4°C,
harvest the supernatant, freeze in an liquid nitrogen, and then store at −80°C.

11. Determine the concentration of cytoplasmic and nuclear proteins by the BCA
protein assay according to the manufacturer’s instruction.

3.2. EMSA for NF-κB Binding Activity

The procedures for the binding reaction include the following: incubate the
nuclear extracts with [γ-32P]ATP-labeled oligonucleotide probe that contains
the specific binding sequence for NF-κB (the binding reaction occurs under
specific salt/pH conditions in a binding buffer). Add Poly-dIdC into the bind-
ing reaction mixtures to prevent nonspecific binding of proteins to the NF-κB
oligonucleotide probe. Determine the subunits of NF-κB binding activity in
the nuclear extracts by competition assay and antibody supershift analysis.
Separate the binding reaction mixtures on a nondenaturing PAGE gel. Finally,
dry the PAGE gel and detect the binding bands by autoradiography (17–20).

3.2.1. Labeling of Consensus Oligonucleotide With [γ-32P]ATP
(see Notes 2 and 3)

1. Take a sterile 1.5-mL Eppendorf tube and add the items sequentially as shown in
Table 1.

2. Incubate the reaction mixture at 37°C for 10 min.
3. Stop the reaction by addition of 1 µL of 0.5 M EDTA.
4. Add 89 µL of TE buffer and store at –20°C.

3.2.2. Determination of the Percent of [γ-32P]ATP
Incorporation Into the Oligonucleotide

1. Take 1 µL of the labeled oligonucleotide and spot onto a DE81 filter paper.
2. Dry the DE81 paper briefly under a heat lamp.
3. Place the DE1 paper into a vial and count cpm in a scintillation counter.
4. After counting, wash the DE81 paper in 50 mL of 0.5 M Na2HPO4, twice for 5

min each, to remove the unincorporated [γ-32P]ATP. Dry the washed DE81 filter
paper under a heat lamp.

5. Place the DE81 paper into a vial and count the cpm in a scintillation counter.
6. Calculate the percent incorporation of [γ-32P]ATP into the oligonucleotide.

Percent incorporation = cpm incorporated/total cpm � 100%

3.2.3. Binding Reaction
1. Take a set of 0.5-mL Eppendorf tubes and mark them with designated numbers

using a marker pen.
2. Add each the following items sequentially as shown in Table 2 into designated

0.5-mL Eppendorf tubes in a total 10 µL of reaction volume (see Note 4).

Nuclear extracts x µL (5–10 µg)
5X binding buffer 2 µL
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Table 1
Labeling NF-κB Oligonucleotides With [γ-32P]ATP

Items Volume

NF-κB oligonucleotide (1.75 pmol/µL) 2 mL
T4 polynucleotide kinase 10X buffer 1 mL
[γ-32P]ATP (3,000 Ci/mmol at 10 mCi/mL) 5 mL
dH2O 1 mL
T4 polynucleotide kinase (5–10 U/µL) 1 mL
Total reaction volume 10 mL

Table 2
Binding Reaction Mixtures

Sample No Nuclear proteins 5X binding Buf Buf C 32P-oligo probe

Negative control 0 2 µL 7 µL 1 µL
No. 1 (5–10 µg) x µL 2 µL to 7 µL 1 µL
No. 2 (5–10 µg) x µL 2 µL to 7 µL 1 µL
No. 3 (5–10 µg) x µL 2 µL to 7 µL 1 µL

Buffer C to 7 µL
32P-oligonucleotide probe 1 µL

3. Incubate the reaction mixtures at room temperature for 20 min.
4. Stop the binding reaction by adding 2 µL of DNA loading buffer.
5. Briefly centrifuge a microcentrifuge.
6. Load the samples on 5% nondenatured PAGE gel.

3.2.4. Electrophoresis
1. Set up the polyacrylamide gel casting: take clean plates and the spacers. Tighten

them to make the casting module and fit it on the stand with the rubber spacer on
bottom.

2. Preparation of 5% nondenaturing polyacrylamide gel (40 mL) as below (see Note 5).

Components 5% gel
TBE 5X buffer 8.00 mL
30:0.8 (acrylamide:Bis-acrylamide) 6.70 mL
80% glycerol 1.25 mL
dH2O 23.73 mL
TEMED 20 µL
10% Ammonium persulfate 300 µL

3. Use a 20-mL syringe to pour the gel on the side of cast near spacers. Fill the cast
from bottom without any air bubbles inside. Take the comb and insert it into the
gel without trapping any air bubbles. Polymerize the gel for 0.5 h. Make sure its
not leaking when leaving it to polymerize.
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4. Prerun the gel for 20 min at 100 V before loading the samples.
5. Load the reaction samples on the gel and run the get at room temperature, in 0.5X

TBE buffer at 100 V for approx 2 h or until the bromophenol blue dye is just out
of the gel.

6. Collect the gel running buffer into a radioactive liquid waste container. Take the
gel cast out and separate the glass plate carefully.

7. Place the gel on a sheet of plastic wrap and cover the gel with Whatman 3MM
filter papers and lift the gel. Wrap the gel with plastic wrap and dry with a gel-
drier at 80°C for 1 h.

8. Expose the dried gel to X-ray film several hours to overnight at –80°C with an
intensifying screen.

9. Develop the film in a dark room (see Note 6).
10. Scan the gel to determine the relative integrated intensity of the bands. Fig. 1

shows NF-κB activation in HMC-1 mast cells stimulated with LPS (100 ng/mL)
for 30 and 60 min.

3.2.5. Competition and Supershift Assay

To determine the specificity of NF-κB binding activity and the subunits of acti-
vated NF-κB, competition with unlabeled oligonucleotides and supershift assay with
specific antibodies against subunits of NF-κB are performed as in the next list.

Fig. 1. Lipopolysaccharide (LPS) stimulates nuclear factor-κB (NF-κB) binding
activity in mast cells. Mast cells were stimulated with or without LPS at 100 ng/mL for
30 and 60 min, respectively, and nuclear proteins were isolated from the cells. Five
micrograms of nuclear proteins from each sample were used for electrophoretic mobil-
ity shift assay (EMSA) of NF-κB binding activity. NF-κB binding activity is labeled
on the right; nb, nonspecific binding.
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1. Take a set of 0.5-mL Eppendorf tubes and mark them with designated numbers
using a marker pen.

2. Add each of the following items sequentially as shown in Table 3 into desig-
nated 0.5-mL Eppendorf tubes in a total 10 µL of reaction volume.

Nuclear extracts x µL (5–10 µg)
5X binding buffer 2 µL
Buffer C to 5–7 µL
Unlabeled NF-κB oligonucleotide 2 µL
Other oligonucleotide 2 µL
32P-oligonucleotide probe 1 µL

3. Incubate the binding reaction mixture for 20 min at room temperature.
4. Anti-p50 or anti-p65 2–5 µL.
5. Incubate the binding reaction mixture for 1–2 h at 4ºC.
6. Stop the binding reaction by addition of 2 µL of DNA loading buffer.
7. Briefly centrifuge in a microcentrifuge.
8. Load the samples on a 5% nondenatured PAGE gel.

Figure 2 shows specificity of NF-κB binding activity determined by addi-
tion of unlabeled oligonucleotides and by an antibody supershift assay.

4. Notes
1. Isolation of cytoplasmic and nuclear proteins from harvested cells should be per-

formed in ice and proteinase inhibitors should be used.
2. When working with isotope (32P), the regulations for biosafety of radioactivity

should be followed. After labeling oligonucleotides with [γ-32P]ATP, it is not
necessary to remove unincorporated [γ-32P]ATP from the labeling reaction.

3. After labeling oligonucleotides with [γ-32P]ATP, more than 50% of the radioac-
tivity is typically incorporated in the 5' end-labeling reaction. If the labeling effi-
ciency is low (<30%), the activity of T4 polynucleotide kinase should be checked.

4. For the NF-κB binding assay, 10 µL of a total reaction volume usually is used. If
the concentration of nuclear protein preparation is low, 15 µL of a total reaction
volume can be used. The volume of nuclear proteins (x µL) plus volume of Buf C
= 11 µL. 3 µL of 5X binding buffer will be used.

5. When preparing the nondenaturing polyacrylamide gel, 10% ammonium
persulfate should be freshly prepared.

6. If no binding bands are observed, the following should be considered: (1) insuf-
ficient amount of nuclear proteins in the assay; (2) low specific activity of 32P-
labeled oligonucleotide; (3) inappropriate components in binding buffer; or (4)
too much nonspecific competitor DNA or inappropriate type of competitor DNA.
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Analysis of Mitogen-Activated Protein Kinase Activation

Stephen C. Armstrong

Summary
The biological functions of mast cells are regulated by several protein kinases, includ-

ing the tyrosine kinases Fyn, Lyn, Syk, and FAK and the serine/threonine kinases Akt and
PKC α/β. The mitogen-activated protein kinases extracellular signal-regulated kinases,
JNK, and p38MAPK also play a significant role in the regulation of mast cell biological
function. This chapter will detail recent advances in determining mitogen-activated pro-
tein kinase activation in single cells. These methods are applicable to studies of signal
transduction in mast cells.

Key Words: MAP kinase; ERK; JNK; p38MAPK; immunoblotting; kinase activity assays.

1. Introduction
Mitogen-activated protein (MAP) kinases are classified as: (1) extracellular

signal-regulated kinases, (ERK 1/2, 44/42 kDa), which are activated by growth
hormone receptors via a Ras/Raf/MEK1/2 pathway; and (2) the stress-acti-
vated kinases Jun-NH2-terminal kinases 1/2 (JNK-1/2, 55/46 kDa) and
p38MAPK α/β, which are activated via MKK4/MKK7 and MKK3/MKK6
pathways, respectively, by cellular stresses, including reactive oxygen species,
heat shock, inflammatory cytokines, and ischemia (1). There is also a related
MAP kinase that has been termed BMK1 (big MAP kinase) in that it is 115
kDa in size or ERK5 in that it shares extensive homology with ERK 1/2 (2).
ERK5 is activated by growth factor receptors, G protein-coupled receptors,
and osmotic or oxidative stress downstream from MKK5 (3,4).

MAP kinases are an important set of protein kinases in the biological func-
tions of mast cells. The neuropeptide substance P rapidly stimulates p38MAPK
and JNK phosphorylation in rat peritoneal mast cells. Inhibition of p38MAPK
with SB203580 abolishes the production of tumor necrosis factor (TNF)-α by
substance P in peritoneal mast cells (5). In contrast, the transforming growth
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factor (TGF)-β1-mediated migration of a human mast cell line (HMC-1) is
blocked by ERK 1/2 inhibiton with PD98059, whereas SB203580 does not
alter migration (6). JNK and BMK1/ERK5 are activated by FcεRI crosslinking
in a murine mast cell line (MC/9) or in embryonic stem cell-derived mast cells.
TNF-α expression is dependent upon JNK and BMK1/ERK5 activation (7,8).
Permeabilization of mast cells with the virulence factor, streptolysin, activates
p38MAPK and JNK. Inhibition of p38 MAPK reduces the streptolysin-medi-
ated production of TNF-α in mast cells (9). Lipopolysaccharide (LPS)-acti-
vated JNK and p38MAPK in bone marrow-derived mast cells and inhibition of
JNK and p38MAPK suppress the production of interleukin (IL)-5, IL-10, and
IL-13 (10). Thus, it can be concluded that the stress kinases JNK and
p38MAPK play an important role in the production of cytokines by mast cells,
presumably via the transcriptional factors that are downstream substrates of
JNK and MAPK.

The MAP kinases share a common Thr-X-Tyr site in the activation loop,
and Thr-Tyr phosphorylation initiates kinase activity (11–13). This chapter
details the methodologies that have been used to assess activation of the MAP
kinases. MAP kinase activity traditionally has been determined by in-gel pro-
tein kinase activity assays, in which a cellular sample was separated on an
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel
with a specific substrate for a given MAP kinase polymerized into the gel, for
example, myelin basic protein, MAPKAPK-2, and Jun substrate for ERK,
p38MAPK, and JNK, respectively (14). The gels are renaturated and incubated
in a protein kinase activity buffer, permitting the protein kinases to express
their activity as determined by the incorporation of 32P-ATP into the substrate.
The radiolabeling that was associated with a specific MAP kinase was deter-
mined by the molecular weight of the radiolabeled band.

This technique has several disadvantages, specifically the use of radioactiv-
ity and the lack of specificity. Recently, dual phosphospecific, site-specific
antibodies to the MAP kinases have been developed that are directed towards
the Thr-X-Tyr activation site, as described previously (15). These phospho-
specific antibodies are developed as polyclonal anti-sera that are generated by
immunizing rabbits with peptides that contain the dually phosphorylated Thr-
X-Tyr site. The anti-sera initially are negatively selected by affinity chroma-
tography with nonphospho peptides, and the eluate is positively selected by
dual-phospho peptides. These antibodies permit a simple method to indirectly
assess MAP kinase activation. Recently monoclonal antibodies to MAP kinases
have been developed. Cellular samples are separated by SDS-PAGE, transferred
by Western blotting, and the blots are immunostained with the dual phospho-
specific antibodies. My laboratory has extensively used these phospho-spe-
cific antibodies to examine MAPK activation during ischemia in isolated adult
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rabbit cardiomyocytes with a publication on p38MAPK (16), and a manuscript
on ERK 1/2 activation is currently in preparation. Dual phospho-specific anti-
bodies can also be used in flow cytometric assays in which the dual phosphory-
lation and activation of MAP kinases is quantitated on a single cell basis in a
large population of cells (17). Finally dual phospho-specific antibodies can be
used in immunohistochemistry studies of tissue sections.

Recently, nonradioactive assays have been developed that permit a direct
assessment of MAP kinase activity. Cellular samples are immunoprecipitated
overnight with an agarose immobilized dual phospho-specific antibody to the
Thr-Tyr activation site. The immunoprecipitates are washed and resuspended
in a kinase buffer in the presence of a fusion substrate protein and ATP. The
incorporation of phosphate into the substrate protein by the immunoprecipi-
tated kinase is determined by immunostaining of blots with a phospho-spe-
cific, site-specific antibody to the substrate protein.

The MAP kinases have distinct yet overlapping downstream substrates that
mediate their biological functions. These substrates include Elk-1, p90RSK, c-
Myc and αB crystallin (ERK1/2); c-Jun (JNK1/2); MAPKAPK-2, MEF2, ATF-
2, and CREB (p38MAPK); and p90RSK (ERK5/BMK1). These pathways are
outlined in Fig. 1.

This chapter will focus on the evaluation of ERK and p38MAPK activation
by Western blotting and nonradioactive kinase activity assays. JNK and BMK1/
ERK5 dual phosphorylation and kinase activities also can be determined by
the protocols described in this chapter. Cardiomyocyte and heart extracts will
be used to demonstrate the correspondence of these techniques. The assays
described in this chapter can be directly translated to the assessment of MAP
kinase activation in mast cells, as described previously (5–12).

2. Materials
2.1. Immunoblotting With Phospho-Specific Antibodies

1. Disruption buffer: Digitonin (0.05%, pH 7.4) diluted in glass distilled water con-
taining 20 mM Tris, 137 mM NaCl, 50 mM sodium fluoride, 5 mM ethylene
diamine tetraacetic acid (EDTA), 1 mM [4-(2-aminoethyl) benzenesulfonyl fluo-
ride], 10 mM Na pyrophosphate, 1 mM sodium orthovanadate, and 2 µg/mL
leupeptin. Prepare buffer fresh from stock solutions. Sodium fluoride (protein
phosphatase inhibitor), AEBSF (serine protease inhibitor), and leupeptin (pro-
tease inhibitor) are toxic, and gloves should be worn throughout the preparation
and use of this buffer. Digitonin is prepared as a 0.5% (w/v) stock solution in
distilled water, heated to 95°C, and cooled to room temperature. AEBSF is less
toxic and is a stable water-soluble alternative to PMSF. It is prepared as a 100 mM
stock solution in water and is stable for 6 mo with storage at 4°C at pH <7.0. EDTA
is prepared as a 0.5 M stock solution that is dissolved by titratation to pH 7.5.
Sodium orthovanadate is “activated” by depolymerization of vanadate for maxi-
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mal inhibition of protein tyrosine phosphatases. A 200 mM solution of sodium
orthovanadate is prepared and adjusted to pH 10.0 with sodium hydroxide. This
will produce a yellow solution. Incubate the solution at 100°C for 10 min to
produce a colorless solution. Repeat the pH adjustment-boiling process till the
solution can remain colorless at pH 10.0.

2. Bio-Rad DC protein assay (cat. no. 500-0112, Bio-Rad, Hercules, CA).

Fig. 1. Diagram of MAP kinase pathways. This diagram details the four types of
MAP kinases: ERK1/2 and its homolog, ERK5, and the stress kinases JNK1/2 and
p38MAPK α/β. ERK1/2 is activated by growth factor receptors downstream from Ras/
Raf. The stress kinases are activated by cellular stress via the small G proteins, Rac
and cdc42. MAP kinase activation is induced by dual phosphorylation of the indicated
Thr-X-Tyr motif in the activation loop of each MAP kinase. The downstream sub-
strates of MAP kinases primarily include transcription factors: p90RSK and Elk-1
(ERK); Jun (JNK); and CREB, MEF2 and ATF-2 (p38MAPK). Additionally
p38MAPK can initiate the downstream phosphorylation of the small heat shock pro-
teins, heat shock protein 27 (HSP27), and αB crystallin, via its substrate, MAPKAPK-2.
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3. 1D SDS-PAGE sample buffers (2X): 2% SDS, 2% glycerol, 40 mM dithiothreitol
(DTT), 0.1% bromophenol blue, and 250 mM Tris (pH 6.8). 3X sample buffer:
3% SDS, 3% glycerol, 60 mM DTT, 0.15% bromophenol blue, and 375 mM Tris-
HCl (pH 6.8). Glycerol is a viscous solution that should be transferred with a
large pore pipet.

4. 1D SDS-PAGE separation gel polymerization solution: 30 mL of acrylamide
(30%)/bis-acrylamide (0.8%), 18.75 mL of 1.5 M Tris-HCl, pH 8.8; 25.6 mL of
glass-distilled water; and 375 µL of 20% SDS. Oxygen is removed from the
polymerization solution by vacuum for 10 min. Polymerization is catalyzed by
the production of free radicals with 37.5 µL of TEMED and 250 µL of 10%
ammonium persulfate.

5. Stacking gel polymerization solution: 28.9 mL of acrylamide (30%)/bis-
acrylamide (0.8%); 12.5 mL of 0.5 M Tris, pH 6.8; 28.9 mL of distilled water;
and 250 µL of 20% SDS. After 10 min of de-gassing by vacuum, the polymeriza-
tion is catalyzed by 26 µL of TEMED and 500 µL of 10% ammonium persulfate.

6. Acrylamide and bis-acrylamide (crosslinker) are neurotoxic in the monomer
form, and gloves should be worn during routine handling. SDS is an irritant in
the powder form and gloves, and face masks should be worn during preparation
of stock solutions of SDS, acrylamide and bis-acrylamide. The acrylamide/bis-
acrylamide stock solution should be stored at 4°C in brown bottles and is stable
for 1 mo.

7. Electrophoresis running buffer: 25 mM Tris, 192 mM glycine, and 10 mM SDS.
8. Kaleidoscope prestained MW standards (cat. no. 161-0324, Bio-Rad).
9. Immunoblotting Transfer Buffer: 25 mM Tris, 192 mM glycine, and 10 mM SDS.

10. Nitrocellulose.
11. Immunostaining blocking buffer: TBS-Tween (TBS-T)-20 mM Tris, pH 7.5; 137

mM NaCl; 0.1% Tween-20; and 5% Carnation nonfat milk powder.
12. Antibody dilution buffer: TBS-Tween with 5% bovine serum albumin, pH 7.5.
13. All polyclonal antibodies are obtained from are obtained from Cell Signaling

(Beverly, MA). Phospho-p38MAPK Thr180/Tyr182 (cat. no. 9211); phospho-
ERK p44/42 Thr202/Tyr204 (cat. no. 9101); total p38 MAPK (cat. no. 9212);
and total ERK p44/42 (cat. no. 9102).

14. Anti-rabbit horseradish peroxidase-conjugate (Sigma).
15. LumiGlo substrate solution (Kirkegaard and Perry, Gaithersburg, MD).
16. Kodak X-Omat LS MAT X-ray film.
17. GBX developer and fixer.
18. Colloidal Gold Total Protein Stain (cat. no. 170-6527, Bio-Rad).

2.2. Nonradioative Kinase Activity Assay

1. Kits for the nonradioactive assay of p38MAPK and ERK kinase activites (cat.
no. 9820 and 9800, respectively) are obtained from Cell Signaling (Beverly, MA)

2. Lysis buffer: 1% Triton X-100 with 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM β-
glycerolphosphate, 1 mM EDTA, 1 mM ethylenebis(oxyethylenenitrilo)tetraacetic
acid, 1 mM phenylmethyl sulfonyl fluoride (PMSF), 2.5 mM Na pyrophosphate,
1 mM sodium orthovanadate, and 1 µg/mL leupeptin.
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3. Kinase buffer: 25 mM Tris-HCl, pH 7.5, 5 mM β-glycerolphosphate, 2 mM DTT, 10
mM MgCl2, 1 mM PMSF, 2.5 mM Na pyrophosphate, and 0.1 mM sodium
orthovanadate. These components are provided as two separate 10X concentrates
in the non-radioactive kinase activity assay kits (with the exception of PMSF or
as an alternative, AEBSF, as described previously).

4. Immobilized phospho-p38 MAPK or phospho-ERK 1/2 polyclonal antibodies
(Cell Signaling; cat. no. 9219 and 9109, respectively).

5. 10 mM ATP (Cell Signaling; cat. no. 9804).
6. Fusion substrate proteins: ATF-2 or Elk-1 for p38MAPK and ERK 1/2 (Cell Sig-

naling; cat. no. 9224 and 9184), respectively.
7. Phosphospecific antibodies for substrate proteins: anti-ATF-2 (Thr71) or anti-

Elk-1 (Ser383) for p38MAPK and ERK 1/2 (Cell Signaling; cat. no. 9221 and
9181), respectively.

8. Active p44 and p42 MAP kinase (cat. no. 14-439 and 14-173, respectively, Upstate;
Charlottesville, VA).

9. Active p38MAPK α (cat. no. 14-210, Upstate).

3. Methods
The methods described in Subheadings 3.1. and 3.2. outline: (1) the use of

phosphospecific MAP kinase antibodies to determine MAP kinase activation
by Western blotting; and (2) the use of phospho-specific antibodies to assay
kinase activity in a nonradioactive mode.

3.1. Determination of MAPK Activation With Phospho-Specific Antibodies
3.1.1. In Vitro Ischemia Model

1. Cardiomyocytes are isolated by the collagenase digestion of a heart perfused with
calcium-free Krebs-Henseleit buffer.

2. An aliquot of isolated cardiomyocytes is placed in a series of microcentrifuge
tubes and centrifuged into a pellet. Excess supernatant is removed to leave a fluid
layer above the pelleted cells of approximately one third the volume of the pellet.

3. After nitrogenation of the tube, the cell pellets are incubated for 0–90 min with-
out agitation at 37°C. At the indicated time interval, a tube is removed, and the
cells are briefly resuspended in ice cold TBS/vandate and collected by rapid cen-
trifugation for snap freezing in liquid nitrogen.

4. For the myocardial studies, a rabbit heart is placed in ice-cold HEPES–Krebs–
Henseleit buffer and the ventricular tissue is dissected and sectioned into four
pieces. A section is immediately snap frozen with liquid nitrogen as the oxygen-
ated control. In vitro ischemia is induced by incubating the ventricular tissue on
a sterile gauze, moistened with saline, for 0–75 min. A section is removed at the
indicated time interval and snap frozen with liquid nitrogen.

3.1.2. Cell Fractionation
1. Cardiomyocytes (or activated mast cells) are fractionated by lysing frozen cells for

5 min in 300 µL of ice-cold disruption buffer and centrifuged for 5 min at 10,000g.
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2. The supernatant containing the cytosolic fraction is transferred to another
microcentrifuge tube. Aliquots of cytosolic fractions are diluted with equal vol-
umes of 2X sample buffer and stored at −20°C.

3. Myocardial tissue is homogenized in 4 mL of disruption buffer, and the lysate is
processed as described for cardiomyocytes. The concentration of protein in the
cellular samples is determined by using the Bio-Rad DC protein assay kit, a Lowry
that has been modified to accommodate the presence of a variety of detergents.

3.1.3. One-Dimensional SDS-PAGE

1. One-dimensional gel electrophoresis is run with 4.25% stack gels and 12% sepa-
rating gels (16 cm in width and 12 cm in height).

2. Cytosolic fractions are incubated at 100°C for 5 min, loaded at 50 µg/lane, and
resolved with electrophoresis buffer at a constant current of 50 mA before
immunoblotting.

3. Kaleidoscope prestained molecular weight standards in which proteins (7–195
kDa) are labeled with separate dyes, are used at 10 µL per bracketing lanes to: (1)
assess protein separation during electrophoresis; (2) assess the transfer of pro-
teins during immunoblotting; and (3) to provide an estimate of the molecular
weights of immunostained bands.

3.1.4. Western Blotting and Immunostaining

1. Polyacrylamide gels are transferred by a Genie blotting apparatus to nitrocellu-
lose paper for 90 min in transfer buffer.

2. The blots are incubated in blocking buffer for 1 h at room temperature to prevent
nonspecific binding of antibody protein.

3. The blocked blots are incubated (overnight at 4°C, with rotation) with primary
polyclonal antibodies diluted in antibody dilution buffer.

4. Blots are washed separately (to prevent cross-contamination of primary antibody)
with TBS-T three times, 5 min each time, to remove excess primary antibody.

5. Blots are then incubated with antirabbit peroxidase conjugate (1:2500), incubated
for 1 h at room temperature, followed by three 5-min rinses in TBS-T (see Note 1).

6. Blots are incubated in Lumi-Glo substrate solution for 1 min, drained by contact-
ing an edge to filter paper (do not dry), wrapped in plastic film (Saran wrap), and
immediately exposed to X-ray film in an exposure cassette for 1–30 min, depend-
ing on signal intensity (see Note 2).

7. Films are developed with GBX developer and fixer and analyzed by densitom-
etry using Bio-Rad Quantity One software.

8. After immunostaining and exposure to film the blots are stained for total protein
to assess the transfer of protein and the equivalency of protein loading in each lane.

9. Several alternatives exist for this procedure, including Sypro Ruby Protein Blot
stain or Amido Black. My laboratory uses Colloidal Gold Total Protein Stain.
The blots must be thoroughly washed with glass-distilled water to remove chlo-
ride ions that would interfere with the staining procedure. Stain for 15–60 min
depending on protein load and background staining.
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The primary advantage of the Western blotting method is that it is a rela-
tively rapid assay that is not technically challenging. Whole cell lysates can be
obtained by solubilization with 2% SDS (at 100°C) and dispersion with a 26-
gage needle to shear DNA. However, our studies use fractionation of
cardiomyocytes into cytosolic, membrane, and cytoskeletal/nuclear fractions
by solubilization with digitonin, Triton X-100, and SDS, respectively. The cyto-
solic fractions are primarily used for our studies of MAP kinases. The transloca-
tion of MAP kinases to the nucleus has been reported (18,19). However, MAP
kinase nuclear translocation is not pursued in our current studies.

The activation of ERK and p38MAPK in oxygenated and in vitro ischemic
isolated adult rabbit cardiomyocytes was determined by immunoblotting with
dual phospho-specific antibodies. In isolated cardiomyocytes, MAP kinase
phosphorylation is clearly observed by well-defined bands (Fig. 2A). ERK and
p38MAPK dual phosphorylation is observed at high and low levels, respec-
tively, in oxygenated cardiomyocytes. ERK and p38MAPK dual phosphoryla-
tion is significantly decreased and increased by 30 min of in vitro ischemia,
respectively (Fig. 2B), indicating a reciprocal relationship between the activa-
tion of these MAP kinases, as previously described in other systems (20). A
subsequent loss of p38MAPK dual phosphorylation is observed after 60 min of
in vitro ischemia.

3.2. Nonradioactive Assay of MAP Kinase Activity

1. Nonradioactive kits are used to directly determine p38MAPK and ERK1/2 activ-
ity in the cytosolic fractions of cardiomyocytes.

2. All materials (microcentrifuge, buffers, and micro-tubes) are kept ice cold
throughout the procedure. An aliquot of the cytosolic fraction (200 µg in 200 µL
of lysis buffer) is immunoprecipitated with 20 µL of immobilized phospho-
p38MAPK or immobilized phospho-p44/p42 MAPK, overnight at 4°C.

3. Incubate immobilized antibodies on ice for 15 min before resuspension, repeated
inversion, or gentle vortexing. In the ERK1/2 kit, purified active ERK2 is pro-
vided as a positive control. A control tube with 20 ng of active ERK2 in 200 µL
of lysis buffer is immunoprecipitated as described previously.

4. The immunoprecipitates are collected after 30 s of centrifugation (10,000g) and
washed twice in lysis buffer and twice in kinase buffer.

5. The immunoprecipitates are resuspended in 50 µL of kinase buffer in the pres-
ence of 200 µM ATP and 2 µg of substrate protein: ATF-2 and ElK-1 fusion
proteins for p38MAPK and ERK activity assays, respectively (see Note 3). The
reaction mixture is incubated for 30 min at 30°C, and the reaction is terminated
with 25 µL of 3X sample buffer.

6. The reaction mixture is incubated at 100°C for 5 min and briefly vortexed before
centrifugation at 10,000g for 2 min.

7. The supernatant (30 µL) is loaded onto 12% 1D-SDS PAGE gels, electrophore-
sed and subjected to Western blotting, as described previously.
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8. The blots are immunostained with phospho-specific antibodies to the substrate
proteins: phospho-ATF2 (Thr71) or phospho-Elk1 (Ser383) for p38MAPK or
ERK 1/2 activity assays, respectively, as described previously.

These assays use phospho-specific antibodies to determine the ability of an
immunoprecipitated MAP kinase to phosphorylate a downstream substrate. The
use of immunoblotting with phospho-specific antibodies to determine MAP
kinase activation presumes that phosphorylation of the Thr-X-Tyr activation
site directly relates kinase activity. However, it is conceivable that phosphory-
lation of negative regulatory sites on MAP kinases or the crossinhibition of
MAP kinases by other signal transduction pathways (20) could modulate MAP
kinase activity, independent of Thr-X-Tyr phosphorylation. Thus the basic pre-
sumption of the immunoblotting assay needs to be validated by kinase activity
assays. The non-radioactive assays offer a convenient, specific, and nonhaz-
ardous method to determine MAP kinase activity.

3.2.1. Nonradioactive Assay of MAP Kinase Activity in Tissue

Adult rabbit myocardium was sectioned and subjected to various time inter-
vals of in vitro ischemia. Myocardial sections were fractionated by homogeni-
zation in the digitonin buffer described above to produce a cytosolic fraction.
The myocardial cytosolic fractions were immunoprecipitated and subjected to
the nonradioactive kinase activity assay. The bands that were observed subse-

Fig. 2. MAP kinase dual phosphorylation in isolated cardiomyocytes. (A) Phospho-
rylation of ERK 1/2 and p38MAPK is observed at high and low levels, respectively, in
oxygenated cardiomyocytes. (B) Ischemia significantly decreased ERK p44 and p42,
(� and �, *p < 0.0001 vs 0 min control, respectively, n = 10). Ischemia increased
p38MAPK (closed triangle, **p < 0.01 vs 0 min control, n = 4). Ischemia did not
induce the loss of total ERK1/2 or p38MAPK.
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quent to immunostaining blots with phospho-specific or total MAP kinase anti-
bodies were not as distinct and clear as observed with isolated cardiomyocytes,
reflecting increased background and cellular heterogeneity in myocardial tissue
(Fig. 3A). However, the resolution was sufficient to permit the quantitation of
ERK or p38MAPK dual phosphorylation.

The results of the dual phosphorylation studies were compared with the kinase
activities of myocardial ERK and p38MAPK as determined by nonradioactive
assays (Fig. 3B,C). These comparisons demonstrate a correlation between the
dual phosphorylation and kinase activities of myocardial ERK1/2 (Fig. 3B). In
contrast to the dual phosphorylation of ERK1/2 in oxygenated cardiomyocytes
(Fig. 2B), the dual phosphorylation and kinase activities of myocardial ERK1/
2 was low in oxygenated myocardium and increased by 15 min of ischemia,
with a subsequent decrease by 30–75 min. The explanation for this discrep-
ancy will be resolved by future studies. The variance in the myocardial ERK1/
2 kinase activity results during early ischemia was greater than that observed
with the myocardial ERK1/2 and p38MAPK dual phosphorylation studies. The
dual phosphorylation and kinase activities of myocardial p38MAPK were di-
rectly correlated in that the peak of dual phosphorylation and kinase activity
peaked at 15 min of in vitro myocardial in vitro ischemia with a decrease by 30
min of ischemia (Fig. 3C).

In conclusion, immunoblotting studies with dual phospho-specific MAP kinase
antibodies offer a convenient method to determine MAP kinase activation. The
results of these studies can be verified by the nonradioactive kinase activity
assays that are now available. These techniques will afford a clearer under-
standing of the role of MAP kinases in mast cell signal transduction and bio-
logical function.

4. Notes
1. The avidity of the phospho-specific antibodies is not as strong as polyclonal anti-

bodies to the total protein. Thus it is important to minimize the washes to the 5-min,
three times method described in Subheading 3.1.4. This is also the reason that
bovine serum albumin is used in the antibody dilution buffer and the incubation
period with the primary phospho-specific antibody is overnight at 4°C. This does
not increase the background if blots are blocked with nonfat milk for only 1 h at
room temperature. The background also is decreased by using nitrocellulose for
Western blotting, although polyvinyldiene fluoride is a possible substitute.

2. It is important to expose the blots to X-ray film immediately after incubation in
the Lumi-Glo buffer. The peroxidase conjugated secondary antibody catalyzes
the breakdown of hydrogen peroxide (Reagent B) to free radicals that excites
Luminol (Reagent A), producing light. This production of light peaks at 5 min
after incubation and declines by 1–2 h.
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Fig. 3. MAP kinase dual phosphorylation and kinase activities in myocardial extracts.
(A) A direct correlation between the dual phosphorylation and kinase activities of ERK1/
2 and p38MAPK is observed in immunoblots of myocardial extracts. (B) The dual phos-
phorylation of ERK p44 was significantly increased by 15 min of ischemia (n, p < 0.004
vs 0 min control, n = 5). This increase in dual phosphorylation directly correlated to the
increase in ERK kinase activity (�, n = 3) as determined by a nonradioactive kinase
activity assay. (C) The dual phosphorylation of p38MAPK was significantly increased
by 15 min of ischemia (�, p < 0.03 vs 0 min control, n = 3). This increase in dual
phosphorylation directly correlated to the increase in p38MAPK kinase activity (�, n =
4), as determined by a nonradioactive kinase activity assay.

3. In the nonradioactive kinase activity assay, it is critical that all components are
ice cold. The immobilized anti-phospho MAPK antibody must be fully resus-
pended (gently vortex if necessary) and added with a large bore pipet tip (cut off
the tip) inserted only to the top of the bead slurry. It is also essential to conduct
the immunoprecipitation step overnight at 4°C. During the washings the pelleted
immunoprecipitate must be fully visualized to verify the complete removal of
wash buffer without disturbing the pellet. This step is particularly important
after the last wash, before the addition of the reaction kinase buffer, ATP and
substrate protein.
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Microarray and Gene-Clustering Analysis

Tsung-Hsien Tsai, Denise M. Milhorn, and Shau-Ku Huang

Summary
Human mast cells are capable of secreting a plethora of inflammatory mediators and

cytokines that may play a pivotal role in innate immune and inflammatory responses.
Activation of mast cells by antigen and immunoglobulin E (IgE) results in signaling,
gene expression, and expression of inflammatory mediators. Although a variety of tech-
niques have been used to evaluate mast cell biology, recent advances in molecular tech-
niques have provided unprecedented tools to study these cells. The complimentary
deoxyribonucleic acid (DNA) oligonucleotide microarray, or DNA-chip technology, allows
simultaneous monitoring of gene expression, provides a format for identifying genes as well
as changes in their activity on a whole genome scale, and potentially offers a global view
of pathophysiologic changes. This chapter reviews the use of DNA-chip technology in
studying the expression of genes (transcriptional profiling) in activated human mast cells
obtained from cultured cord blood-derived mononuclear cells and comments on the use
of bioinformatics on analysis of gene expression. The most powerful applications of
transcriptional profiling involve identification of the common patterns of gene expres-
sion across many experiments using various gene-clustering analyses. Several techniques
have been used for the analysis of gene-expression data including hierarchical clustering
and self-organizing maps. In this chapter, a general laboratory protocol for array analy-
sis currently being used in our laboratory and the use of bioinformatics is discussed.
Although the focus is on Affymetrix oligonucleotide arrays, the techniques described are
generally applicable to expression data generated using other array formats.

Key Words: Mast cells; inflammation; oligonucleotide array sequence analysis; com-
putational biology; cytokines; chemokines.

1. Introduction
Accumulated evidence has indicated that highly interactive molecular net-

works are involved in mast cell function. The regulation of mast cell function
involves gene expression for components of receptors, signal transduction path-
ways, and modulators of transcription and translation. Thus, the identification
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of genes associated with mast cell activation and characterization of their expres-
sion patterns across the whole genome will be significant in our understanding
of the role of mast cells in normal physiology and in disease. Recently, new
approaches, as a form of functional genomics, have been developed that allow
for the analyses of gene expression patterns and their functions on a genome-
wide scale. These include complementary deoxyribonucleic acid (cDNA) and
oligonucleotide arrays (1,2), a method involving serial analysis of gene expres-
sion (SAGE [3]), and differential display (4). The cDNA oligonucleotide
microarray or DNA-chip technology allows the simultaneous monitoring of
gene expression, provides a format for identifying genes as well as changes in
their activity on a whole genome scale, and potentially offers a global view of
pathophysiologic changes. Two recent studies have been informative in cat-
egorizing genes in a rat mast cell line (5), RBL, and in an interleukin (IL)-3-
dependent human mast cell line (6). Furthermore, human primary mast cells
only recently have been studied for profiling gene expression in unstimulated
mast cells using microarray analyses (7) and SAGE (8), with an effort towards
construction of mast cell transcriptome (9).

Gene microarray analysis typically has been used to identify differential gene
expression using a postnormalization cut-off and hybridization signal ratios to
search for those that are consistently either up- or downregulated, usually fol-
lowing a simple statistical analysis of gene-expression levels. The most power-
ful applications of transcriptional profiling involve identification of the
common patterns of gene expression across many experiments using various
gene-clustering analyses (10). Several techniques have been used for the analy-
sis of gene-expression data, including hierarchical clustering (11) and self-
organizing maps (SOM [12]). The premise of these clustering techniques is
based on current understanding of cellular processes, in which genes belong-
ing to a particular pathway tend to be coregulated and consequently show simi-
lar patterns of expression. Thus, identifying patterns of gene expression and
grouping genes into expression classes might provide much greater insight into
their biological function and relevance.

During the past few years we have performed experiments to demonstrate
the utility of this technology in profiling differential gene expression using
human T cells (13) and mast cells. Additionally, using Affymetrix array, we
have performed studies of differential gene expression in the bronchial alveo-
lar lavages of asthmatic subjects and in the peripheral blood mononuclear cells
of subjects after allergen immunotherapy. In our experience, a successful analy-
sis of gene expression requires the use of various laboratory protocols and
access to relevant database and software tools to provide efficient data col-
lection and analysis. Although several detailed laboratory protocols have been
published (14,15), the computational tools necessary to analyze the data are
evolving and no clear consensus exists as to the best method for revealing pat-
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terns of gene expression. The purpose of this chapter is to provide a general
laboratory protocol for microarray analysis that is currently being used in our
laboratory. Although the focus is on Affymetrix oligonucleotide arrays, the
techniques described are generally applicable to expression data generated using
other array formats.

2. Materials
1. M-MLV reverse transcriptase (M-MLV RT; 200 U/µL).
2. T7-oligo (dT)24 promoter primer 10 µM.
3. DNA polymerase I, DNA ligase, T4 DNA polymerase.
4. T7 RNA polymerase.
5. Biotin-11-CTP, biotin-16-UTP.
6. 5X fragmentation buffer: 200 mM Tris-acetate, pH 8.1, 500 mM potassium acetate,

150 mM magnesium acetate.
7. Herring sperm DNA (10 mg/mL).
8. Acetylated BSA (50 mg/mL).
9. 20X eukaryotic hybridization control.

3. Methods
3.1. RNA Amplification of Human Mast Cells

Human mast cells are generated from umbilical cord mononuclear cells (see
Note 1) and ribonucleic acid (RNA) is isolated. In most of our study samples,
only a small amount of total RNA (see Note 2) from each sample is available,
and very often the array analysis requires a large amount (10–20 µg) of good-
quality total RNA per hybridization experiment. To increase the yield of total
RNA, we usually began with 1–5 µg of total RNA for the first-strand cDNA
synthesis. The cDNA synthesized from each preparation is used as a template
to make a biotinylated RNA probe through in vitro transcription (T7 Megascript
System or MessageAmpTM aRNA kit, Ambion). The unincorporated nucle-
otides are removed, and biotin-labeled cRNA is fragmented into 35–200 bases
in size. The oligonucleotide-based Affymetrix GeneChip array is then used for
analysis of gene expression, which currently allows analysis of 38,500 genes
and ESTs (Affymetrix Human genome U133 Plus 2.0). For the differential
gene expression analysis, the methods provided by the manufacturer
(Affymetrix, Santa Clara, CA) for the preparation of cRNA and subsequent
steps leading to the hybridization and scanning of GeneChip arrays are used.

3.1.1. Synthesis of First-Strand cDNA (ss-cDNA)

1. Place up to 5 µg of total RNA in a tube.
2. Add 1 µL of 10 µM oligo-dT primer containing a T7 promoter sequence.
3. Add nuclease-free water to bring the final volume of 12 µL.
4. Mix briefly and quick spin.
5. Heat mixture for 10 min at 70°C.
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6. Centrifuge briefly and quick chill on ice. Add: 2 µL 10X First-strand buffer; 1 µL
of ribonuclease inhibitor (10 U/µL); 4 µL of dNTP mix; 1 µL of M-MLV RT.

7. Incubate mixture for 2 h at 42°C.

3.1.2. Synthesis of Second-Strand cDNA (ds-cDNA)

1. Centrifuge briefly the first-strand cDNA sample and put on ice. Add: 63 µL of
nuclease-free water; 10 µL of 10X Second-Strand Buffer; 4 µL of dNTP Mix; 2 µL
of DNA polymerase; 1 µL of RNase H.

2. Incubate mixture for 2 h at 16°C.

3.1.3. cDNA Cleanup

1. Place a filter cartridge in a 2-mL microcentrifuge tube, add 50 µL of cDNA bind-
ing buffer, and incubate at room temperature for 5 min.

2. Add 250 µL of cDNA binding buffer to each DNA sample, mix thoroughly by
repeated pipetting, and apply mixture to an equilibrated cDNA filter cartridge.

3. Centrifuge for 1 min at 10,000g.
4. Discard the flow through and replace the filter cartridge into the tube.
5. Apply 500 µL of cDNA wash buffer to each filter cartridge and centrifuge 1 min

at 10,000g.
6. Discard flow through and spin an additional minute.
7. Transfer filter cartridge to a fresh elute tube.
8. Add 10 µL of preheated nuclease free water to the center of the filter and let stand

at room temperature for 2 min.
9. Centrifuge for 1.5 min at 10,000g.

10. Repeat steps 8 and 9.

3.2. Generation of Hybridization Probes

3.2.1. Prepare Biotin Labeling Antisense RNA (aRNA)

1. Add 7.5 µL of 10 µM biotin-11-CTP and 7.5 µL of 10 µM biotin-16-UTP to the
eluted dscDNA.

2. Concentrate the mixture in a vacuum centrifuge concentrator until the volume is
reduced to 18 µL.

3. Set up the following 40-µL reaction mixture at room temperature by adding the fol-
lowing reagents: 4 µL of 75 mM T7 ATP and T7 GTP solution; 3 µL of 75 mM T7
CTP and T7 UTP solution; 4 µµL of T7 10X reaction buffer; 4 µL of T7 enzyme mix.

4. Incubate the reaction for 6–14 h at 37°C.
5. Add 2 µL of DNase I (2 U/µL) to each reaction, mix, and incubate for 30 min at 37°C.

3.2.2. Clean Up Biotin-Labeling aRNA

1. Add 60 µL of aRNA elution buffer to each aRNA sample and mix thoroughly.
2. Add 350 µL of aRNA binding buffer to each aRNA sample and mix thoroughly.
3. Add 250 µL of 100% ethanol, mix thoroughly, and apply to the center of an

equilibrated aRNA filter cartridge.
4. Centrifuge for 1 min at 10,000g.
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5. Discard the flow through and replace the filter cartridge into the tube.
6. Add 650 µL of aRNA wash buffer to each filter cartridge and centrifuge for 1 min

at 10,000g.
7. Discard the flow through and spin an additional minute at 10,000g.
8. Transfer the filter cartridge to a fresh 2-mL microcentrifuge tube.
9. Apply 50 mL of preheated nuclease-free water to the center of the filter, let stand

at room temperature for 2 min.
10. Centrifuge for 1 min at 10,000g.
11. Repeat steps 9 and 10.
12. Quantify aRNA concentration by UV absorbance.

3.2.3. Fragmenting the aRNA for Target Preparation

1. Add 20 µg of aRNA (volume from 1 to 32 µL).
2. Add 8 µL of 5X fragmentation buffer.
3. Add nuclease-free water to bring the final volume 40 µL.
4. Mix thoroughly and incubate the mixture for 35 min at 94°C.
5. Quick spin and place on ice.
6. Run 2 µL of the reaction mixture on 1.5% agarose gel for checking fragmentation

efficiency.

3.3. aRNA Hybridization

1. Add 15 µg of fragmented aRNA to a tube.
2. Add 5 µL of control oligonucleotide B2 (3 nM).
3. Heat 20X eukaryotic controls to 65°C and add 15 µL of dissolved 20X eukary-

otic controls (bioB, bioC, bioD, cre).
4. Add 3 µL of Herring sperm DNA (10 mg/mL).
5. Add 3 µL of acetylated BSA (50 mg/mL).
6. Add 150 µL of 2X hybridization buffer.
7. Add water to a final volume of 300 µL.
8. Heat at 99°C for 5 min.
9. Lower temperature to 45°C and incubate for an additional 5 min.

10. Spin at maximal speed for 5 min.
11. Store the reaction cocktail at −20°C until ready for hybridization.

3.4. Preparation of Affymetrix Gene Chip and Hybridization

1. Remove the Affymetrix chip from 4°C and bring it to room temperature for
10 min.

2. Add 1X hybridization buffer to wet the chip.
3. Put the chip into the hybridization oven and rotate at 0.2358g for 5 min.
4. Remove the chip from the hybridization oven.
5. Add 250 µL of hybridization mixture to the chip.
6. Place chip to rotisserie box in 45°C and rotate at 0.2358g for 16 h to hybridize.
7. After hybridization, wash the probe array 10 times with a non-stringent buffer at

25°C, followed by four washes with a stringent buffer at 50°C (following
Affymetrix protocol program of the fluidics station).
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8. After the washes, the hybridization array is stained with 6 µL of streptavidin-
phycoerythrin (10 µg/mL) for 30 min at 25°C, and then washed 10 times with a
nonstringent buffer at 25°C.

3.5. Data Analysis

3.5.1. Data Collection and Normalization

1. The probe arrays are scanned using a confocal scanner with a 560-nm long-pass
filter supplied with the Affymetrix system.

2. The array images are analyzed to identify the arrayed spots and to measure the
relative intensities for each element (see Note 3).The data from each hybridiza-
tion experiment are processed using Affymetrix GENECHIP 5.0 software, pro-
vided by the manufacturer. Most commercially available array scanner
manufacturers provide image-processing software.

3. After processing the image, it is necessary to normalize the relative hybridization
intensities. Normalization adjusts for differences in labeling and detection effi-
ciencies for the probes and differences in the quantity of initial RNA from the
samples examined in the assay (see Note 4).

3.5.2. Comparing Expression Data

1. Before data analysis, the normalized intensity requires adjustment for subsequent
analysis. First, for relatively stringent criteria to exclude artifacts near background
range, all genes with a signal less than threefold over the background are elimi-
nated. This step is arbitrary, and there is no absolute cut-off point for background
adjustment.

2. Fulfilling these criteria, genes are then selected and subjected to statistical analy-
sis. To distinguish gene expression patterns, genes that are differentially regu-
lated are selected based on the analysis of the paired t test to calculate statistical
significance.

3. After normalization and adjustment for the background, the data for each gene
are typically reported as an expression ratio (generally with log transformation).
Most published studies have used a post-normalization cut-off of twofold increase
or decrease to define differential expression. Although there is no firm theoretical
basis for selecting this level as significant, this threshold is determined by the
limits of the current technology and represents a reproducible and reliable a cut-
off point for selecting genes whose expression can be validated by other tech-
niques (e.g., real-time PCR).

3.5.3. Clustering Analysis

1. Although the expression ratios often reveal some expression patterns in the data,
they remove all information about the absolute gene-expression level. The true
power of microarray analysis comes from the analysis of many hybridizations to
identify common patterns of gene expression. It is assumed that genes belonging
to a particular pathway tend to be co-regulated, and consequently, show similar
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patterns of expression. To accomplish this type of analysis, there has been devel-
opment of several algorithms and methods, generally referred to as “Cluster
analysis.” Two commonly used are “Hierarchical clustering” and “Self-organiz-
ing maps” (see Note 5).

2. In some microarray experiments, an additional adjustment or re-scaling is needed
to control for the significant variability in the intensity value among different
genes, some of which may dominate and obscure the difference. One method to
circumvent this problem is to re-scale the intensity of each gene, so that the aver-
age expression of each gene is zero. In this process, the basal expression level of
a gene is subtracted from each measurement, thereby enhancing the variation of
the expression pattern of each gene across experiments without regard to whether
the gene is up- or downregulated. This is particularly useful for the analysis of
time-course experiments (see Note 6).

4. Notes
1. Human mast cells were generated from umbilical cord mononuclear cells by

established techniques (16). Cord blood-derived mast cells (CBDMCs) were gen-
erated from freshly isolated cord blood collected with patient consent and institu-
tional review board approval. The blood was diluted 1:1 with phosphate-buffered
saline (PBS), layered over Lymphoprep, centrifuged, and washed with PBS. The
cells were then grown in DMEM F12 media supplemented with 20% fetal bovine
serum (Atlanta Biologicals, Atlanta, GA); 5 × 10–5 M 2-mercapto-ethanol (Fisher,
Pittsburgh, PA); 0.5 mL of insulin-transferin-sodium selenite solution (Sigma-
Aldrich, St. Louis, MO); 25 mM HEPES (Gibco, Carlsbad, CA); 300 nM pros-
taglandin E2 (Cayman, Ann Arbor, MI); 100 ng/mL recombinant human IL-6
(kindly provided by Amgen, Thousand Oaks, CA); and 80 ng/mL stem cell factor
(kindly provided by Amgen) for about 16 wk or until mature. We observed the
maturity of the CBDMCs by using anti-chymase and anti-tryptase antibody stain-
ing. Crosslinking of FcεRI on the surfaces of CBDMCs was performed using
myeloma IgE at 1 µg/mL and anti-IgE at 1.5 µg/mL. IgE was added overnight at
37°C before the addition of anti-IgE.

2. For isolating total RNA, we commonly use a Qiagen kit, RNeasy, which in our
experience generally yields a relatively high quality of RNA and is compatible
with the subsequent array analysis. The RNA is quantified by spectrophotometry
and stored at –70°C. The integrity and accuracy of quantification of DNase I-
treated RNA is assessed by ethidium bromide-formamide gel electrophoresis and
observance of the 28s and 18s ribosomal RNA bands. In our experience, further
purification of mRNA is not necessary because the use of a RNA-amplification
strategy (see below) has proven to successfully enrich, linearly, the amount of
mRNA from the original total RNA pools.

3. Each gene on the chip is assayed by measuring intensity resulting from hybrid-
ization to 11 oligonucleotide probe pairs; each pair consists of a perfect-match
complement and a one-base mismatched variant to a gene-specific sequence.
GeneChip software generates a mean intensity for each gene by first calculating
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the difference between each of the perfect and mismatcyhed probe pairs and then
averaging these differences across the gene-specific probe set, yielding an aver-
age intensity value for each gene. To ensure that the estimate of expression was
not based on the biased representation of a few probe pairs, we only included
genes that have seven or more positive probe pairs as a conservative limit. This
approach assures positive intensity measures for all genes which we can accu-
rately assess expression, and it eliminates those genes for which the chip does not
provide reliable data. Intensity values are averaged across all good probe sets to
provide a single measure for each gene.

4. There are three commonly used techniques that can be used to normalize gene-
expression data from the array hybridization: (1) total intensity normalization:
this is used based on the assumption that the quantity of the input mRNA is the
same for the samples under comparison. It is also assumed that for the thousands
of genes in the array, the changes should balance out so that the total quantity of
RNA hybridizing to the array from each sample is the same; (2) normalization to
housekeeping genes; and (3) normalization to an exogenous control that has been
‘spiked’ into the RNA before labeling. In addition to these methods, normaliza-
tion using regression techniques (17) and ratio statistics (18) has been used,
although this is not very common. The normalization factor is then used to
adjust the data to compensate for experimental variability from the two samples
under comparison.

5. Clustering algorithms sort the data and group genes together on the basis of their
relative levels (normalized) of expression. Several clustering techniques have
been applied to the identification of patterns in gene-expression data, most of
which are hierarchical, and the classification has an increasing number of nested
classes resembling a phylogenetic classification. The two most commonly used
techniques are: (1) Hierarchical clustering; Hierarchical clustering is relatively
simple and the result can be easily visualized, therefore, it has been widely used
for the analysis of gene-expression data. Hierarchical clustering is an
agglomerative approach to sort the expression profiles into different groups,
which are further sorted into various subgroups until the process has been com-
pleted, forming a single hierarchical tree. (2) SOM; SOM is a neural network-
based clustering approach, which assigns genes to a series of partitions on the
basis of the similarity of their expression levels to user defined reference levels
for each partition. In general, while these are powerful techniques, they are still
subjective depending on the use of different algorithms and normalizations, which
will yield different clusters. These techniques are still evolving, and at present
the ultimate confirmation still rely upon the functional tests using molecular bio-
logic means.

6. Microarray analysis offers a great opportunity to identify differential gene expres-
sion and the patterns of gene expression across different experimental conditions
and on a genome-wide scale. Consequently, the use of this technique should be
informative for the biological interpretation of genes and their functions. Although
the technical aspects of this analysis, including the array design and format, have
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been relatively well established, the analytical tools, such as clustering tech-
niques, have not reached their maturity. The successful use of gene clustering
techniques and various algorithms are still dependent on the particular methods
used, the way in which the data are normalized, and the manner in which the
similarity in gene expression is measured. Therefore, at present there is no single
correct classification, and the application of more than one technique often is
needed. It is expected that many new algorithms and software that are under
development will provide much-needed bioinformatics tools for increasing the
accuracy and efficiency of gene expression analysis. Finally, a standardized report-
ing format (the Minimum Information About a Microarray Experiment, or
MIAME) (19), involving sample collection, array hybridization, and data analy-
sis, has been developed as a requirement for reporting array data in the literature,
which has greatly facilitated data sharing and verification.
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Techniques to Study FcεRI Signaling
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Summary
Mast cells are the crucial effector cells for allergic reactions. They are activated

through the aggregation of the high-affinity immunoglobulin E (IgE) receptor (FcεRI)
with allergen and allergen-specific IgE. Tyrosine phosphorylation of FcεRI subunits and
various signaling proteins is an initial triggering event, leading to the activation of sev-
eral signaling pathways in mast cells. Much has been learned from analysis of mast cells
derived from gene-targeted mice. Therefore, in this chapter we will first describe how to
generate mast cells from mouse bone marrow cells and how to correct the genetic defect
by retroviral transduction. Then, we will describe how to assess early activation events
by measuring several protein–tyrosine kinases and serine/threonine kinases such as pro-
tein kinase B (= Akt), protein kinase C, and JNK. As signal transduction is highly depen-
dent on protein–protein interactions, we will describe experimental details of
co-immunoprecipitation methods that are used to confirm such interactions.

Key Words: Mast cell; FcεRI; Lyn; Fyn; Src; Syk; Btk; JNK; PKC; Akt; co-immu-
noprecipitation; retroviral transduction; in vitro kinase assay.

1. Introduction
Despite a recent flurry of articles indicating roles for mast cells in innate

immunity, autoimmune disease models, angiogenesis, and chronic cardiac fail-
ure, immediate hypersensitivity and allergic diseases remain the most impor-
tant focus in mast cell research (1). Because allergic reactions in these diseases
are largely dependent on allergen and allergen-specific immunoglobulin E
(IgE), the study of the effector cells that are activated by these allergy-trigger-
ing agents is central to our understanding of allergy. Mast cells (and basophils)
are considered to be the major effector cell type. IgE is bound to the high-
affinity IgE receptor, FcεRI, on the surface of mast cells, and IgE-bound FcεRI
molecules are aggregated with multivalent allergen. The FcεRI expressed on
mast cells consists of IgE-binding α subunit, a signal-amplifying β subunit,
and two disulfide-bonded γ subunits with a signal-initiating capability (2).
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Upon receptor aggregation, receptor-bound Src family protein tyrosine kinases
(PTKs), such as Lyn and Fyn, are activated. Activated Src PTKs phosphorylate
tyrosine residues in the immunoreceptor tyrosine-based activation motifs
(ITAMs) in the β and γ subunits. Phosphorylation of ITAMs in the β and γ
subunits creates the binding sites for Lyn and Syk (another PTK with two tan-
dem SH2 domains upstream of its catalytic domain), respectively. These PTKs
are activated and phosphorylate a variety of substrates, including adaptor pro-
teins, enzymes (kinases, phosphatases, phospholipases), transcription factors,
and cytoskeletal proteins. These phosphorylations eventually lead to the acti-
vation of several signaling pathways, such as phospholipase C/Ca2+, Ras/mito-
gen-activated protein kinase, nuclear factor-κB, AP1, and NF-AT. Finally,
coordinate activation of these pathways results in degranulation, synthesis and
release of lipid mediators, and synthesis and secretion of cytokines and
chemokines (3,4).

Much of signaling networks has been figured out by analysis of mast cells
derived from gene-targeted mice. Therefore, this chapter will begin with a
description of how to generate mast cells from bone marrow cells (5). Biologi-
cal and biochemical phenotypes found in mast cells derived from gene-tar-
geted mice can most definitively be ascribed to the lack of the gene by
reconstituting the mutant cells with wild-type gene or complimentary deoxyri-
bonucleic acid (cDNA). The current standard method of gene transduction in
mast cells is retroviral transduction (6). Therefore, we will describe our stan-
dard procedures for retroviral transduction. Although the research in FcεRI
signaling deals with many classes of molecules, our description here will be
focused on early activation events, that is, activation of PTKs of the Src, Syk,
and Tec families and several serine/threonine kinases (PS/TKs). Because sig-
nal transduction often depends on protein–protein interactions, experimental
details in co-immunoprecipitation will be depicted as well.

2. Materials
2.1. The Generation of Bone Marrow-Derived Mast Cells (see Note 1)

1. BMMC medium (600 mL): 500 mL RPMI1640 (GIBCO, Carlsbad, CA), 10%
FCS (60 mL, not heat-inactivated, GIBCO), 40 mL D11* (~7%, IL-3), 2 mM L-
Glutamine (6 mL of 200 mM solution, Calbiochem, La Jolla, CA), 0.1 mM non-
essential amino acids (6 mL of 10 mM solution, GIBCO), 50 µg/mL Gentamycin
sulfate (0.6 mL of 50 mg/mL solution, Calbiochem), 50 µM 2-mercaptoethanol
(0.6 mL of 50 mM solution, Sigma, St. Louis, MO).

2.2. Retroviral Transduction
1. sBMMC medium (600 mL): 438 mL RPMI1640, 15% FCS (90 mL, not heat-

inactivated), 60 mL D11*, 2 mM L-Glutamine, 0.1 mM nonessential amino acids,
50 µg/mL Gentamycin sulfate, 50 µM 2-mercaptoethanol, 50 ng/mL recombi-
nant mouse stem cell factor (SCF).
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2.3. FcεRI Stimulation
1. Tyrode’s buffer: 112 mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4,1.6 mM CaCl2, 1 mM

MgCl2, 10 mM HEPES, pH 7.94, 0.05% gelatin, and 0.1% glucose.
2. Anti-DNP IgE.
3. DNP23-HSA.

2.4. Kinase Assays
1. Lysis buffer: 1% Nonidet-P40 (NP-40) lysis buffer: 1% Igepal CA-630 (Sigma;

see Note 2), 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.1% NaN3.

2. Inhibitors (all from Sigma): add inhibitors to the lysis buffer right before use.
1 mM Na3VO4, 1 mM phenylmethyl sulfonyl fluoride, 1 µg/mL aprotinin, 1 µg/
mL leupeptin, 1 µM pepstatin, 25 µM p-nitrophenyl p'-guanidinobenzoate, 2 mM
NaF.

3. 5X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE)
sample buffer: 0.5 M dithiothreitol (DTT), 10% SDS, 0.4 M Tris-HCl, pH 6.8,
and 50% glycerol.

4. PTK kinase buffer:

a. –ATP buffer: 20 mM HEPES, pH 7.5, 10 mM MgCl2, and 10 mM MnCl2.
b. +ATP buffer (for autophosphorylation): –ATP buffer, 0.1 mM cold ATP,

and 10 µCi [γ-32P] ATP (ICN; Irvine, CA)/reaction.
c. +ATP buffer with substrate: the above buffer + 2 mg enolase/reaction.

5. Preparation of acid-denatured enolase:

a. Thaw 100 µL aliquot of frozen enolase (2 mg/mL in H2O; keep at –20°C).
b. Add 100 µL of 50 mM acetic acid.
c. Incubate at room temperature for 5 min.
d. Add 50 µL of 1 M HEPES, pH 7.0.
e. Keep at room temperature until use.

6. Akt kinase buffer:

a. –ATP buffer: 20 mM Tris-HCl, pH 7.5, 50 mM MgCl2, 1 mM DTT, 25 mM
ethylene glycol-bis(2-aminoethylether)-N,N,N'N'-tetraacetic acid (EGTA), 5
mM Na-o-vanadate, and 1 mg/mL mycrocystin.

b. +ATP buffer: –ATP buffer, 2 µg of crosstide (Upstate, Charlottesville, VA)/
reaction, 50 µM cold ATP, 10 µCi [γ-32P]ATP/reaction.

2.5. Immunoprecipitation
1. Antibodies:

• Anti-Lyn: Lyn (44)
• Anti-Btk: Btk (M138)
• Anti-Akt: Akt1 (C-20)
• Anti-JNK1: JNK1 (C-17)
• Anti-PKCα: PKCα (C-20)
• Anti-PKCβI: PKCβI (C-16)
• Anti-PKCβII: PKCβII (C-18)

(All antibodies are from Santa Cruz Biotechnology, Santa Cruz, CA).
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2. Pansorbin (Calbiochem; La Jolla, CA).
3. Protein G PLUS-Agarose (Santa Cruz Biotechnology).
4. High salt wash buffer for coimmunoprecipitation: 1 M NaCl, 1% Triton X-100,

and 10 mM Tris-HCl, pH 7.2.

2.6. Equipment

1. Culture flasks and tubes; all from BD Falcon.
2. Dissection kit: forceps, scissors, 10-mL syringes, and 26-gauge needles.
3. SDS-PAGE apparatus (Biometra/Labrepco, Horsham, PA).
4. Gel transfer apparatus (Amersham; Piscataway, NJ).
5. Liquid scintillation counter (Beckmann).

3. Methods
The methods described in Subheading 3.1.–3.4. will outline; (1) the gen-

eration of BMMCS from mouse bone marrow cells; (2) the genetic manipula-
tion of BMMCS by retroviral transduction; (3) the measurement of PTKs and
PS/TKs; and (4) a detailed procedure to detect protein–protein interactions by
co-immunoprecipitation.

3.1. Generation of BMMCS

Here we describe our standard procedures for BMMC generation, which
usually takes 4–6 wk (see Note 1). After this period, mast cells constitute more
than 95% of live cells, as assessed by flow cytometry for positive expression of
FcεRI and c-Kit. With this high percentage, the cells are ready for biological
(e.g., assays for degranulation, leukotriene, and cytokine secretion), biochemi-
cal (e.g., kinase assays, phosphatase assays, GTPase measurement, and so on),
genetic (e.g., cDNA transfection, siRNA, and so on), and pharmacological
(e.g., inhibitors and activators) experimentations.

3.1.1. Day-by-Day Procedures
DAY 1

1. Euthanize a mouse with carbon dioxide (CO2). Drench the mouse in 70% alcohol to
sterilize it.

2. Strip off the skin from one leg.
3. Holding the femur with the forceps, cut away as much of the quadriceps muscle

as possible. Then cut the muscles behind the knee joint.
4. Bend the knee joint in the “unnatural” or “incorrect” direction to dislocate it. Cut

off the lower leg at the broken knee joint.
5. Snip off a small amount of bone from each end to expose the bone marrow.
6. While holding the femur above the open small flasks (25 cm2), take a syringe

(with a 26-gauge needle containing 10 mL of BMMC media) and insert the tip of
the needle into the exposed bone marrow.
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7. Push the full l0 mL of media through the femur slowly and into the flask to wash
out the cells and collect the drops in the flask.

8. Repeat steps 2–7 with the other leg.
9. Store the flasks in a 37°C, 5% CO2 incubator for 2 d.

DAY 3

1. Transfer each 10-mL culture from the small flask to a medium flask (75 cm2)
containing 40 mL of BMDMC medium.

DAY 8

1. Transfer the cultures to 50-mL tubes.
2. Centrifuge the cells at 300g for 5 min and aspirate supernatant.
3. Resuspend the cells in an optimum volume of BMMC medium and transfer to a

new flask (see Note 3).
4. Store the flasks in the incubator for 1 wk.

DAY 15 (1 WK LATER)

1. Change the media and flasks again.
2. Store the flasks in the incubator for 1 wk.

DAY 22

1. Change the media and flasks again.
2. Store the flasks in the incubator for 1 wk.

DAY 29

1. Change the media and flasks again.
2. The cells are now ready to use. At this point, BMMCs can be used for approx 2–

3 more weeks.

3.2. Retroviral Transduction of BMMCS

This section can be divided into: (1) the construction of retroviral expres-
sion vector; (2) the generation of recombinant retrovirus; and (3) the infection
of replicating mast cells with recombinant retrovirus (see Note 4).

3.2.1. Construction of Retroviral Vector

A Moloney murine leukemia virus-based vector, pMX-puro (8,9), has been
extensively used for transfection of mouse BMMC. As almost all gene-tar-
geted mice have a “neo” gene cassette in their genome, the retroviral vector
must have a different drug-resistance gene, such as the puromycin resistance
gene or another way of selection, for example, a green fluorescent protein
gene in the bicistronic gene expression allele. The expression of the latter can
be detected by flow cytometry or fluorescent microscopy. The most popular
vector, pMX-puro (Fig. 1), can accommodate a gene or cDNA in the region
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between the Bam HI (nucleotide 1884) and Not I (nucleotide 3161) sites. Stan-
dard molecular biological techniques are used to construct recombinant vec-
tors.

3.2.2. Generation of Recombinant Retrovirus

Recombinant retroviral vectors can be transfected into a packaging cell line
to generate infectious virus particles. There are several packaging cell lines
available for this purpose: for example, BOSC 23 (10), Phoenix (11), and Plat-
E (12). Our experience indicates that all of these packaging cell lines yield
titers of viruses high enough to produce transfected BMMC in a scale of 5 to
20 × 107 cells after puromycin selection. These numbers of transfectants allow
for most of biological and some biochemical analyses. In this section, we will
describe our standard protocol using BOSC 23 cells.

3.2.3. Infection of Mast Cells and Selection of Transgene-Expressing Cells

Retroviral genomes can integrate into a host genome only when host cells
are replicating. Although IL-3 usually is used as a growth factor to generate
BMMC, IL-3 alone is not strong enough to induce vigorous cell cycling for
efficient retroviral transduction in BMMC. For this purpose we and others feed
bone marrow cells in IL-3 and SCF to generate BMMC that are ready for
retroviral infection (hereafter abbreviated as sBMMC).

3.2.4. Day-by-Day Procedures
APPROXIMATELY 10 DAYS BEFORE TRANSFECTION

1. Reconstitute a vial of frozen BOSC 23 cells in DMEM/10% FCS/Gln.

Fig. 1. The most popular vector, pMX-puro (the original figure was kindly pro-
vided by Dr. Toshio Kitamura of the University of Tokyo), can accommodate a gene
or cDNA in the region between the BamHI (nucleotide 1884) and NotI (nucleotide
3161) sites.
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2 DAYS LATER

1. Change medium to GPT selection medium. GPT selection medium: Dulbecco’s
modified Eagle’s medium (DMEM), 10% FCS/Gln, and GPT Selection Reagent
(the kit contains 500X mycophenolic acid and 100X aminopterin solution; Spe-
cialty Media, Phillisburg, NJ).

BOSC 23 CELLS PASSAGE

1. After BOSC 23 cells become confluent, passage every 3 or 4 days by three- to
fivefold dilution.

2. Aspirate medium very carefully with Pasteur pipet and wash once with 5 mL of PBS.
3. Add 1 mL of trypsin–EDTA and incubate at room temperature for 1–2 min.
4. Add 3 mL of DMEM and pipet well to separate individual cells. It is very impor-

tant to prevent cells from making cramps.
5. Centrifuge the cells.
6. Suspend in 8 mL of GPT medium per 100-mm dish.
7. Plate BOSC 23 cells homogenously. Pipet BOSC 23 cells well to prevent them

from making cramps.

2 DAYS BEFORE TRANSFECTION

1. Remove GPT selection medium from BOSC 23 cells 48 h before transfection and
add DMEM/10% FCS/Gln.

1 DAY BEFORE TRANSFECTION

1. Plate 5.5–6.5 × 106 cells per 100-mm dish or 2 × 106 cells per 60-mm dish. For each
transfection, prepare three plates/cell densities of 5.5 × 106, 6 × 106, and 6.5 × 106.

DAY 1

1. Make DNA/Lipofectamine mixtures:

a. Mix 10 µg of DNA with 0.75 mL of OPTI-MEM (Gibco) in a Falcon 2059
tube. Add 20 µL of Plus Reagent (Invitrogen) and incubate at room tempera-
ture (RT) for 15 min.

b. Mix 30 µL of Lipofectamine reagent (Invitrogen) with 0.75 mL of OPTI-
MEM (Lipofectamine cocktail).

c. Transfer Lipofectamine cocktail to the DNA tube, mix, and incubate at room
temperature for 15 min.

2. Add 4.5 mL of OPTI-MEM (final total volume: 6 mL/transfection).
3. Pick up BOSC cell plates of the best condition (~60% confluent).
4. Rinse BOSC cells once with 5 mL of OPTI-MEM and overlay the above described

DNA-Lipofectamine complex solution (6 mL) onto the rinsed BOSC cells.
5. Incubate at 37°C for 5 h in a CO2 incubator.
6. Add 6 mL of DMEM/20% FCS/Gln.
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DAY 2

1. Replace the medium with 9 mL (per 100-mm dish) of fresh complete medium
(DMEM/10% FCS/Gln) at 24 h after transfection.

DAY 3

1. At 48 h after transfection, collect the supernatant of BOSC cells and centrifuge
for 5 min at 350g at 4°C to remove living cells.

2. Infection cocktail (10 mL): Supernatant of BOSC cells (8 mL), D11 (1 mL),
FCS (1 mL), 0.15 mg/mL SCF (3.3 µL), and 4 mg/mL polybrene (freshly pre-
pared; 25 µL).

3. Centrifuge 1 × 107 cells/tube sBMMC, remove supernatant, and suspend the cells
in the 10 mL of infection cocktail.

4. Plate sBMMC cells into a 100-mm dish. After 8 h, add 10 mL of fresh sBMMC
medium with 10 µg/mL polybrene.

5. Incubate 16 h in 5% CO2 incubator.

DAY 4

1. At 24 h after infection, wash the cells, suspend in 25 mL of fresh sBMMC
medium, and culture them in a 75-cm2 flask (Falcon cat. no. 3111).

DAY 5

1. At 48 h after infection, start to select the cells with puromycin. Add 10 mL of
puromycin-containing sBMMC medium to 25 mL of cell culture fluid (final puro-
mycin concentration: 1.5 µg/mL).

DAY 8

1. At 3 d after selection, add 15 mL of sBMMC medium.

DAY 15

1. At 10 d after selection, remove 15–20 mL of supernatant and add 15–20 mL of
fresh medium, including puromycin.

DAY 19

1. After 14–16 d of selection, the cells usually start to grow well, then select living
cells using Ficoll as follows.

2. Collect the cells in a 50-mL tube. Spin down at 300g for 5 min.
3. Resuspend the cells in 6 mL of BMMC medium.
4. Overlay the cell suspension in a 15-mL tube containing 6 mL of Ficoll (Roche).
5. Spin at 300g for 15 min.
6. Save the live cells packed between Ficoll and medium and transfer to a 50-mL tube.
7. Wash the cells twice with 30 mL of BMMC medium.
8. Transfer the cells to a 75-cm2 flask. Keep incubate for several more days in the

selection medium.
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2 DAYS BEFORE USING THE CELLS FOR EXPERIMENT

1. Wash the cells twice with BMMC medium and remove puromycin.
2. Suspend the cells in sBMMC medium, and keep incubating until the day the

experiment is performed.

THE DAY OF EXPERIMENT

1. Wash the cells twice with BMMC medium to remove SCF from medium.
2. Incubate the cells in BMMC medium with or without IgE for 6–8 h (see Note 5).
3. Stimulate cells with antigen as described in Subheading 3.3.2.

3.3. FcεεεεεRI Stimulation in BMMC
3.3.1. Sensitization

1. Count mast cell numbers.
2. Transfer the cells to 200-mL centrifuge tubes or 50-mL tubes.
3. Spin down the cells at 300g for 5 min.
4. Resuspend the cells in BMMC medium to a density of 2 × 106/mL.
5. Add IgE to a final concentration of 0.5 µg/mL.
6. Incubate overnight in a CO2 incubator.

3.3.2. Stimulation
1. Spin down the cells in a 50-mL tube for 5 min at 300g.
2. Wash once in Tyrode’s buffer.
3. Resuspend the cells in Tyrode’s buffer to 2 × 107 cells/mL.
4. Make 1-mL aliquots.
5. Add antigen (DNP-HSA) to a final concentration of 10–100 ng/mL.
6. Incubate at 37°C for predetermined periods (depending on the purpose of the

experiment).
7. Spin down the cells and aspirate sup.
8. If you continue experiment, add an appropriate buffer to the pellet. Otherwise,

freeze down the cells in dry ice and keep frozen at −80°C until use.

3.4. In Vitro Kinase Assays

Two representative methods will be described here: one is an assay on Btk,
in which reaction products are analyzed by SDS-PAGE and followed by blot-
ting, and the other is an assay on Akt, in which reaction products are blotted
onto phosphocellulose filters followed by counting the radioactivity. Both
methods can be adapted for other PTKs and PS/TKs using proper substrates
and kinase reaction conditions (see Note 6). These methods are also easy to be
adapted when different sources of enzyme, for example, purified or recombi-
nant kinases, can be used in place of cell lysates.

3.4.1. Cell Lysis
1. Add 200 µL of lysis buffer (+ inhibitors) to the tube containing 2 × 107 cells (see

Note 7).
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2. Incubate on ice with occasional vortexing for 10 min.
3. Spin down the cells at 4°C for 12 min at 15,000g and save sup.

3.4.2. Measurement of Protein Concentration
1. Measure the protein concentration of cleared cell lysate using a Bio-Rad Dc Pro-

tein Assay kit following the manufacturer’s protocol.
2. Calculate the protein concentration.
3. Make 0.2–1 mg (depends on the protein you want to immunoprecipitate) aliquots

at 200–500 µL (make up with lysis buffer as needed).

3.4.3. Btk Kinase Assay
3.4.3.1. IMMUNOPRECIPITATION

1. To 1 mg of the lysate, add 4 µg of anti-Btk (M138) antibody.
2. Let sit on ice for 1.5 h.
3. Add 20 µL of Pansorbin to each tube and vortex at 4°C for 30 min.
4. Wash Pansorbin 4X with 1 mL of lysis buffer and 1X with 1 mL of Btk kinase

buffer (–ATP).
5. Remove all sup using Pipetman.

3.4.3.2. KINASE REACTION

1. Add 20 µL of kinase buffer (–ATP) to the Pansorbin, mix well.
2. Let sit on ice.
3. Add 20 µL of kinase buffer (+ATP) and mix well by tapping.
4. Incubate at 30°C for 10 min.
5. Stop reaction by adding 10 µL of 5X SDS/DTT Sample buffer.

3.4.3.3. SDS-PAGE AND BLOTTING

1. Boil sample and load onto 8% SDS–polyacrylamide gel.
2. Run the gel overnight at approx 40 V.
3. Transfer the proteins to PVDF membrane (Millipore), dry the membrane, and

then detect the kinase activity by autoradiography.

3.4.4. Akt Kinase Assay
3.4.4.1. IMMUNOPRECIPITATION

1. To 0.5 mg of the lysate, add 2 µg of anti Akt1 (C-20).
2. Let sit on ice for 1.5 h.
3. Add 20 µL of Protein G PLUS agarose and shake at 4°C for 30 min.
4. Wash the agarose 4X with 1 mL lysis buffer and 1Xwith 1 mL Akt kinase

buffer (–ATP).
5. Remove the buffer exhaustively using 1-mL syringe with 30-gauge needle.

3.4.4.2. KINASE REACTION (SEE NOTE 8)

1. Add 15 µL of kinase buffer (– ATP) to the agarose, carefully mix by swirling the
tube using tip of Pipetman (see Note 9).

2. Let sit on ice.
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3. Add 10 µL of kinase buffer (+ ATP).
4. Incubate at 30°C for 10 min.
5. Stop reaction by adding 45 µL of ice-cold 10% trichloroacetic acid.
6. Spin at 8000g for 2 min.
7. Spot one third of the volume of the total reaction (23.3 µL) of sup to P81 phospho-

cellulose filter squares (Upstate cell signaling solutions; 11.6 µL to each square,
and use 2 squares/rxn).

8. Wash filters with 100 mL of cold 0.5% phosphoric acid for 5 min.
9. Repeat washes four times.

10. Wash once with 100 mL of acetone at room temperature.
11. Dry the filters at room temperature.
12. Put filters in a scintillation vial and measure Cerenkov counts.

3.5. Co-Immunoprecipitation

Protein–protein interactions can be studied by a variety of methods: the
yeast two hybrid experiment has been used to identify a novel binding partner
for many years. With the advent of proteomics techniques, a more recently
invented method termed tandem affinity purification is used more often. Struc-
tural requirements for interactions between a given protein and its partner
have been studied using “pull-down” methods with a precipitable affinity
ligand incubated with cell lysates that express the binding partner or a puri-
fied, recombinant, or in vitro translated binding protein. A wide selection of
affinity ligands, such as glutathione S-transferase (GST), hexahistidine, and
maltose-binding protein, are available. However, interactions between endo-
genous cellular proteins are usually confirmed by co-immunoprecipitation of
interacting proteins: a protein will be immunoprecipitated by a specific anti-
body, and immune complexes are analyzed by SDS-PAGE and followed by
immunoblotting with an antibody to the interacting partner (see Note 10).
What follows is the protocol used in our previous study (13).

3.5.1. Co-immunoprecipitation of Btk and PKCβI
1. The cells are sensitized and stimulated as shown in Subheading 3.3.
2. Add 500 µL of 1% NP-40 lysis buffer containing inhibitors to 4–5 × 107 cells.

Incubate on ice with occasional vortexing for 10 min, centrifuge at 15,000g for
12 min, and save the sup.

3. Measure the protein concentration using Bio-Rad Dc Protein Assay kit following
the manufacturer’s protocol.

4. Preclear the lysate with Pansorbin. Add 20 µL of Pansorbin/1 mg of lysate and
incubate at 4°C for 30 min on the shaker.

5. Spin down at 15,000g for 5 min and save the sup.
6. Add 5 µg of anti-Btk (raised in rabbit against mouse Btk carboxyl terminal pep-

tide) or 5 µg of normal rabbit IgG to 2 mg of the precleared lysate, let sit on ice
for 1.5 h. Use 5 µg of anti-PKCβI (C-16) for the protein kinase C (PKC) immu-
noprecipitation.
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7. Add 25 µL of bovine serum albumin (BSA)-coated Pansorbin and shake at 4°C
for 30 min (see Note 11).

8. Wash once with 1% NP-40 lysis buffer, once with high salt wash buffer, then
twice with 1% NP-40 lysis buffer.

9. Remove all the washing buffer using Pipetman, then add 40 µL of SDS/DTT
sample buffer.

10. Boil at 95°C for 3 min and load onto 8% polyacrylamide/Tris-SDS gel.
11. Transfer the protein onto PVDF membrane and blot against anti-PKC (C-16) or

anti-Btk (C-20).

4. Notes
1. The number of BMMC obtained by our protocol widely varies from 5 × 106 to 4

× 108 cells per mouse, mainly as the result of the mouse strain: C57BL/6 and
BALB/c mice tend to give lower numbers of BMMC whereas 129/SvJ mice give
larger numbers. Mice with a mixed background of C57BL/6 and 129/SvJ give the
greatest numbers of BMMC in our experience. Knockout of some genes might
also affect mast cell generation. Although we use mouse IL-3 gene-transfected
fibroblasts (D11) as a source of IL-3 for an economic reason, one can use recom-
binant IL-3 instead. Some laboratories use WEHI-3 culture supernatants as a
source of IL-3. Previous optimization for IL-3 sources is required by culturing
bone marrow cells. Similarly, a large amount of fetal bovine serum should be
tested using bone marrow cells or IL-3-dependent mouse mast cell lines such as
PT-18 or MC/9. The heterogeneity of mast cells generated in vitro as well as
those in tissues has been well known (14). BMMC generated in our standard
protocol are “immature” mast cells with similarities to mucosal mast cells. When
bone marrow cells or BMMC that have been generated in IL-3 are exposed to
SCF for some time, the resultant mast cells become more “mature,” with simi-
larities to connective-tissue mast cells. Therefore, it will not be so surprising to
note differences in phenotypes between BMMC and sBMMC. One should care-
fully assess whether an observed difference is the result of an effect of differen-
tiation or genetic difference or simply a result of c-Kit (SCF receptor) signaling.
One should also be cautious in interpreting data using RBL-2H3 rat mast cells
because these cells have an activating mutation in c-Kit. *D11 is culture superna-
tant of IL-3 gene-transfected cells S15 72F-D11 (7). Optimal amounts of D11
supernatant must be titrated by culturing IL-3-dependent mast cells, such as
BMMC, PT-18, or MC/9.

2. NP-40 is not commercially available. Igepal CA-630 is recommended as the sub-
stitute for NP-40 by Sigma, and we have been using this without any problem.

3. The optimum cell concentration is approx 3 × 105 cells/mL.
4. Retroviral transduction of a transgene results in its integration into the host

(sBMMC) genome. Although the integration event is thought to be a nonsequence-
specific phenomenon, the randomness of integration may not be absolute.
Regardless of the extent of randomness, the positional effect associated with trans-
gene insertion is an inherent problem with retroviral transduction (be reminded of
the recent leukemia/lymphoma complications in patients who received a gene
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therapy). One way to avoid this problem is to use other vectors that do not involve
transgene integration. Unfortunately, no systematic application of such vectors
has been attempted with mast cells. However, a practical solution is to study mass
populations of retrovirally transduced cells. Even using such populations of mast
cells, one has to keep it in mind that the resultant cells might be skewed to have a
growth advantage in SCF-containing media. We usually perform three or more
transduction experiments before we draw a conclusion on the effect of gene
knockout on a mast cell phenotype.

5. This sensitization protocol is different from the one described next. Because
sBMMC begin to die from apoptosis 10–24 h after SCF depletion, one needs to
shorten the sensitization time.

6. Most PTKs have an autophosphorylating capacity. Autophosphorylating activity
is usually more robust in in vitro kinase assays than the activity to phosphorylate
an exogenous substrate. It is generally assumed that autophosphorylating activity
is correlated with endogenous substrate-phosphorylating activity. Traditionally,
acid-denatured enolase has been used as an exogenous substrate for Src family
PTKs. Enolase is also a substrate for Btk. Although several other substrates such
as poly-(Glu-Tyr) and band III have been used for the same purpose, it is not
known whether phosphorylation of these substrates in vitro faithfully reflects the
activity of the tested kinase in situ. This question can be addressed by
immunoblotting cell lysates by a phospho-specific antibody that detects an acti-
vated kinase (or an antibody that detects an inactivated kinase) and by confocal
microscopic analysis of cells stained by a phospho-specific antibody. Synthetic
peptides have been extensively used as a substrate for a variety of kinases, par-
ticularly PS/TKs. Phosphorylation of synthetic peptides can be quantified by
SDS–PAGE and autoradiography or by counting the radioactivity of filter papers
that are spotted with reaction mixtures. Unlike the latter method, SDS–PAGE
analysis gives a higher level of confidence for results because the detected radio-
active band can make sure the identity of the substrate. However, short peptides
(<10 residues) cannot be analyzed by this method. Another potential problem is
that some peptides contain more than one phosphorylatable residue. This could
be particularly problematic when an enzyme source comes from a complex mix-
ture of proteins such as cell lysates. Fortuitous co-precipitation of an unintended
kinase might phosphorylate the peptide at an unintended residue.

7. 2 × 107 cells make approx 1 mg of lysate when lysed in 1% NP-40 lysis buffer.
8. Make samples in triplicate. To reduce the background, perform kinase assays

without crosstide, and subtract the count from the one with crosstide.
9. Do not vortex or tap hard. The agarose beads will jump up and stick on the wall.

10. To perform a proper negative control precipitation is critical, given that non-
specific bands are usually seen by immunoblotting total cell lysates even with
preimmune sera. Our experience also indicates that antibody-precipitating media,
such as Pansorbin, protein A agarose, and protein G agarose, precipitate from cell
lysates numerous proteins that be detected by staining SDS-PAGE gels. There-
fore, it is imperative to show negative control data. We believe such data are
essential even when time course studies are carried out. Remember that some
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proteins, such as PKC, are very sticky. How can you reduce the chance of fortu-
itous precipitations of your protein? Because of its unpredictable nature, there is
no fixed way to solve this problem. Once you are faced with it, you can try sev-
eral tricks: (1) change the precipitating media; (2) coat the precipitating media
with BSA or gelatin; (3) change the lysis buffer from a mild detergent to a harsher
detergent; (4) wash the precipitate with high salt buffer; or (5) a combination of
these changes. These changes were all tried before we could generate the clean
co-immunoprecipitation data on Btk–PKC interactions (13).

11. Pansorbin usually is incubated with 1 mg/mL BSA during the preparation, but to
reduce the nonspecific PKC binding, one needs to incubate Pansorbin with 10
mg/mL BSA in PBS for 30 min right before use, and wash 3X with PBS followed
by washing with 1% NP40 lysis buffer.
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Human Mast Cell Proteases
Activity Assays Using Thiobenzyl Ester Substrates

David A. Johnson

Summary
Human mast cells contain proteases that are important functional components and

serve as markers of mast cell activation or degranulation. Although tryptase is the best
recognized mast cell protease, chymase and Cathepsin G also are found in some human
mast cells. Methods for measuring the activities of these enzymes using sensitive syn-
thetic peptide thiobenzyl ester substrates are described in this chapter. Using a visible
plate reader with kinetic software femtomole quantities of these proteases can be mea-
sured. These methods are demonstrated in assays of tryptase and chymase in cell-free
extracts of the HMC-1 and 5C6 human mast cell lines, as well as in extracts of cord
blood derived mast cells.

Key Words: Protease; tryptase; chymase; cathepsin G; activity assays; thiobenzyl
ester substrate.

1. Introduction
Human mast cells contain three serine proteases in their granules that are

released upon degranulation. Most, if not all, mast cells contain tryptase, and
some mast cells also contain chymase (1). Additionally, cathepsin G, which is
normally thought of as a component of neutrophils, also has been shown to be
present in mast cells (2,3). The activities of these proteolytic enzymes add
additional functions to the mast cell. Consequently, the measurement of these
enzyme activities is critical to studying mast cell function. Both chymase and
CatG are chymotrypsin-like enzymes and distinguishing between their activi-
ties is difficult. Although tryptase is the only trypsin-like protease in mast cells,
CatG also cleaves synthetic peptide substrates used to measure tryptase (4).
Consequently, one needs to understand the subtle differences in the activities
of these three enzymes and their interactions with inhibitors to measure their
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activities. For example, tryptase requires heparin for its activity. Although
tryptase is very stable in solutions containing 2 M NaCl, it is rapidly inacti-
vated in buffers of physiological ionic strength in the absence of heparin.
Additionally, CatG is inhibited by heparin.

Tryptase β is a well-established marker of human mast cell activation or
degranulation (5), and measurement of its enzymatic activity provides a simple
method of detecting this process (6–8). Measurement of tryptase activity works
well with purified mast cells, but one must be aware that other trypsin-like
proteases may cleave the synthetic peptide substrate used to measure tryptase
activity and interfere.

Protocols for the assay of each enzyme will be given along with information
to aid in distinguishing the activity of each enzyme with a particular substrate.
Although a number of para-nitroanilide and fluorescent peptide substrates have
been used to assay mast cell proteases, thiobenzyl ester substrates are more
sensitive than para-nitroanilide substrates and easier to use than fluorescent
substrates. Castillo et al. (9) were the first to demonstrate the sensitivity and
utility of peptide thiobenzyl ester substrates and they developed several very
useful substrates for measuring protease activities. Proteases cleave thiobenzyl
esters at much higher rates than para-nitroanilides, yet the thiobenzyl esters are
far less sensitive to autolysis at alkaline pH than ethyl or methyl esters (10).
Additionally, the benzene thiol product reacts with 5,5' dithiobis (2-nitro ben-
zoic acid) (DTNB), also referred to as Ellman’s reagent, to yield a yellow prod-
uct (NBS [2-nitro-5-thiobenzoate anion]) that has a molar extinction coefficient
of 13,600 cm-1 at 410 nm. The chemistry of these reactions is shown in Fig. 1.
The sensitivities of thiobenzyl ester substrates relative to para-nitroanilide sub-
strates can be seen by comparing kcat/Km values (substrate specificity constants)
for the same peptide substrates (Table 1). For chymase the kcat/Km value with
Succinyl-Ala-Ala-Pro-Phe-para-nitroanilide is 1 × 106 M–1s–1, whereas with
Suc-AAPF-SBzl it is 16 × 106 M–1s–1, making the later substrate 16-fold more
sensitive. Fluorescent substrates for tryptase have been developed with a 7-
amino-4-carbamoylmethylcoumarin (ACC) fluorescent leaving group (11).
The most specific of these substrates was N-acetyl-Pro-Arg-Asn-Lys-AAC
(Ac-PRNK–ACC) with a reported kcat/Km of 1.23 × 106 M–1s–1, which is only
slightly higher than 0.836 × 106 M–1s–1 found for the simple Z-Lys-SBzl (12).
However, it must be pointed out that Ac-PRNK–ACC has the advantage that it
is not readily cleaved by other trypsin-like enzymes, such as thrombin. By
choosing the most specific peptide substrates and by using inhibitors to block
interfering activities it is possible to assay different mast cell proteases. As
knowledge increases regarding the specificities of these proteases more spe-
cific substrates will be developed.



Human Mast Cell Proteases 195

Table 1
Thiolbenzyl Ester Substrate Kinetic Constants

Protease Substrate km (µm) kcat (s–1) kcat/km 10–6 × –1s–1 Ref

Tryptase Z-K-SBzl 55 46 0.836 (12)
Chymase Sus-AAPF-SBzl 22 363 16 (27)
Chymase Suc-VPF-SBzl 48 400 8.3 (28)
CatG Sus-AAPF-SBzl 48 14 0.3 (27)
CatG Suc-VPF-SBzl 19 22 1.2 (10)

Fig. 1. The chemistry of thiolbenzyl ester substrate assays.

2. Materials
1. N-carbobenzoxy-Lysine thiobenzyl ester (Z-Lys-SBzl).
2. Succinyl-Ala-Ala-Pro-Phe-thiobenzyl ester (Suc-AAPF-SBzl).
3. DTNB.
4. Heparin.
5. Visible Plate Reader with kinetic capability at 405 or 410 nm.
6. Tryptase Assay Buffer: 0.1 M HEPES, 10% glycerol v/v, 0.1 mg/mL Heparin,

0.01% Triton X-100 v/v, 0.02% NaN3 w/v, pH 7.5 (see Note 1).
7. 20 mM Z-Lys-SBzl; dissolve 17 mg in 2 mL of isopropyl alcohol (warming the

tube in hot water aids dissolution; see Note 2).
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8. 10 mM solution of DTNB; dissolve 40 mg in 10 mL of Tryptase Assay Buffer.
The DTNB solution is stable for approx 1 wk when stored at 4°C, but if it becomes
visibly yellow it should be discarded.

9. Tryptase Substrate Assay Solution; mix 0.87 mL of Tryptase Assay Buffer,
0.1 mL of DTNB solution, and 30 µL of the 20 mM Z-Lys-SBzl stock solu-
tion, along with 1 µL of octanol to prevent bubble formation (see Note 3).

10. Chymase Assay Buffer: 0.1 M HEPES, 1 M NaCl, 10% glycerol v/v, 0.1 mg/mL
heparin, 0.01% Triton X-100 v/v, 0.02% NaN3 w/v, pH 7.5. Because glycerol
volumes are not easily measured, weigh 25 g of glycerol (density is 1.25 g/mL)
into a 250-mL bottle on a top loading balance. Then add 150 mL of deionized
water and mix before adding solids; 4.76 g of HEPES, 11.7 g of NaCl, 20 mg of
heparin, 0.2 mL of 10% Triton X-100 in water, 40 mg of NaN3, adjust pH to 7.5
with NaOH and dilute to 200 mL (see Notes 1 and 4).

11. 20 mM stock solution of the Suc-AAPF-SBzl chymase substrate; dissolve
12.2 mg in 1 mL of dimethylsulfoxide (DMSO; not soluble in isopropanol)
and store at –20°C (see Note 5).

12. 10 mM solution of DTNB; dissolve 40 mg in 10 mL of Chymase Assay Buffer.
The DTNB solution is stable for approx 1 wk when stored at 4°C, but if it
becomes visibly yellow it should be discarded.

13. Chymase Substrate Assay Solution; mix 0.87 mL of Assay Buffer, 0.1 mL of
DTNB solution, and 30 µL of the 20 mM Suc-AAPF-SBzl stock solution, along
with 1 µL of octanol to prevent bubble formation (see Note 3).

3. Methods
3.1. Assay of Tryptase Activity

1. Pipet samples containing tryptase into microplate wells and dilute to 50 µL with
Tryptase Assay Buffer.

2. Pipet 50 µL of buffer in Blank wells in place of sample.
3. Set up the plate reader software to read the desired plates at 405 or 410 nm in

kinetic mode.
4. Set the plate reader to mix on high speed for 10 s prior to the first read. Readings

at 410 nm are normally taken at 20-s intervals for 10 min.
5. Start assay reactions by quickly adding 50 µL of Substrate Assay Solution.
6. Readings at 405 or 410 nm are normally taken at 20-s intervals for 10 min, but

these parameters can be adjusted based on the amount of enzyme present (see
Note 6).

7. A plot of initial rates versus the amount of enzyme should be linear as shown in
Fig. 2.

3.2. Assay of Chymase Activity

1. Follow the steps in Subheading 3.1. for assaying tryptase using the Chymase
Substrate Assay Solution containing Suc-AAPF-SBzl and the Chymase Assay
Buffer in place of the solution used to assay tryptase.
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3.3. Application of the Assays to Human Mast Cells

1. The human leukemia mast cells lines HMC-1 (13) and a subclone of this cell line,
designated 5C6 (14), were analyzed for their content of tryptase and chymase
activities. Cord blood-derived mast cells (CBDMCs) also were analyzed for these
enzyme activities. The cells were generously provided by Drs. D. Chi and G.
Krishnaswamy of East Tennessee State University (15,16).

2. To measure the protease activities in cultured mast cells extracts of CBDMCs,
HMC-1, and 5C6 cells were prepared. Preliminary work had shown that tryptase
is very stable in high salt buffers at pH 6.1 and that Triton X-100, a nonionic
detergent extracts additional tryptase and chymase activity from HMC-1 cells.
Therefore, 10 mM MES; 2 M NaCl; 10% glycerol (v/v); 0.02% NaN3, pH 6.1;
with 0.1% Triton X-100 was chosen as the cell extraction buffer. One tube of
each of HMC-1, 5C6 (10 × 106 cells each), and CBDMC (1 × 106 cells), which
had been stored as frozen cell pellets, was suspended in 2 mL of cold extraction
buffer. Cell suspensions were transferred to 10 mL of polypropylene tubes and
homogenized using an Omni 2000 rotary tissue grinder at maximum speed for
10 s and placed on ice. The rotary tissue grinder breaks the cells and reduces the
viscosity of the extracts by sheering the DNA. Homogenates were stored over-
night at 4°C and soluble fractions were obtained by centrifuging the samples in
the same 10-mL tubes in the Beckman R-20 rotor using rubber adaptors at
30,000g for 30 min. Each extract represented 5 × 106 cells/mL for HMC-1 and
5C6 cells and 0.5 × 106 cells/mL for CBDMCs. Assays for tryptase and chymase

Fig. 2. Tryptase standard curve. Recombinant human tryptase beta was assayed using
the Z-Lys-SBzl substrate as described. Rates were plotted against the amount of enzyme.
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activities were performed on 10–40 µL of extract, using the Z-Lys-SBzl sub-
strate for tryptase and the Suc-AAPF-SBzl substrate for chymase. The results of
these assays are shown in Fig. 3A and 3B, respectively. Although CatG has
been reported in human tissue-derived mast cells (2,3) and in the HMC-1 cell
line (17), the amount of CatG relative to chymase is unknown. Because, on the
basis of their kcat/Km ratios, Suc-AAPF-SBzl is a 53-fold better substrate for
chymase than for CatG, it can be concluded that most of the activity observed is
attributable to chymase even if these chymotrypsin-like enzymes are present in

Fig. 3. Tryptase and chymase activities in mast cells. Extracts of two mast cell lines
(HMC-1 and 5C6; 5 × 106 cells/mL) and CBDMC (0.5 × 106 cells/mL) were assayed
for tryptase using Z-Lys-Bzl as described (A) and chymase using Suc-AAPF-SBzl (B)
as described. Assays were performed in triplicate and the error bars are standard
deviations from the mean.
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equal concentrations. Additionally, HMC-1 cells seem to have much less CatG
than chymase (17), further indicating that the Suc-AAPF-SBzl substrate mea-
sures chymase, rather than CatG in this cell line. Although CatG activity might
interfere with the measurement of tryptase and chymase activities, CatG does
not cleave these synthetic substrates very rapidly and the amount of CatG in
mast cells is probably low. Heparin is required for the stability of the active
tryptase tetramer (12,18) and chymase is activated by heparin (19). Whereas
heparin has been shown to inhibit CatG (20,21), the inclusion of heparin in the
tryptase and chymase assay buffers would further reduce CatG activity.

3. Inhibitors can aid in distinguishing between different proteases, as demonstrated
by Sheth et al. (17), who used aprotinin (bovine pancreatic trypsin inhibitor; also
known as Trasylol a product of Bayer, AG), which inhibits CatG, but not
chymase. These workers also used a synthetic inhibitor of chymase called Y-40018
(22) that inhibits chymase by 100% and CatG by only approx 20%. As pharmaceu-
tical companies develop new inhibitors of chymase and/or CatG as potential
drugs, more specific inhibitors will become available. Tryptase is uniquely resis-
tant to inhibition by the protease inhibitors present in human blood (23) and this
property can be used to distinguish tryptase from other trypsin-like serine proteases.

4. As with any enzyme assay, running positive controls with known amounts of
pure enzyme aids in standardizing the technique and for testing its application to
the system of interest. Fortunately, recombinant human tryptase (24) is avail-
able from Promega (Madison, WI). Chymase and CatG purified from human
tissues are commercially available, although recombinant forms not yet avail-
able. Active recombinant chymase has been expressed (25), but there are no
reports of recombinant CatG.

4. Notes

1. Because glycerol volumes are not easily measured, weigh 25 g of glycerol (den-
sity is 1.25 g/mL) into a 250-mL bottle on a top of a loading balance. Then, add
150 mL of deionized water and mix, before adding solids, 4.76 g of HEPES, 20 mg
of heparin, 0.2 mL of 10% Triton X-100 in water, 40 mg of NaN3, adjust pH to 7.5
with NaOH, and dilute to 200 mL. As mentioned earlier, heparin is required for
tryptase stability, and we have found that glycerol also aids enzyme stability.
Triton X-100 prevents the tendency of tryptase to bind to surfaces at lower ionic
strengths.

2. Although Z-Lys-SBzl stock solutions can be prepared in DMSO, we have found
that the substrate gives lower rates over time when stored in DMSO, whereas this
does not happen when the isopropanol is used as the solvent. There was no indi-
cation that the substrate was hydrolyzing during storage in DMSO because the
substrate buffer blanks did not increase during storage. Although we have not
analyzed the chemistry associated with this loss of substrate function in DMSO,
we do know that Z-Lys-SBzl is very stable in isopropaol.

3. The volume of Substrate Assay Solution prepared depends on the number of wells
being used plus enough extra volume to allow pipetting. For example to assay 20
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wells make up 1.2 mL of Substrate Assay Solution. A multichannel pipetor is
useful for quickly adding the Substrate Solution when assaying a large number of
wells, but there is more substrate wastage because extra volume must be in the
buffer troughs used with multichannel pipetors.

4. The assay buffer for chymase is essentially the same as that used for tryptase
with the addition of 1 M NaCl, which has been shown to increase activity (26).

5. Suc-AAPF-SBzl has a 53-fold larger kcat/Km ratio for chymase than for CatG and
the addition of heparin to the buffer activates chymase and inhibits CatG. Conse-
quently, assays of mast cell extracts using the Suc-AAPF-SBzl substrate pre-
dominantly measure chymase with little interference from CatG.

6. Although we normally perform assays at room temperature (approx 22°C), higher
temperatures, such as 37°C can be used. To obtain initial velocity measurements
check the linearity of each reaction via linear regression. When the curves are not
linear over the course of 10 min, initial velocities (or rates) usually can be obtained
by using the data from the first 2 to 5 min. If the plots are not linear, repeat the
assays using less enzyme (cell extract) so the initial velocities can be accurately
determined.
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Mast Cell Histamine and Cytokine Assays

David S. Chi, S. Matthew Fitzgerald, and Guha Krishnaswamy

Summary
Mast cells are crucial to the development of chronic allergic inflammation and are

likely to play a critical role in host defense. In this chapter methodology for histamine
and cytokine assays is provided. Crosslinkage of IgE receptor I (FcεRI) on cord blood-
derived mast cells by myeloma IgE and anti-human IgE is used to induce histamine
release. Histamine levels were measured in the culture supernatants using an enzyme-
linked immunosorbent assay. A human mast cell line (HMC-1), derived from a patient
with mast cell leukemia, was activated with interleukin (IL)-1β to study cytokine pro-
duction and gene expression. Cytokine gene expression was evaluated by reverse tran-
scriptase polymerase chain reaction and cytokine production was assayed in culture
supernatants using an enzyme-linked immunosorbent assay kit.

Key Words: Mast cells; cord blood-derived mast cells; IgE; IgE receptor; histamine;
inflammation; enzyme-linked immunosorbent assay; reverse transcription polymerase
chain reaction (RT-PCR); cytokines; RNA, IL-8.

1. Introduction
Mast cells are critical to the development of chronic allergic inflammation,

as seen in allergic asthma (1,2). Crosslinking of cell surface IgE bound to the
high-affinity IgE-receptor I, FcεRI, leads to the rapid release of inflammatory
mediators, including histamine, proteases, chemotaxins, and arachidonic acid
metabolites, such as prostaglandins and leukotrienes (3). Studies from several
laboratories, including our own, have demonstrated the capacity of these cells
to express certain cytokines regulating the inflammatory response (4–7).
Through their production of cytokines, chemokines, and inflammatory media-
tors, mast cells play an important role in various inflammatory and neoplastic
states (8).

In this chapter, crosslinkage of FcεRI by myeloma IgE and anti-human IgE
are used to induce histamine release from human cord blood-derived mast cells
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(CBDMCs [7]). Histamine levels will be measured in the culture supernatants
using the enzyme-linked immunosorbent assay (ELISA). The procedure of
growing human CBDMCs is detailed in Chapters 8 and 9. In this chapter,
CBDMCs and human mast cell line (HMC-1) derived from a patient with mast
cell leukemia (9) were activated with the cytokine interleukin (IL)-1β to induce
IL-8 production and gene expression. IL-8 gene expression was evaluated by
reverse transcriptase polymerase chain reaction (RT-PCR) whereas cytokine
levels in culture supernatants were assayed by ELISA.

2. Materials
2.1. Histamine Release From Human CBDMCs by Crosslinkage
of FcεRI With Myeloma IgE and Anti-Human IgE
2.1.1. Crosslinkage of FcεRI With Myeloma IgE and Anti-Human IgE

1. Human CBDMC media: DMEMF12 (Gibco Invitrogen, Carlsbad, CA) supplemented
with 20% fetal bovine serum (Atlanta Biologicals, Atlanta, GA); 5 × 10–5 M
2-mercaptoethanol (Fisher, Pittsburgh, PA); 0.5 mL of insulin–transferin–sodium
selenite solution (Sigma-Aldrich, St. Louis, MO); 25 mM HEPES (Gibco,
Carlsbad, CA); 300 nM PGE2 (Cayman, Ann Arbor, MI); 100 ng/mL recombi-
nant human IL-6 (kindly provide by Amgen, Thousand Oaks, CA); and 80 ng/mL
stem cell factor (kindly provided by Amgen [7]).

2. 75-cm2 flasks culture flasks, vented cap (Corning, Corning, NY).
3. Myeloma IgE (Calbiochem, San Diego, CA).
4. Anti-human IgE (Mouse IgM monoclonal antibody, Hybridoma Reagent Labo-

ratory, Baltimore, MD).
5. Phosphate-buffered saline (PBS), pH 7.2.
6. Tyrode’s solution: 124 mM NaCl, 4 mM KCl, 0.64 mM NaH2PO4, 1 mM CaCl2,

0.6 mM MgCl2, 10 mM HEPES buffer, and 0.03 % human serum albumin, pH 7.4.
7. Phorbol myristate acetate (PMA; 1 µg/mL stock solution, Sigma).
8. Centrifuge tubes (15 mL).
9. 12-well culture plate (Falcon).

2.1.2. Measurement of Histamine by ELISA
1. Immunotech Histamine Enzyme Immunoassay Kit (Beckman Coulter, Fullerton,

CA), which includes a 96-well microtiter plate with lid (coated with monoclonal
anti-histamine antibody), standards (six vials containing histamine ranging from
0 to 100 nM), control (one vial of histamine of known concentration), acylation
reagent (one vial), dimethyl sulfoxide (one 3-mL vial to dissolve acylation reagent),
acylation buffer (one 5-mL vial), histamine-release buffer (one vial to be reconsti-
tuted with 25 mL of distilled water), histamine–alkalin phosphatase conjugate
(one vial to be reconstituted with conjugate diluent H), conjugate diluent H (one
25-mL vial), wash solution 20X (one 50-mL vial to be diluted to 1 L with dis-
tilled water), substrate buffer (one 30-mL vial), substrate (two 15-mg tablets of
Para-nitrophenylphosphate, pNPP, to be dissolved in 30 mL of substrate buffer),
and stop solution (one 6-mL vial of 1 N NaOH solution).
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2. Plastic tube (15 mL and 50 mL).
3. Micropipets (20 µL, 200 µL, and 1000 µL).
4. Vortex-type mixer.
5. Microtiter plate shaker (350 rpm).
6. Microtiter plate washer (Bio-Tek, Winooski, VT).
7. Microtiter plate reader (405-414 nm, Dynatech MR5000, Chantilly, VA).
8. BioLinx 2.22 software (Dynex Technology, Chantilly, VA).

2.2. Growth of HMC-1 Cells
1. HMC-1 culture media: RPMI 1640 media supplemented with 2 × 10–5 M

2-mercaptoethanol (Sigma), 10 mM HEPES, gentamycin 50 µg/mL, 5 mg/mL
insulin transferrin (Sigma), 2 mM L glutamine, and 5% heat-inactivated fetal
bovine serum.

2. 75-cm2 culture flasks, vented cap (Corning, Corning, NY).
3. Sterile serological pipet tips and pipets.
4. Incubator (37°C and 5% CO2).
5. Cell culture hood.

2.3. Cytokine Production and Gene Expression
in IL-1 β-Activated HMC-1 Cells
2.3.1. Activation of Mast Cells With IL-1 β

1. IL-1β (Sigma).
2. Micropipets and tips.
3. Cell culture media (see Subheading 2.2.).

2.3.2. RNA Extraction and Reverse Transcriptase Polymerase Chain Reaction
1. Micropipets (p200 and p1000) and tips.
2. Centrifuge tubes (1.5 mL).
3. Microcentrifuge and large centrifuge.
4. Ice and bucket.
5. RNA-Bee.
6. Chloroform (at 0°C).
7. Phenol-cholorform (see Note 1).
8. Tris-HCl (sterile, 0.1 and 0.5 M, pH 8.0).
9. n-propanol.

10. 75% ethanol + 0.1% DEPC.
11. 0.1% diethyl pyrocarbonate (DEPC) H2O.
12. Spectrophotometer.
13. RT-PCR Kit (GeneAmp RNA PCR Core Kit, Applied Biosystems, Roche,

Branchburg, NJ).

2.3.3. Cytokine Production in Culture Supernatants Using ELISA
1. Cytokine ELISA Kit (R&D Systems, Minneapolis, MN).
2. Same as steps 2–8 in Subheading 2.1.2.
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3. Methods

The methods described in Subheadings 3.1.–3.3. outline: (1) histamine
release from human CBDMC by crosslinkage of FcεRI with myeloma IgE
and anti-human IgE; (2) growth of HMC-1 cells; and (3) cytokine gene and
protein expression in IL-1β-activated HMC-1 cells. For the method of growth
of CBDMC, please see Chapters 8 and 9.

3.1. Histamine Release From Human CBDMCs by Crosslinkage
of FcεRI With Myeloma IgE and Anti-Human IgE

3.1.1. Crosslinkage of FcεRI With Myeloma IgE and Anti-Human IgE

1. Human CBDMCs are developed from human cord blood and maintained in
CBDMC media for approx 8–16 wk or until mature (7).

2. Pipet 10 mL of CBDMC (5 × 105 cells/mL in CBDMC media) into each of the
75-cm2 flasks. Treat CBDMC with 0 or 2 µg/mL final concentration of myeloma
IgE by adding 0 (media control) or 20 µL of myeloma IgE (1 mg/mL) to the
flask, and incubate at 37°C in a 5% CO2 incubator overnight.

3. Pipet myeloma IgE-treated CBDMC into 15-mL centrifuge tubes (see Note 2)
and centrifuge the tubes at 250g for 10 min at room temperature. Resuspend the
cell pellet in 11 mL of PBS and do a cell count. Centrifuge the cell suspension
and make up cell suspension at 1 × 106 cells/mL in Tyrode’s solution.

4. Distribute 1.5 mL of CBDMCs into each well of 12-well culture plate in tripli-
cate. Add anti-human IgE antibody to the wells at a final concentration of 0
(media control) or 3 µg/mL (i.e., adding 0 or 2.25 µL of 2 mg/mL anti-IgE,
respectively). For positive controls, CBDMCs are treated with PMA at 50 ng/
mL final concentration (adding 75 µL of 1 µg/mL PMA). The culture is further
incubated for 30 min.

5. The cell cultures are harvested, centrifuged at 250g for 10 min, and cell-free
supernatants are collected and kept at –80°C for histamine assay. Cell pellet is
suspended in 1 mL of distilled water, frozen and thawed twice, and centrifuged at
250g for 10 min. Cell lysates are collected and kept at –80°C for histamine assay
(for determination of cell residual histamine content).

6. The experimental results are expressed as the percentage of histamine release
relative to the total cellular histamine content. Histamine release (%) = [(E – S) /
(E + L)] × 100, where E (experimental release) is the histamine in the experimen-
tal sample, S (spontaneous release) is the histamine in the sample of cells in
buffer, and L (cell lysate) is the histamine in cell lysate sample.

3.1.2. Measurement of Histamine by ELISA

1. Equilibrate reagents of the kit to room temperature before use.
2. Reconstitute: (1) acylation reagent in the required volume of dimethyl sulfoxide

just before use; and (2) conjugate solution with diluent H. Also, dissolve one
tablet of substrate in 15 mL of substrate buffer at least 30 min before use.
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3. Perform acylation of standards, control, and samples: add 25 µL of acylation
solution, 100 µL of standards, control and samples, and 25 µL of acylation buffer
to clean plastic tubes, and vortex immediately.

4. Add 50 µL of acylated standard, control, or samples and 200 µL of enzymatic
conjugate into antibody-coated wells (see Note 3), and incubate for 2 h at 2–8°C
with constant shaking on a microtiter plate shaker.

5. Wash the microtiter plate wells three times with the wash solution using a
microtiter plate washer. Alternatively, the washing can be carried out manually
as following: 1) turn microtiter plate upside-down and shake vigorously over the
sink, 2) fill the wells with the wash solution using a squeeze bottle, 3) repeat
steps 1 and 2 twice for a total of three washes, and 4) firmly tap the upside-down
microtiter plate on clean absorbent paper.

6. Add 200 µL of substrate to all wells, cover plate with lid, and incubate for 30 min
at 18–25°C with constant shaking.

7. Stop the reaction by adding 50 µL of stop solution to all wells.
8. Read the optical density (OD) of the wells at 405–414 nm using a microtiter plate

reader, zero with the substrate blank (see Note 4).
9. Results are obtained by interpolation from standard curve, which is generating

from BioLinx 2.22 software (see Note 5).

3.2. Growth of HMC-1 Cells
HMC-1 cells, established from a patient with mast cell leukemia, were gra-

ciously provided by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN [9]).
1. Cells (1 mL) taken out of the freezer are thawed, diluted in media (10 mL), and

centrifuged to remove freezing media.
2. Reconstitute cell pellet to 1–2 × 105 cells/mL. Mast cells should be grown in

vented cap culture flasks in a proliferating state at an optimal concentration of
2 × 105 cells/mL to 4 × 105 cells/mL (6,10,11). Overcrowding of cells will
decrease their viability.

3. Subculture cells every 3–4 d to a 1:15 dilution with fresh new media. Culture
flasks should be laid on their bottom (not standing up) to maximize media sur-
face area.

3.3. Cytokine Production and Gene Expression
in IL-1 β-Activated HMC-1 Cells
3.3.1. Activation of Mast Cells With IL-1 β

1. Make a cell suspension at a concentration of 1 × 106 cells/mL.
2. One milliliter of HMC-1 is seeded in tissue culture dishes or 12- or 24-well tissue

plates, depending on the experimental design. Cells in media alone serve as nega-
tive controls. A combination of PMA (50 ng/mL) and ionomycin (5 µM) is used
as a positive control.

3. For IL-1β activation, add varying concentrations of IL-1β (1, 10, and 100 ng/mL)
to wells containing mast cells, and swirl in a figure eight motion to evenly distrib-
ute the stimulant (6,10,11).
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4. For cytokine production, mast cell cultures are incubated at 37°C for 0, 24, and/or
48 h (as required), harvested in 1.5-mL centrifuge tubes, and centrifuged at 250g
for 10 min to remove cell debris.

5. Cell-free supernatants are transferred to new tubes and stored at –70°C until ready
for cytokine assay by ELISA (see Note 6).

6. For ribonucleic acid (RNA) extraction, activation is conducted for 3 h in tissue
culture plates (see Note 7). The cells (a total of 2–4 million cells will give suffi-
cient RNA) are then harvested and subjected to RNA preparation and analysis.
RNA can be extracted at 0, 3, 6, 9, 12, or 24 h as needed (depending on experi-
mental condition).

3.3.2. RNA Extraction
1. Centrifuge cells in 15-mL centrifuge tubes, discard supernatants (or save as the

case may be), break pellet by flicking the bottom of the tube.
2. Add 1 mL of RNAzol to broken cell pellet and pipet up and down until a watery

consistency is obtained. Transfer to 1.5-mL centrifuge tubes.
3. Add 100 µL of cold chloroform and shake for 1 min. Do not vortex.
4. Centrifuge for 15 min at 12,000g at 4° C.
5. Transfer top aqueous layer to a new 1.5-mL centrifuge tube (see Note 8).
6. Add approx 800 µL of phenol–chloroform and vortex.
7. Centrifuge for 5 min at 12,000g at 4°C.
8. Repeat steps 5–7.
9. Transfer top aqueous layer to a new 1.5-mL centrifuge tube and add approx

800 µL of cold chloroform to the sample. Vortex the tube.
10. Centrifuge for 5 min at 12,000g at 4°C.
11. Transfer top layer to a new 1.5-mL centrifuge tube and add 800 µL of cold n-pro-

panol. RNA should start to precipitate. Vortex. Store at –20°C overnight.
12. The next day, centrifuge samples for 30 min at 12,000g at 4°C.
13. Discard supernatant and add 1 mL of 75% ethanol + 0.1% DEPC.
14. Vortex gently until RNA pellet rises and falls intact.
15. Centrifuge for 8 min at 10,000g at 4°C.
16. Discard supernatant and using a p200 micropipet remove any trace of liquid from

RNA pellet.
17. Allow RNA pellet to air dry for 10 min at room temperature (see Note 9).
18. Add 20 µL of 0.1% DEPC H2O to dissolve RNA. Read optical density on a spec-

trophotometer (see Note 10).
19. Apply 1000 ng of RNA (1000 ng RNA in 10 µL of DEPC H2O and 2 µL of bro-

mophenol blue; see Note 11) on a 2% agarose gel containing ethidium bromide
and perform electrophoresis at 100 V for 30–45 min to ensure band equality and
RNA integrity (Fig. 1).

3.3.3. RT-PCR
3.3.3.1. RT REACTION

1. Use Table 1 to make an RT reagent cocktail, which is enough to run a sample for
five different pairs of primers. Double the volume if a sample needs to be run for
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6–10 pairs of primers. Additionally, increase the volume by multiplying the
sample number. For example, there are five RNA samples to be run with three
primers. Because there are only three primers, one serving (18 µL of RT reagent
cocktail) is required for each sample. For five RNA samples, we need 18 µL × 5
= 90 µL of RT reagent cocktail total. For better results, make one master mix of
RT reagents, vortex, and distribute this to the five samples. To get enough RT
reagent cocktail to distribute, add an extra serving (thus, 18 µL × 6 = 108 µL).
Allow at least one extra sample for a housekeeping gene (6,10,11).

2. Label one RT-PCR tube for every RNA sample. Each tube will receive 18 µL of
RT reagent cocktail and 1000 ng of RNA in 2 µL of dH2O for every serving.

3. Centrifuge each tube for several seconds to collect the reagents and RNA to the
bottom.

4. Add tubes to a thermal cycler at 42°C for 20 min, 99°C for 10 min and 5°C for
5 min to transcribe cDNA.

5. Remove tubes at this point or set thermal cycler for a 4°C soak until tubes can be
removed.

3.3.3.2. PCR (SEE NOTE 12)

1. While samples are being run through the RT cycle, prepare the PCR reagent cock-
tail according to Table 2 (see Note 13). Multiply the volume of reagents by [(num-
ber of samples + 1 extra) × number of primers] and combine all the reagents in a
master mix. Vortex the PCR reagent cocktail.

Fig. 1. RNA gel showing four RNA samples from HMC-1 stimulated with different
concentrations of IL-1β. RNA (1000 ng) was diluted in 10 µL of DEPC water with
2 µL of bromophenol blue added and electrophoresis conducted on a 2% agarose
gel containing ethidium bromide. The messenger RNA (mRNA) shows a ladder pat-
tern because of the differing lengths. The 28S and 18S bands of rRNA are shown.



210 Chi, Fitzgerald, and Krishnaswamy

2. Label the appropriate number of RT-PCR tubes and place them in a rack. Each
tube will receive 2 µL of the up primer, 2 µL of the down primer (see Note 14;
for equal RNA loading, at least one housekeeping gene primer should be added
to your experiment, such as hypoxanthine phosphoribosyl transferase [HPRT]),
4 µL of RT product (after it has been transcribed to cDNA), and 42 µL of PCR
reagent cocktail (6,10,11).

3. Briefly centrifuge each tube to collect all materials to the bottom of the RT-PCR
tube. If the thermal cycler requires samples to be covered with ultra pure mineral
oil, do so at this time.

4. Place tubes in thermal cycler and set temperature conditions and times according
to primer specifications. Cycle number will depend on the amount of RNA
present (usually 25–45 cycles is sufficient).

5. When cycles are complete transfer sample to new tube, label, and freeze at –20°C.
6. To visualize product, run 10 µL of product with 2 µL of bromophenol blue on a

2–3% agarose gel containing ethidium bromide at 100 V for 45–60 min (Fig. 2).
Compare band lengths with a DNA ladder to ensure correct length of product.
We use PhiX174 DNA/Hae III ladder (band sizes: 1353, 1078, 872, 603, 310,
281, 271, 234, 194, and 118 basepairs).

7. Cut bands and sequence if necessary.

3.3.4. Cytokine Measurement in Culture Supernatants Using ELISA

1. Cytokine measurements are done using a commercially available ELISA kit,
which requires 50–200 µL of sample depending on the kit. Usually, 0.5-mL to
2-mL cultures in 6-, 12-, or 24-well tissue culture plates will provide enough
supernatants for assays and generate enough product for detection (usually in the

Table 1
Reverse Transcriptase Reagent Cocktail

Reagent Volume

10x buffer 2 µL
MgCl2 (25 mM) 4 µL
dGTP (10 mM) 2 µL
dATP (10 mM) 2 µL
dCTP (10 mM) 2 µL
dTTP (10 mM) 2 µL
Oligonucleotide (50 µM) 1 µL
RNase inhibitor (20 U/µL) 1 µL
Reverse transcriptase (50 U/µL) 1 µL
dH2O 1 µL
RNA (1000 ng total) in dH2O 2 µL

Total 20 µL
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pg/mL scale). Each ELISA kit comes with specific instructions and these should
be followed very closely.

2. A standard dilution is prepared from reagents provided in the kit.
3. In a 96-well plate, add the standards and samples and incubate undisturbed for

the indicated time.
4. Wash the wells with wash buffer (provided) and add the appropriate conjugate anti-

body (also provided). Incubate undisturbed for the indicated time and wash again.
5. A substrate solution should now be added which will change color if desired

product is detected.
6. After a short incubation period, add stop solution and run on a spectrophotometer

at 450 nm with a correction at 570 nm.
7. Generate a standard curve as shown in Fig. 3. Values from the ELISA will be

interpolated or extrapolated from this curve.
8. Take numbers from duplicate or triplicate samples and calculate a mean and stan-

dard deviation or standard error. Repeat experiments for reproducibility.
9. Figure 4 shows the results of IL-8 production in IL-1β activated HMC-1 cul-

tures. Statistica for Windows (StatSoft, Tulsa, OK) is used for statistical analysis
and Slidewrite Plus for Windows (Advanced Graphics Software, Encinitas, CA)
for graph generation.

4. Notes
1. To prepare phenol–choroform: warm phenol to room temperature, place in 50°C

waterbath to melt crystals. Pipet desired volume into appropriate sized flask.
Add 8-hydroxyquinoline to a final concentration of 0.1%, and then add 1 mL of
β-mercaptoethanol to every 100 mL of phenol. Then, add an equal volume of 0.5 M
Tris-HCl (sterile, pH 8.0), cover with parafilm, and stir overnight. Aliquot phenol
into sterile 50-mL tubes and add an equal volume of chloroform. Layer with
10 mL of 0.1 M Tris-HCl (pH 8.0) to prevent oxidation of the phenol. Wrap in
foil to protect from light and store at 4°C.

Table 2
Polymerase Chain Reaction Reagent Cocktail

Reagent Volume

10x buffer 4.8 µL
MgCl2 (25 mM) 3.6 µL
dGTP (10 mM) 0.8 µL
dATP (10 mM) 0.8 µL
dCTP (10 mM) 0.8 µL
dTTP (10 mM) 0.8 µL
T. aq polymerase (5 U/µL) 0.2 µL
dH2O 30.2 µL

Total 42 µL
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Fig. 2. RT-PCR gel showing expression of IL-8 in HMC-1. RNA from HMC-1 was
subjected to RT-PCR with primers specific for human IL-8. Ten microliters of the PCR
product with 2 µL of bromophenol blue was electrophoresed on a 3% agarose gel.
Hypoxanthine phosphoribosyl transferase (HPRT) was used as a housekeeping gene.

2. To increase yield of cells, rinse the flasks with 5 mL of PBS and add this residual
cell suspension to the tube prior to centrifugation.

3. Leave one well empty to serve as a substrate blank. This substrate blank well
should also be washed three times before addition of substrate.

4. Reading may be delayed for up to a maximum of 2 h at 18–25°C, if the plate is
left in the dark and kept with its lid on in order to avoid evaporation.

Fig. 3. Standard curve used for IL-8 ELISA analysis. A standard curve was con-
structed by plotting known concentrations of IL-8 on the x-axis against their respec-
tive absorbance at 450 nm corrected at 570 nm on the y-axis. The absorbance of the
samples can be interpolated or extrapolated from this graph. Most computer software
programs will calculate these values.
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5. If the OD of the sample is out of the range of the standard curve, the sample needs
to be either diluted with assay buffer (in case the OD is lower than that of the
highest standard) or concentrated with Amicon filter (in case the OD is higher
than that of the lowest standard). In the current experiment, the supernatants are
diluted to 1:500 before the histamine assay.

6. The time at which the cell supernatants will be harvested is a factor for consider-
ing the cell concentration of cultures because mast cells proliferate quickly and
begin to die when overcrowded. For cell supernatant harvests at 12 and 24 h,
mast cell concentrations at 1 × 106 cells/mL work well and produce ample
amounts of cytokine to be measured by ELISA. Experiments that require greater
than 48 h incubation times work best with 0.5 × 106 cells/mL. Cell supernatant
experiments should be performed in duplicate or triplicate and repeated for accuracy.

7. Sometime pretreatment of mast cells is required before activation with IL-1β. If
pretreatment lasting longer than 12 h (such as treatment with glucocorticoids or
dominant-negative plasmids), the culture should be done in the tissue culture
flasks. If pretreatments lasting less than 12 h (such as treatment with actinomycin
or nuclear factor-kB inhibitor), the culture can be done in 6 well plates or tissue
culture dishes. In both cases, cell viability should be checked before subject to
preparation for RNA extraction. HMC-1 is a more resilient cell than CBDMC
and is more likely to tolerate vortexing. If cell viability becomes a concern, slowly
invert tube to mix mast cells and stimulants instead of vortexing before culturing
in culture flask, plate, or dish.

Fig. 4. A graph showing IL-8 production from HMC-1. Values taken from tripli-
cate samples of HMC-1 treated with 1, 10, and 100 ng/mL of IL-1β were used to
generate a mean and standard deviation. The data were analyzed by Student’s two-
tailed t-test.
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8. It is better to leave part of the aqueous layer than to transfer any of the interface
or RNA-Bee.

9. Depending on humidity, RNA pellet may not dry at room temperature. In this
case, use a vacuum pump to help evaporate pellet. Drying the pellet too long may
reduce its ability to be redissolved.

10. A 260:280 nm ratio of 2 is best for the RNA preparation (�1.8 is acceptable;
using 260 nm detects nucleic acids, whereas 280 nm detects proteins). A high
260:280 nm ratio (> 2.5) indicates phenol contamination, whereas a low 260:280
nm ratio indicates protein contamination. An absorbance at 230 nm indicates
contamination with phenol or urea. An absorbance at 325 nm indicates particu-
late contamination or dirty cuvetes. If the RNA sample is contaminated with phe-
nol, the phenol can be removed by the following procedure: (1) bring sample
volume to 400 µL with 0.1% DEPC H2O and mix; (2) add 500 µL of chloroform
and vortex; (3) centrifuge at 12,000g for 5 min at 4°C; (4) remove aqueous layer
with a pipet; (5) add 1/10 the volume with 3.0 M sodium acetate, pH 5.2, and
mix; (6) double the sample volume with cold isopropanol and store overnight at
–20°C; (7) centrifuge at 12,000g for 30 min at 4°C; (8) discard supernatant, add 1
mL of icecold 75% ethanol + 0.1% DEPC, and vortex (pellet should rise and fall
intact); (9) centrifuge at 9,500g for 8 min at 4°C; (10) discard all liquid from
RNA pellet and air dry at room temperature; (11) reconstitute RNA pellet with
20 µL of 0.1% DEPC H2O; and (12) characterize RNA on a spectrophotometer.

11. To make bromophenol blue, mix 0.25 g of bromophenol blue in 30 mL of glyc-
erol and 70 mL of dH2O.

12. Real-time PCR may be considered. The recent introduction of fluorescence-based
techniques to PCR has allowed the development of real-time PCR, also called
QPCR or kinetic PCR. Unlike conventional PCR that uses an endpoint analysis
of the amplicon, real-time PCR is based on the detection and quantitation of the
PCR product as it is made, using either fluorogenic specific probes or double-
stranded DNA binding fluorescent dyes such as SYBR Green. During the expo-
nential phase of the amplification, the fluorescent signal increase is directly
proportional to the amount of PCR product. The real-time PCR technology is
increasingly used, because it offers significant advantages such as high sensitiv-
ity, wide quantification range, and good reproducibility.

13. Depending on the salt concentration required for your specific primers, the MgCl2
volume may need to be changed.

14. Better results are obtained when equal volumes of the up and down primer are
mixed in a microcentifuge tube, vortexed, and 4 µL of this mix is added to each
tube. Primers were synthesized at the John Hopkins University School of Hygiene
and Public Health DNA Synthesis Core Facility, Baltimore, MD.
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Measurement of Mast Cell Cytokine
Release by Multiplex Assay

Kevin F. Breuel and W. Keith De Ponti

Summary
Mast cells are highly responsive cells that are capable of secreting a variety of inflam-

matory mediators, including histamine, heparin, serine proteases, leukotrienes, prostag-
landins, and thromboxanes. Studies from several laboratories have demonstrated that
mast cells have the capacity to produce a variety of cytokines in response to various
stimuli. Characterization of the cytokine profiles in mast cells has routinely been deter-
mined by the performance of individual enzyme-linked immunosorbent assays. This pro-
cess is expensive, time-consuming, and requires a great deal of material to characterize
multiple cytokines. In this chapter, we describe a multiplex cytokine assay to detect 17
cytokines simultaneously in 50 µL of culture supernatant derived from stimulated human
cord blood-derived mast cells.

Key Words: Mast cells; cord blood-derived mast cells; Luminex®; xMAP™; Bio-
Plex 17-plex cytokine assay; cytokines; microsphere; multiplex.

1. Introduction
Human mast cells are dynamic, tissue-dwelling cells that are capable of pro-

ducing a plethora of biological mediators, including histamine, heparin, serine
proteases, leukotrienes, prostaglandins, thromboxanes (1–9), and a number of
proinflammatory cytokines (1,10–14). The identification and quantification of
mast cell cytokine production traditionally has been determined by the perfor-
mance of enzyme-linked immunosorbent assays (ELISAs [13–15]). However,
assessment of mast cell cytokine production using ELISA methodology has
one or more limitations, including: (1) the ability to measure only one cytokine
at time; (2) the need for a large sample volume to measure multiple cytokines;
(3) the time commitment to perform sequential cytokine assays; and (4) the
cost to perform multiple ELISAs to quantify multiple cytokines.
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Advances in microsphere technology have led to the development of flow
cytometric assays, which allow the simultaneous detection of as many as 100
analytes in a single microtiter well (16–20). Recently, several companies have
developed commercially available cytokine assays that use the Luminex® (Aus-
tin, TX) Multi-Analyte Profiling (xMAP™) technology to simultaneously mea-
sure as many as 22 individual cytokines in a single microtiter well (see Note 1).
In this chapter, we describe the Bio-Plex assay procedure for the simultaneous
determination of 17 human cytokines (interleukin [IL]-1β, IL-2, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, tumor necrosis factor [TNF]-α,
interferon-gamma [IFN-γ], granulocyte colony-stimulating factor [G-CSF],
granulocyte macrophage colony-stimulating factor [GM-CSF], monocyte
chemoattractant protein-1 [MCP-1], and macrophage inflammatory protein-1
β [MIP-1β]) in media collected from human cord blood-derived mast cells
(CBDMCs) cultured in vitro.

2. Materials
2.1. Isolation and Generation, Confirmation,
and Activation of Human CBDMCs

1. Human BDMCs, provided kindly by Drs. Guha Krishnaswamy and David S. Chi.
2. IBL medium: Modified Dulbecco’s modified Eagle’s medium containing 10 µg/

mL insulin, 10 µg/mL transferrin, 5  10–5 M 2-mercaptoethanol, 25 mM HEPES,
and 2.6 ng/mL NaSeO3 (Atlanta Biologicals, Atlanta, GA).

3. IBL+ medium: IBL medium supplemented with 5% fetal bovine serum (Atlanta
Biologicals), 80 ng/mL human recombinant stem cell factor (rSCF; Amgen,
Thousand Oaks, CA), 50 ng/mL human rIL-6 (Amgen), and prostaglandin E2

(PGE2; Sigma, St. Louis, MO).
4. Thyrode’s Solution: 124 mM NaCl, 4 mM KCl, 0.64 mM NaH2PO4, 1 mM CaCl2,

0.6 mM MgCl2, 10 mM HEPES, and 0.03% human serum albumin.
5. 75-cm2 flasks.
6. Incubator for culturing cells at 37°C and 5% CO2.

2.2. Performance of the Bio-Plex Human 17-Plex Cytokine Assay
1. Luminex 100™ system with XYZ platform (Luminex, Austin TX).
2. Bio-Plex™ Human Cytokine 17-Plex Panel (Bio-Rad, Hercules, CA).
3. Bio-Plex™ Buffer kit for assay (Bio-Rad Laboratories).
4. Titer Plate Orbital Shaker (Lab-line, Melrose Park, IL.).
5. Millipore MultiScreen Resist Vacuum Manifold, MAVM0960R (Millipore,

Billerica, MA).
6. Thermodine Maxi Mix II Vortexer, M37615 Mixer, (Barnstead International,

Dubuque, IA).
7. Mini Ultrasonik™ sonicator (Dentsply Ceramco, Burlington, NJ).
8. 55 mL of Sterile Solution Basin (Cole-Parmer, Vernon Hills, IL).
9. Eppendorf Research Pro Multichannel Pipetter (Eppendorf, AG, Hamburg, Ger-

many).
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10. Eppendorf Repeater® pro pipetter (Eppendorf, AG).
11. Eppendorf centrifuge 5417R (Eppendorf, AG).
12. Gilson Pipetman® p20, and p200 pipettors (Gilson, Middleton, WI).

2.3. Analysis of Cytokine Data
1. Luminex Data Collector software, version 1.7, build 69 (Luminex).
2. Bio-Plex Manager data reduction software (Bio-Rad).
3. Slidewrite Plus data analysis software for Windows, version 5.0 (Advanced

Graphics Software, Encinitas, CA).

3. Methods

The methods described in Subheadings 3.1.–3.5. outline: (1) the isolation
and generation, confirmation, and activation of CBDMC; (2) the setting up and
calibrating of the Luminex instrument; (3) the performance of the Bio-Plex
Human 17-plex cytokine assay; (4) the analysis of cytokine data; and (5) results.

3.1. Isolation and Generation, Confirmation, and Activation of CBDMCs

CBDMCs were isolated and generated, confirmed, and activated as previ-
ously described by Krishnaswamy et al. (10). The methods for the isolation
and generation, confirmation, and activation are briefly described in Subhead-
ings 3.1.1.–3.1.3.

3.1.1. Isolation and Generation of CBDMCs

Heparinized umbilical cord blood was obtained and processed as previously
described by Saito et al. (21) and Krishnaswamy et al. (10). Mononuclear cell
fractions were isolated by centrifugation and re-suspended in 75-cm2 flasks
containing IBL+ medium and cultured in an atmosphere of 5% CO2 in air at 37°C.

3.1.2. Confirmation of CBDMCs

The cells were used when there was 100% uniformity in morphology of the
cells. They were further confirmed to be 90% pure by immunohistochemical
staining for tryptase.

3.1.3. Activation of the Human Mast Cells

Cells were treated with either Phorbol 12-myristate 13-acetate + Ionomycin
(PMA/Iono) or IgE followed by anti-IgE to stimulate cytokine production. The
combination of PMA and Iono have been previously shown to increase mast
cell cytokine production (10,12). Crosslinking of cell surface IgE bound to
high-affinity IgE receptor, FCŒµRI, leads to expression of various cytokines
(10,11). Mast cells (100,000/mL) were cultured in Tyrode’s solution in 75-cm2

flasks. Cells were treated with media alone, PMA/Iono, or anti-IgE for 24 h
before the supernatant was collected into a microcentrifuge tube and frozen at
–80°C. Cells treated with anti-IgE were sensitized overnight with myeloma IgE.
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3.2. Setting Up and Calibrating the Luminex 100 System

Before running the Bio-Plex 17-plex cytokine assay on the Luminex 100
instrument, it is necessary to perform the start-up maintenance and instrument
calibration procedure. These procedures are briefly described in Subheadings
3.2.1. and 3.2.2.

3.2.1. Setting Up the the Luminex 100 System

1. Turn on the Luminex 100 instrument, XY platform and the Luminex SD (Sheath
Delivery System) and start the Luminex data acquisition software and initiate the
“warmup” feature to allow the optics to properly warm-up.

2. During the warm-up period, approx 30 min, the lines must be checked for vacuum
leaks; waste and sheath fluid connections must form a tight seal; the sheath fluid
container must be adequately full; and waste fluid container should be empty.

3. Prime and flush the system with alcohol, which provides the opportunity to both
get the fluidics ready and clean for the assay, and make sure that there are no
bubbles in the fluid lines within the machine.

4. Wash the system twice with sheath fluid to rinse the alcohol out of the system
and prepare the fluidics properly for the calibration.

5. Using a 96-well plate and three spacers, set the probe height for the Luminex 100
system.

3.2.2. Calibrating the Luminex 100 System

1. Place five drops of fresh classification and reporter calibrators, respectively, into
two separate wells of a 96-well plate.

2. Verify or enter the correct classification and reporter calibrator target values and
initiate the calibration program.

3. Upon completion, verify that both the classification and reporter calibrations were
successful and then wash the fluidics lines four times with sheath fluid.

3.3. Performance of the Human Bio-Plex 17-Plex Cytokine Assay

Samples were prepared and assayed according to the Bio-Plex cytokine assay
instruction manual (22) with modifications. Permission was granted by Bio-Rad
Laboratories to reproduce the assay protocol as a part of the sample preparation
section. The protocol listed below reflects material preparation necessary to per-
form an entire 96-well microtiter plate on cell culture supernatants.

3.3.1. Sample Preparation

1. Twelve hours before the assay, remove the samples and aliquoted sample medium
from the –80°C freezer and place into the refrigerator (4°C) to thaw.

2. Centrifuge the samples at 2151g for 5 min and aliquot the supernatant to a sepa-
rate microcentrifuge tube (see Note 2).

3. Immediately place the samples on ice and maintain on ice throughout the assay
procedure.
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4. If samples are expected to have cytokine concentrations greater than the highest
standard point on the standard curve, dilute them appropriately with culture medium
(see Note 3).

3.3.2. Standard Preparation

1. Perform a quick-spin of the lyophilized multiplex cytokine standard.
Prepare a 50,000 pg/mL standard stock solution by adding 500 µL of the cell
culture medium.

2. Gently vortex the reconstituted standard solution for 5 s, place on ice, and incu-
bate for 30 min.

4. Prepare a broad range eight-point standard curve covering the concentrations
between 1.95 and 32,000 pg/mL (see Note 4) by performing the following dilu-
tions in 1.5-mL microcentrifuge tubes:

a. Prepare the 32,000 pg/mL standard solution by adding 128 µL of the stock
solution into 72 µL of culture medium and vortex gently to mix.

b. Prepare the 8000 pg/mL standard solution by adding 50 µL of the 32,000 pg/mL
standard solution (a) to 150 µL of culture medium and vortex gently to mix.

c. Prepare the 2000 pg/mL standard solution by adding 50 µL of the 8000 pg/mL
standard solution (b) to 150 µL of culture medium and vortex gently to mix.

d. Prepare the 500 pg/mL standard solution by adding 50 µL of the 2000 pg/mL
standard solution (c) to 150 µL of culture medium and vortex gently to mix.

e. Prepare the 125 pg/mL standard solution by adding 50 µL of the 500 pg/mL
standard solution (d) to 150 µL of culture medium and vortex gently to mix.

f. Prepare the 31.3 pg/mL standard solution by adding 50 µL of the 125 pg/mL
standard solution (e) to 150 µL of culture medium and vortex gently to mix.

g. Prepare the 7.8 pg/mL standard solution by adding 50 µL of the 31.3 pg/mL
standard solution (f) to 150 µL of culture medium vortex gently to mix.

h. Prepare the 1.95 pg/mL standard solution by adding 50 µL of the 7.8 pg/mL
standard solution (g) to 150 µL of culture medium and vortex gently to mix.

5. Use culture medium only for the zero point of the standard.
6. Place standard solutions on ice until use.

3.3.3. Conjugated Bead Preparation

1. Vortex the stock anti-cytokine conjugated beads for 15–20 s at medium speed.
2. Sonicate the stock anti-cytokine conjugated beads for 30 s (see Note 5).
3. Prepare 6 mL of anti-cytokine conjugated bead working solution (enough to per-

form an entire 96-well plate) by adding 240 µL of 25X stock anti-cytokine conju-
gated beads to 5.76 mL of Bio-Plex assay buffer in a 10-mL tube.

4. Wrap the tube in aluminum foil to protect the beads from light and place on ice
(see Note 6).

3.3.4. Preparation of 96-Well Filter Plate and Samples for Multiplex
Bead, Detection Antibody, and Streptavidin–PE Incubations

1. Pre-wet the 96-well filter plate by adding 100 µL of wash solution to each well.
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a. Allow the plate to soak for 15–30 s.
b. Place the plate on the Millipore filtration unit and apply 3 mm Hg pressure to

empty the wells (see Note 7).
c. Remove the filter plate and gently blot the bottom of the plate onto paper

towels twice to remove any excess fluid before continuing with the assay.

2. Vortex the working anti-cytokine bead solution 15–20 s and add 50 µL of the
working bead solution to all 96 wells.

3. Filter the wells utilizing the Millipore filtration vacuum unit.
4. Add 100 µL working wash solution (Bio-Plex buffer A) to each well to wash,

filter and repeat. Remove the filter plate and blot the bottom of the filter plate
twice on clean paper towels to remove excess liquid (see Note 8).

5. Place the filter plate onto a plastic plate holder (see Note 9), gently mix and
vortex the standards and pipet 50 µL of each standard (in duplicate) into their
assigned well of the plate.

6. Gently mix and vortex each sample and pipet 50 µL, in duplicate, into the appro-
priate wells. Pipet tips should be changed after each sample.

7. Cover the plate with the cover and aluminum foil, place it on the orbital shaker,
and incubate for 30 min at room temperature (see Note 10).

8. Twenty minutes after initiating the incubation in step 12, prepare the biotinylated
detection antibody by gently vortexing the multiplex detection antibody (50X)
stock solution.

a. Perform a quick-spin of the detection antibody.
b. Dilute the 120-µL tube of 25X biotinylated detection antibody concentrate

50-fold with 2.88 mL of Bio-Plex detection antibody diluent A to make a total
of 3 mL 1X working detection antibody.

9. At the end of the 30-min incubation, place the plate on the plate filter and apply a
vacuum to remove the solution from the wells.

10. Wash three times with 100 µL of working wash solution/well (Bio-Plex wash
buffer A) and blot as previously described in step 8.

11. Briefly vortex the biotinylated detection antibody (prepared in step 13) and pipet
25 µL into each well of the plate.

12. Cover the plate with the cover and aluminum foil, place it on the orbital shaker
and incubate for 30 min at room temperature.

13. During the last 10 min of the incubation, prepare the streptavidin-PE working
solution.

a. Perform a quick-spin of the streptavidin–PE stock solution (100X).
b. Dilute the 60 µL of 100x streptavidin–PE concentrate 100-fold with 5.94 mL

of Bio-Plex assay buffer A.

14. At the end of the 30-min incubation, remove the cover from the plate and filter
the solution from the wells using the filter apparatus.

15. Wash the beads in the filter plate three times with 100 µL of working wash solu-
tion and blot after each wash (Bio-Plex wash buffer A), as in step 8.

16. Vortex the streptavidin–PE working solution and then pipet 50 µL to each well.
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17. Cover the plate, wrap in aluminum foil, and incubate on the orbital shaker for
10 min at room temperature.

18. After 10 min, place the plate on the filter apparatus to remove the streptavidin–
PE solution.

19. Wash the plate three times with the working wash solution, being careful to blot
the plate after each wash.

20. Pipet 125 µL of Bio-Plex assay buffer in each well, cover the plate and shake on the
orbital shaker for 30 s, slowly increasing the speed to a maximum of 1100 rpm.

21. Load the plate into the Luminex XYP platform (see Note 11).
22. Set up the Luminex instrument using the Luminex Data Collector software

a. Set the instrument to remove 50 µL of sample.
b. Set total events to equal the number of analytes in the multiplex (X) 100.
c. Assign the bead regions for each cytokine according to the package insert.
d. Set the inclusion gates at 8000 and 15,000.

23. Run the Luminex 100™ instrument and collect the median fluorescent intensity
data utilizing the Luminex Data Collector Software.

3.4. Data Reduction and Presentation

Median fluorescent intensity data was imported into the Bio-PlexManager
software to perform data reduction. Standard curves were generated and
cytokine concentrations were interpolated for each sample utilizing a 5-param-
eter curve fit equation. Utilizing Slidewrite Plus Data Analysis Software, the
data are presented as the mean ± standard error for each treatment group
(Figs. 1–4).

3.5. Results

Data validating the use of a multiplex cytokine assay procedure to simulta-
neously measure cytokine production in stimulated CBDMC are presented in
Figs. 1–4. Data for IL-6 were collected; however, because the medium was
supplemented with IL-6, the measured concentrations for all samples were
greater than the linearity of the curve and therefore they are not included in the
results. Co-incubation of CBDMCs with PMA/Iono significantly (p < 0.05)
increased the concentrations of IL-1β, IFN-γ, TNF-α, GM-CSF, G-CSF, IL-2,
IL-4, IL-5, IL-7, IL-10, IL-12, IL-13, and IL-17 as compared with those cul-
tured with media alone (Figs. 1–4A). Similarly, treatment of CBDMCs with
IgE/anti-IgE significantly (p < 0.05) increased the concentrations of IL-8, MIP-1,
and MCP-1β as compared to those cultured with media alone (Fig. 4B,D).

4. Notes
1. The Luminex Multi-Analyte Profiling (xMAP) technology is based on the devel-

opment of 100 distinct sets of color-coded beads that serve as the solid support to
build a conventional immunoassay. The Bio-Rad 17-plex cytokine assay is designed
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Fig. 1. Treatment of cord blood-derived mast cells (CBDMCs) with PMA/Iono
increased media levels of IL-1β, IFN-γ, TNF-α, and GM-CSF. CBDMCs incubated
in media alone served as the negative control. Each bar represents the mean ± SEM for
each treatment group (*p < 0.05 vs media).
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Fig. 2. Treatment of cord blood-derived mast cells (CBDMCs) with PMA/Iono
increased media levels of G-CSF, IL-2, IL-4, and IL-5. CBDMCs incubated in
media alone served as the negative control. Each bar represents the mean ± SEM for
each treatment group (*p < 0.05 vs media).
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Fig. 3. Treatment of cord blood-derived mast cells (CBDMCs) with PMA/Iono
increased media levels of IL-7, IL-10, IL-12, and IL-13. CBDMCs incubated in
media alone served as the negative control. Each bar represents the mean ± SEM for
each treatment group (*p < 0.05 vs media).
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Fig. 4. Treatment of cord blood-derived mast cells (CBDMCs) with PMA/Iono
increased media levels of IL-17, whereas IgE/anti-IgE increased media levels of
IL-8, MIP-1β, and MCP-1. CBDMCs incubated in media alone served as the negative
control. Each bar represents the mean ± SEM for each treatment group (*p < 0.05 vs
media).
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in a conventional capture sandwich immunoassay format. Cytokine-specific anti-
bodies are covalently coupled to color coded 5.6-µm beads. The antibody-coupled
beads are incubated with known (standards) and unknown (sample) amounts of
cytokine. After a series of brief washes to remove unbound protein a biotinylated
detection antibody specific for a different epitope on the cytokine is added to the
beads. The reaction mixture is detected by the addition of streptavidin-phyco-
erythrin, which binds to the biotinylated detection antibodies. The solution in
each well is drawn up into the flow-based Luminex system, which identifies and
quantifies each cytokine.

2. Cell culture samples routinely contain varying amounts of debris. It is imperative
that the sample is centrifuged prior to performance of the multiplex assay. If
needed, samples may be centrifuged at 12,000g for 15 min. This step assures that
the sample is free of debris which might alter the assay or clog the Luminex 100
instrument. Additionally, centrifugation also will assure that any sample trapped
in the lid or on the side of the tube is spun to the bottom.

3. It is important to maintain the same matrix for the standards and samples. If it is
anticipated that the cytokine levels are higher than the highest standard, dilute
the sample with the same culture media used in the experiment. It is best to col-
lect and freeze an additional 50-mL aliquot of the culture medium used for the
experiment in order to assure identical sample matrixes at the time of assay per-
formance.

4. If possible, fine tune the range of standards to cover the anticipated concentra-
tions of cytokines. Ideally, it is best if most samples have values that are read
from the middle of the standard curve. If the sample values cannot be estimated
reliably, then a broad range for the standard curve should be established.

5. Sonication separates out individual beads from the agglomeration of beads that
occurs when the beads are left in one position for a period of time. Failure to
separate the beads will hinder the assay performance and will clog the Luminex
100 instrument.

6. The xMAP technology uses fluorescent dye in the assay procedure. Repeated
exposure of the beads to light will alter the performance of the assay by decreas-
ing the mean fluorescent intensity measured by the Luminex 100 instrument.

7. To avoid tearing the filters on the bottom of the 96-well filter plate, keep the
vacuum for the filter plate set to less than 5 mm Hg of pressure. Keeping the
vacuum at a constant 3 mm Hg of pressure insures safe operation of the apparatus
on the filter plate.

8. It is important to thoroughly blot the bottom of the filter plate on paper towels
after each filtration. This helps prevent cross-contamination and the loss of fluids
from inside the microtiter wells.

9. Great care should be taken to keep the bottom of the 96-well plate from touching
another surface during performance of the assay. Failure to do so will result in
cross-contamination between wells and the wicking of fluids from inside the well
during incubation steps. A plastic plate holder can be used so that the undersides
of the wells do not touch any surfaces beneath them. If a plastic plate holder is
not available, the plastic cover from a 96-well plate can be turned upside-down
and placed under the filter plate.
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10. During incubation steps, the plate should be covered with the either the plastic lid
provided with the plate, or an adhesive plate sealer/tape specially designed for
96-well plates. The covered plate should then be wrapped in aluminum foil to
protect it from light. After placing the plate on the orbital shaker, the speed should
be increased gradually from 0 to 1000 rpm, maintained for 30 s, and reduced to
300 rpm for the remaining incubation time. Gradually increasing the speed will
assure thorough mixing of the reagents and will reduce splashing of them onto
the sides of the microtiter wells.

11. If the filter plate cannot be read immediately, it can be covered, wrapped in alu-
minum foil, and stored at 4°C for up to 24 h. Before reading the plate should be
shaken at 1100 rpm for 30 s.
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Assays for Histamine-Releasing Factors
From Identification and Cloning to Discovery of Binding Partners

Jacqueline M. Langdon and Susan M. MacDonald

Summary
When using a model to study disease, it may be advantageous to identify molecules

responsible for biologic functions observed in the model to better understand the disease
process being studied. The late phase reaction is used as a model for chronic inflamma-
tion, and the histamine releasing activity observed from late phase fluids was thought to
be an important factor in the propagation of symptoms that remain in both the late-phase
reaction and in chronic inflammation, when the offending antigen is no longer present.
Purification from biologic fluids and identification may be helpful in understanding the
role of the histamine-releasing factors in inflammation. Once the specific molecule is
identified and cloned, techniques such as yeast two-hybrid screens and co-immunopre-
cipitation experiments can be used to identify binding partners and further elucidate the
role of the cloned molecule. The purification and cloning of human recombinant hista-
mine-releasing factor and the subsequent yeast two-hybrid screen and co-immunopre-
cipitation will be described to illustrate how any functionally defined molecule can be
investigated.

Key Words: Late-phase reaction (LPR); human recombinant histamine releasing fac-
tor (HrHRF); basophils; cloning; yeast two-hybrid system; co-immunoprecipitation.

1. Introduction
The late-phase reaction (LPR) is a model for chronic allergic inflammation

for many reasons, including the pattern of cellular influx. Specifically, an influx
of eosinophils, monocytes, and basophils occurs, and these cells are known to be
activated and hyper-responsive to stimuli (1,2). Although many characteristics
of the LPR are well documented, the stimulus for the activation of basophils,
as well as the reason why only some allergic individuals have a LPR are still
unclear. Since Theueson et al. in 1979 (3), histamine-releasing factors (HRFs),
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or molecules that cause basophils to release histamine, have been under study
by many groups including our own. Our HRF initially was defined by the direct
release of histamine from the basophils of a subset of allergic donors (4). Clini-
cal data demonstrating the presence of HRF in skin blister fluids after antigen
challenge (5), as well as in nasal lavages during the LPR (6), indicated that
identifying the molecule in these biological fluids responsible for causing the
histamine release was a crucial step to understanding the mechanisms of the
LPR. Fortunately, HRF also was found in cellular supernatants of several cell
lines, including the macrophage-like cell line U937 (7), which we used to iden-
tify the actual molecule responsible for the histamine release observed (8).
Herein, we will describe the approaches and methods used to identify a mol-
ecule of defined function from biological fluids, clone this molecule and then
use this recombinant protein to search for binding partners that would further
elucidate the functions of the molecule.

2. Materials
1. U937 cell line (American Type Culture Collection).
2. Chromatography equipment.
3. Column Buffers (CB): for Sepahadex G75 CB: 0.01 M Tris-HCl, 0.15 M NaCl,

pH 7.4; Mono Q CB: 0.02 M Tris-HCl, pH 8.0, with HCl; and for Superdex CB
(1X PIPES): 25 mM PIPES, 110 mM NaCl, 0.5 mM KCl, pH 7.3 with NaOH.

4. Dialysis tubing.
5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels,

buffers, and equipment.
6. Transfer buffer: 12 mM Tris, 96 mM glycine, 20% methanol.
7. Polyvinylidene difluoride membrane.
8. Coomassie blue.
9. Access to a sequencing facility.

10. Custom oligonucleotide primers.
11. Reverse transcriptase polymerase chain reaction (RT-PCR) kit.
12. Agarose and ethidium bromide.
13. Deoxyribonucleic acid (DNA) purification kits.
14. Restriction enzymes, T7 DNA polymerase, and T4 DNA ligase.
15. Bacterial expression vectors (e.g., pGEX-2T, pRSET)
16. Escherichia coli strains (e.g., JM109, DH5α, BL21 [DE3]).
17. LB medium: 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, and 1 L of water.
18. Phosphate-buffered saline (PBS).
19. Triton X-100.
20. Glutathione agarose.
21. Antibiotics for selection (e.g., Ampicillin, Zeocin™; Invitrogen).
22. Isopropyl-β-D-thio-galactopyranoside (IPTG).
23. Elution buffer: 5 mM reduced glutathione, 50 mM Tris-HCl, pH 7.5.
24. Yeast two-hybrid kit and cDNA expression library.
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25. Yeast medium: a) YC: 0.12% yeast nitrogen base, 0.5% ammonium sulfate, 1%
succinic acid, 0.6% NaOH, 2% glucose, 0.01% of adenine, arginine, cysteine,
leucine, lysine, threonine, tryptophan, and uracil, 0.005% aspartic acid, histidine,
isoleucine, methionine, phenylalanine, proline, and serine, with 2% agar for
plates; and b) YPAD: 1% yeast extract, 2% peptone, 2% D-glucose, 0.1 g of
adenine, with 2% agar for plates.

26. Y-DER™ Yeast DNA Extraction Kit (Pierce).
27. Protease Inhibitor Cocktail (BD-Pharmingen).
28. Nitrocellulose.
29. Antibodies to fusion protein tags and/or molecules of interest (e.g., anti-GST [z-5,

Santa Cruz Biotechnology], anti-Express [Invitrogen], anti-HRF, control rabbit
IgG, and HRP-tagged secondary antibodies.)

30. Chemiluminescent substrate.
31. RIPA 50: 50 mM Tris-HCl, 50 mM NaCl, 1% Nonidet P-40, 1% sodium deoxy-

cholate, 0.1% SDS, 2 mM ethylene diamine tetraacetic acid.
32. Protein A Sepharose 4 Fast Flow (Amersham Biosciences).
33. Stripping buffer: 70 mM SDS, 60mM Tris-HCl, pH 6.7.

3. Methods

The methods in Subheadings 3.1.–3.4. describe: (1) the purification and
identification of a functionally defined molecule from biological fluids; (2) the
cloning and expression of the molecule in E. coli; (3) the use of the yeast two-
hybrid system to identify a binding partner; and (4) the confirmation of this
protein–protein interaction using co-immunoprecipitation experiments.

3.1. Purification and Identification of a Functionally Defined Molecule

In the search for a causative agent responsible for a specific bioactivity, in
our case histamine release, the general approach is to remove the maximum
amount of overall protein, while maintaining the function of interest by sequen-
tial purification steps. Our strategy involved monitoring total protein by absor-
bance readings (A280) and function by histamine-release assays using basophils
from our subpopulation of allergic donors. The purification steps were: (1)
repetitive column chromatography; followed by (2) gel electrophoresis.

3.1.1. Repetitive Column Chromatography

1. Culture the U937 cell line to obtain 50 L of supernatant containing histamine
release activity.

2. Concentrate the supernatant to 14 mL and apply to a Sephadex G75 gel filtration
column (5 × 90 cm) with a bed volume of 1.8 L in 0.01 M Tris-HCl, 0.15 M NaCl,
pH 7.4.

3. Collect 140–13-mL column fractions and monitor the protein concentration by
A280 and the bioactivity by histamine release.
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4. The histamine release assay is routinely used in our laboratory (4), but any func-
tional measure that is of interest can be used to track the purification, for example,
with a commercially available ELISA.

5. Figure 1 shows the graph of these chromatography parameters and the fractions
chosen to be further purified. This is a typical graph used to determine the col-
umn fractions of interest based on retaining maximal function and minimal protein.

6. Pool, concentrate, and dialyze the bioactive fractions into the MONO Q CB.
7. Perform several chromatographic runs on a MONO Q anion exchange column in

0.2 M Tris-HCl, pH 8.0 with an increasing salt gradient from 0 to 1 M NaCl.
8. Collect 30–2-mL column fractions and monitor the fractions as described above.
9. Pool the bioactive fractions from all of the MONO Q runs, concentrate, and dia-

lyze against the Superdex CB.
10. Run numerous Superdex columns in 1X PIPES and collect 65–2-mL column fractions.

Fig.1. Example of column chromatography using size-exclusion Sephadex 675 is
shown. The protein tracing (�) is demonstrated to be predominately separated from
the biologic activity (�, histamine release). Fractions were pooled (tubes 72–100) to
maximize biologic activity and minimize protein contamination.
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11. Monitor as previously described and pool and concentrate the active fractions for
gel electrophoresis (see Note 1).

3.1.2. Gel Electrophoresis

1. Electrophoris the concentrated column fractions on SDS-PAGE using standard
methods.

2. Blot onto a polyvinylidene difluoride membrane and stain with Coomassie blue.
3. Excise the visible bands from the membrane and send to an institutional core or a

commercial laboratory for amino-terminal sequencing.
4. Once the sequence is obtained, online resources such as the NCBI Entrez page

(http://www.ncbi.nlm.nih.gov) are useful for determining if the sequence matches
a known sequence in a data base. In our case, a search matched one sequence to a
protein in the data base with no known function called translationally controlled
tumor protein (accession no. X16064, Swiss-Prot no. P13693).

3.2. Cloning and Expression in E. coli

To confirm that the sequence obtained from the database is responsible for the
bioactivity of interest, the following can be performed: (1) subclone the sequence
from the data base into an E. coli expression vector; (2) express the recombinant
protein in E. coli as a tagged fusion protein; and (3) purify the recombinant pro-
tein by affinity chromatography and test the biologic function (see Note 2).

3.2.1. Subclone the Sequence into an E. coli Expression Vector

1. Amplify the protein of interest using RT-PCR from the cDNA of a primary cell
or cell line that makes the protein. For our protein, we used the monocytic cell
line U937.

2. Design custom oligonucleotide primers using the sequence from the data bank
with the addition of restriction sites to the 5' and 3' ends (see Note 3). For
example, the primers we used were: 5' primer, 5'-AAAAGGATCCATGATCAT
CTACCGGGACC-3; 3' primer, 5'-AAAGAATTCTTAACATTTCTCCAT–3'.
These primers include a BamH1 site on the 5' end and EcoR1 site on the 3' end.

3. Amplify the PCR product using the manufacturer’s standard protocol and PCR
conditions based on the custom oligonucleotides (see Note 4).

4. Run a 1% agarose gel with 0.5 µg/mL ethidium bromide to visualize the band,
and then excise the PCR product from the gel.

5. Purify the PCR product using a commercially available kit and then restrict both
the PCR product and the vector, pGEX-2T in our case, with the specific restric-
tion enzymes for 1 h at 37°C.

6. Ligate the restricted PCR product in frame with GST in the pGEX-2T vector (see
Note 5).

7. Perform standard bacterial transformations according to the manufacturer’s speci-
fications (see Note 6).
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3.2.2. Express the Recombinant Protein
1. Express the protein in E. coli cells by inoculating a 100-mL culture of LB with 50

µg/mL ampicillin with a single colony from the transformation and shake over-
night at 37°C.

2. Add the 100-mL overnight culture to 1 L of LB with 50 µg/mL ampicillin and
grow for an additional 3 h, shaking at 37°C.

3. Induce the protein production with 0.1 mM IPTG for 4 h shaking at 37°C (see
Note 7).

4. Spin the cultures at 3500g for 15 min. Discard the supernatant and store the pel-
lets at –20°C until purification.

3.2.3. Purify the Recombinant Protein and Test the Function
1. Resuspend the cell pellets in 25 mL of PBS and lyse by sonication on ice.
2. Spin the lysates at 10,000g for 10 min.
3. Add Triton X-100 to the lysates at a 1% final concentration and combine with a

50% slurry of glutathione agarose to a 1% final concentration.
4. Wash three times with 50 mL of PBS in a batch method by spinning at 500g for

5 min.
5. Elute the GST fusion protein from the agarose with 3–2-mL washes of 5 mM

reduced glutathione elution buffer in a batch method with 3–5 min 500g spins.
6. Dialyze the free glutathione out of the sample with a buffer compatible with your

functional assay before determining function or protein levels.
7. The biologic function of the cloned HrHRF was tested using our histamine

release assay (4), but again, any functional marker could be used depending on
the protein of interest.

3.3. The Yeast Two-Hybrid System

The yeast two-hybrid system is a method for detecting interaction between
proteins, and can be used to discover novel protein interactions (see Note 8).
Generally, the protein of interest is subcloned into a plasmid to form a fusion
protein with a DNA-binding domain (DBD) and then cotransformed into yeast
with a relevant cDNA library in a plasmid containing the activation domain
(AD). If there is a protein interaction between the protein of interest, also
known as the bait, and one of the library proteins, the DBD and AD are brought
together in the nucleus of the yeast and transcriptional activation is restored.
This activation can be monitored by expression of reporter genes downstream,
such as lacZ and/or a marker for nutritional auxotrophy. The activation of lacZ
is measured by a screen for β-galactosidase activity, and the auxotrophic acti-
vation is determined by colony growth on YC media deficient for the specific
auxotrophic marker. The transcriptional activation markers will depend upon
the strain of yeast used, and the media specifications will vary accordingly.
Numerous manufacturers have kits and prepared cDNA libraries to facilitate
this type of investigation. The kits are complete with detailed instructions on
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methods specific for the yeast two-hybrid system, therefore this section will
describe the steps and troubleshoot this method. This section will outline: (1)
the construction of a bait plasmid; (2) the co-transformation of the bait with a
cDNA library; (3) the screen for transcription activation; and (4) the identifica-
tion of positive clones.

3.3.1. Construction of a Bait Plasmid
1. Subclone the protein of interest, HrHRF, in frame with the DBD to create a fusion

protein (DBD/HrHRF). The protein expression and yeast DBD vectors may have
multiple cloning sites that will allow a direct restriction and ligation from the
protein expression vector directly into the yeast DBD vector. If this strategy is
not viable, design a cloning strategy as described in Subheading 3.2.1. using a
PCR-amplified product with additional restriction sites to make the DBD/HrHRF
fusion protein in frame.

2. Maintain and propagate the DBD/HrHRF yeast vector in E. coli.
3. Sequence the fusion protein to insure the cloning strategy was successful before

proceeding.
4. Transform the bait DBD/HrHRF plasmid into yeast alone and with an empty

library vector, as described in Subheading 3.2.2., and screen the DBD/HrHRF
fusion protein for non-specific activation of the reporter genes, as described in
Subheading 3.3.3., before proceeding with library screening (see Note 9).

3.3.2. Co-Transformation of the Bait With a cDNA Library
1. Co-transform the yeast with the DBD/HrHRF vector and the library vector using

standard small scale yeast transformation.
2. Briefly, repeat the small-scale transformations in order to screen the desired num-

ber of clones, approx 10 million in our case were screened to give a good repre-
sentation of the library (see Note 10).

3. To determine the number of clones you have screened, plate a portion of your
transformation on YC media containing selection markers for both the Bait vec-
tor and Library vector. We used the antibiotic Zeocin to select for the DBD
vector and the auxotrophic marker TRP-1 to select for the Library vector. The
media we used was YC, minus tryptophan, plus Zeocin.

3.3.3. Screen for Transcription Activation

Screen for protein interactions by plating the transformations on YC media
deficient for the auxotrophic marker for transcriptional activation. This will
vary depending on the yeast strain used, but in our case it was histadine defi-
cient media (YC–histadine). Further screen colonies detected by the selective
plates for β-galactosidase expression. Specifically, restreak each colony from
the auxotrophic selective media plate onto duplicate plates. Keep one plate to
propagate the clones of interest and the other to screen for β-galactosidase
activity (see Note 11). A filter lift assay is quick and allows screening of nu-
merous clones at one time (9).
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3.3.4. Identification of Positive Clones

1. To identify the proteins responsible for the interaction with the bait protein,
HrHRF, isolate the plasmid DNA from double-positive yeast clones. Using a
commercially available kit, such as Y-DER™ Yeast DNA Extraction Kit, will
facilitate this step. Yeast cells are difficult to lyse, and the standard methods
involve harsh and time-consuming treatments. Regardless, the quality and quan-
tity of plasmid DNA isolated from the yeast clone is not sufficient for sequencing.

2. To obtain sequence quality DNA, transform the extracted yeast DNA into E. coli
using a standard bacterial transformation according to the manufacturer’s speci-
fications.

3. Grow E. coli mini preps from single colonies from the transformation and isolate
the plasmid DNA using a commercially available kit. Numerous DNA purifica-
tion kits are available, so check with the sequencing facility that you will use for
the preferred method.

4. After sequencing, search data bases for a match to the sequence, as suggested in
Subheading 3.1.2. (see Note 12). Check the open reading frame of the sequences
of interest to determine if the predicted protein is translated. Our library screen and
data base search yielded one sequence match which was elongation factor-1δ (10).

3.4. Confirmation of the Interaction
of Molecules by Co-Immunoprecipitation

Protein interactions identified in yeast two-hybrid screens require valida-
tion in another system. The protein–protein interaction can be confirmed by
co-immunoprecipitating the original bait protein with the newly identified
interactor from cellular lysates. The yeast vector used for the cDNA library in
the yeast two-hybrid screen is not suitable for protein expression, so the
interactors of interest are subcloned into an E. coli expression vector. The recom-
binant protein is then used for co-immunoprecipitation experiments. This sec-
tion will outline: (1) the subcloning of the interactor for protein expression;
and (2) the co-immunoprecipitation of the bait and the yeast two-hybrid identi-
fied proteins.

3.4.1. Subcloning of the Interactor for Protein Expression

1. Subclone the interactor from the yeast library vector into a bacterial expression
vector. Choose a vector that will allow the protein of interest to be produced as a
recombinant fusion protein with a convenient tag. Choose a tag based on available
antibodies, ability of the antibodies to immunoprecipitate, and the ease of purifi-
cation depending on the co-immunoprecipitation strategy (see Note 13). The pro-
tein expression and yeast vectors may have multiple cloning sites that will allow a
direct restriction and ligation from the yeast vector directly into the chosen pro-
tein expression vector. If this strategy is not viable, design a cloning strategy as
described in Subheading 3.2.1. using a PCR-amplified product with additional
restriction sites to produce the fusion protein in frame.
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2. Perform standard bacterial transformations according to the manufacturer’s speci-
fications.

3. Grow E. coli mini preps from the transformations, lyse the cell pellet in SDS/
PAGE sample buffer, and run a Western blot.

4. Use antibodies to the tag or the protein of interest in a Western blot analysis to
check for expression of the recombinant protein at the predicted size (see Note 14).
Alternatively or in addition, isolate the plasmid DNA from a mini prep and
sequence the fusion protein to insure that the cloning strategy was successful.

5. Produce the protein as described in Subheading 3.2.2.

3.4.2. Co-Immunoprecipitation of Proteins
1. Lyse the E. coli cell pellet from the protein production in RIPA 50 buffer with

protease inhibitor cocktail and freeze thaw the cell suspension three times, switch-
ing from an ethanol bath with dry ice to a 37°C water bath.

2. Spin the lysates at 14,000g for 5 min and save the supernatant in two equal aliquots.
3. Preclear both lysates with 80 µL of a 50% slurry of protein A Sepharose 4 Fast

Flow beads and 1 µg of control IgG antibody for 2 h rotating at 4°C to reduce
nonspecific binding.

4. Spin the lysates at 1000g for 3 min and save the supernatant.
5. Add 1.5 µg of affinity purified GST-HrHRF fusion protein, prepared as described

in Subheading 3.2.3. and rotate at 4°C for 16 h.
6. Add 1 µg of either control rabbit IgG or rabbit anti-GST antibody and rotate for

5 h at 4°C.
7. Add 40 µL of protein A Sepharose 4 Fast Flow Bead to each and rotate for 2 h at

4°C.
8. Wash the beads three times in 1 mL of RIPA 50 and spin for 5 min at 14,000g

at 4°C.
9. Resuspend the beads in 40 µL of 2X SDS/PAGE sample buffer with 5% β-mer-

captoethanol, boil for 5 min, and spin at 14,000g for 5 min.
10. Electrophoris the immunoprecipitation supernatants from each of the beads on

SDS-polyacrylamine gels using standard methods.
11. Blot onto nitrocellulose and Western blot with mouse anti-fusion protein. We

used anti-Express antibody. Strip the same blot with stripping buffer for 1 h at
65°C and Western blot with monoclonal anti-HrHRF. If the specific antibody
immunoprecipitation lane is positive for both Western blots, while the control lane
is clear, the protein–protein interaction is confirmed. We confirmed the interaction
between HRF and elongation factor-1δ (10).

4. Notes
1. The repetitive chromatography strategy was designed to maximize recovery using

size separation such as Sephadex and Superdex. The Mono Q column was run to
separate the molecules using charge. We had previously determined using DE-52
batch elution that our protein bound an anion exchange column, and therefore the
MONO Q column was used. Note that some proteins may require a cation
exchange column for separation using charge. Loading volumes are depen-
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dent on the bed volume of the column, and increasing length of chromatography
columns can increase separation. The number of column runs depends on the
total protein of the sample and the capacity of the column (11). For all concentra-
tions and dialysis a low molecular weight cut off was used because the size of the
protein of interest was unknown.

2. When choosing an E. coli expression vector, consider making a tagged recombi-
nant fusion protein that will facilitate protein purification. We used a glutathione-
S-transferase (GST) tag in the pGEX-2T expression vector to make a GST fusion
protein. Purification by GST affinity chromatography is simple and provides good
yields and purity. In addition, the pGEX-2T has a thrombin cleavage site that
allows for removal of the GST tag from the protein of interest. This cleavage can
be helpful when proving the biologic function is to the result of the protein of
interest and not the tag.

3. Primer design can be done on-line with programs provided by the commercial
laboratories which make custom oligonucleotides, but these programs do not always
allow for the addition of restriction sites. Consequently, we usually design them
manually (see Note 4). When choosing restriction sites, check internal restriction
sites of your protein to insure that your restriction enzymes do not cleave the
protein of interest. Again, this can be done manually, or with the aid of computer
software. Also, make sure that the restriction enzymes chosen have compatible
restriction buffers. Manufacturers of the restriction enzymes provide the infor-
mation regarding buffer compatibility.

4. Custom oligonucleotide, or primer design can be performed manually using the
criteria described below which was developed by H. Haleem-Smith and B.
Vonakis (personal communication). The primers should be 19–26 bases and con-
tain 8-12 Gs or Cs, so that 40–60% of the nucleotides are either G or C. The
primers should contain either a G or a C anchor at both the 3' and the 5' ends. The
melting temperature (Tm) should be between 60 and 75°C. The Tm is calculated
using the formula Tm (°C) = 4(G +C) + 2(A+T). Do not have four of the same
nucleotides consecutively or four consecutive Gs and Cs in the primer. Visually
check the secondary structure to avoid hairpins, which occur when the primer has
complementary sequences within the primer that would fold onto itself. In addi-
tion, check that there are no complementary sequences between the primer pairs
that would allow them to hybridize to each other, creating primer dimers. When
using these criteria for custom oligonucleotide design, the following PCR con-
ditions can be used: 30 cycles of denature/anneal/amplify, specifically, 95°C
for 1 min, 60°C for 1 min, and 72°C for 1 min, followed by a 3-min extension at
72°C and a 4°C soak.

5. PCR expression cloning can be very effective strategy for cloning; sometimes
however, the enzymes do not efficiently restrict small PCR generated products.
Therefore, it may be helpful to TA clone, using the sticky ends of the PCR prod-
uct. Place the protein of interest into an intermediate vector specifically designed
for TA cloning, and then subclone the protein of interest into the desired expres-
sion vector using the multiple cloning sites.
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6. Several E. coli strains can be used for protein expression, including but not
limited to JM109, DH5-α, and BL21(DE3). Some strains are optimized for pro-
tein expression, such as the BL21(DE3), but are not stable and require a fresh
transformation for each protein expression. Choosing a strain such as DH5-α,
which can be saved as a glycerol stock after the initial transformation, may
save time.

7. Kinetics of optimal protein expression should be determined individually for each
recombinant protein. A time coarse to determine optimal protein expression can
be done by inoculating the culture as described and then removing small aliquots
of the culture before induction with IPTG and then subsequently every hour.
These samples can be lysed and then run on SDS-PAGE to identify the protein
band of interest.

8. The yeast two-hybrid system has several pit falls. There are often many false posi-
tives that have sequences that do not correspond to any protein. These include, but
are not limited to, known proteins that are inserted backwards into the vector.
In addition, false negatives occur when previously observed interactions are not
detected in the library screen. Also, the nature of the system requires that the
interaction occur in a yeast nucleus, and this may be unfavorable for plasma mem-
brane protein interactions. Other potential approaches, especially for extracellular
interactions would include chemical crosslinking and co-immunoprecipitations
using cells that are known to interact with the protein of interest.

9. If the bait nonspecifically activates the reporter genes or is lethal to the yeast
strain, alternative strategies are possible. For example, there are many strains of
yeast that can be used in the yeast two-hybrid system, and another strain may be
more suitable. In addition, you can try using only a portion of your protein as
bait, and then recheck the activation markers.

10. Large-scale co-transformations can also be performed; however, they are not as
efficient as repetitive small scale yeast co-transformations.

11. The complete library screening generates numerous positive clones; therefore,
the accuracy of labeling and maintaining the generated clones is important. The
master plates of positive clones can be kept wrapped in Parafilm at 4°C but should
be processed as soon as possible to determine whether any clones are of interest.
Practically, small-scale co-transformations may be repeated after completion of
the final analysis of positive clones.

12. The retrieval of yeast DNA, followed by the transformation in E. coli and sequenc-
ing, is time consuming and expensive. Consequently, positive interactors may
be selectively screened based on the strength of the reporter. For example, only
sequence clones with strong β-galactosidase interactions that appear before 30 min.
This strategy is based on the observation that the strength of reporter may indicate
strength of the protein interaction (12).

13. When designing a strategy for co-immunoprecipitations be careful to chose an
antibody which has been proven to immunoprecipitate. Commercial antibodies
have this property designated in some cases, and technical support can provide
specific protocols. In our case, an antibody to the GST tag was used to immuno-
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precipitate. Consequently, the yeast two-hybrid identified protein was subcloned
into an expression vector containing a tag other than GST. To simplify the West-
ern blot analysis of the co-immunoprecipitation, it is best to use a primary anti-
body from a species different from that used to immunoprecipitate. In the case
where the same species antibody is used in both the immunoprecipitation and
Western blot, the secondary antibody used in the Western blot will crossreact
with the IgG in the IP lanes, and may interfere with band detection, depending on
the size of the molecule. The amount of antibody used in this protocol is deter-
mined to be effective with a minimum of nonspecific binding compared to con-
trol antibodies. The conditions for each immunoprecipitation may vary, and
should be determined by trying different amounts of antibodies and proteins to
optimize the reaction.

14. Western blot analysis generally involves a blocking step, an incubation with pri-
mary antibody to the tag or protein of interest, an incubation with a secondary
labeled antibody and development with a chemiluminescent substrate, with
washes in between each step. The exact conditions of the general steps vary for
each antibody, and include, but are not limited to, different blocking agents, wash-
ing buffers, incubation times and antibody dilutions. Commercially available
antibodies are provided with Western blotting protocols, but conditions should
be optimized for the application.
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Assays for Nitric Oxide Expression

William L. Stone, Hongsong Yang, and Min Qui

Summary
The purpose of this chapter is to review the analytical methodology specifically asso-

ciated with studying the role of nitric oxide (NO) in mast cell physiology and biochem-
istry. The methodology for measuring cellular secretion of nitric oxide with Griess
Reagent will be described in detail, as well as the use of 4,5-diaminofluorescein diacetate
for continuous monitoring of nitric oxide production in live cells. We will point out the
limitations of the analytical techniques and also indicate areas in which promising ana-
lytical techniques have not yet been applied to the study of mast cell physiology, that is,
new research opportunities. In addition to reviewing the methodology associated with
measuring NO itself, we will briefly touch upon some analytical methods important in
characterizing the biochemical products formed from nitric oxide (e.g., 3-nitrotyrosine).

Key Words: Mast cells; nitric oxide; peroxynitrite; Griess reagent; nitrite; nitrate;
nitric oxide synthase; 4,5-diaminofluorescein diacetate (DAF-2A); 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO).

1. Introduction
A number of excellent reviews have been published on the general tech-

niques for measuring nitric oxide (NO) in biological systems (1,2). NO is a
simple gaseous, diatomic free radical molecule that has a wide array of physi-
ological functions, for example, a neuromessenger in the central nervous sys-
tem, a modulator of blood pressure, a regulator of gastric motility, and a killer
of airborne pathogens in the lung. NO can easily diffuse through biological
membranes and between subcellular organelles because of its small size and
lack of charge. It is synthesized by many cells types, including mast cells and
macrophages, which play critical roles in immunity and inflammation (3).

Mast cells are widely distributed in many tissue types and have very special-
ized secretory functions. They play a key role in allergic responses and inflam-
mation (4). Knowledge of how NO modulates mast cell functions has been
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rapidly expanding in recent years, and excellent reviews are available (5,6). It
is now clear that mast cells are both a target and a source of NO (6).

NO is a free radical because it has an unpaired electron in its 2p-π orbital.
Despite being a free radical, nitric oxide is a very effective antioxidant (7,8).
As shown in Fig. 1, NO can rapidly react with superoxide radical (O2

–*) to
form peroxynitrite (ONOO−), which is potent pro-oxidant capable of promot-
ing lipid peroxidation (9). Peroxynitrite may have extremely important effects
on mast cell functions (5). Peroxynitrite arising from mast cells in the lung
could cause pulmonary capillary leakage and thereby play a critical role in the
pathophysiology of pulmonary disease (10).

The presence of peroxynitrite in biological systems can be detected by mea-
suring 3-nitrotyrosine, which is formed by the reaction of peroxynitrite and
tyrosine residues on protein (11,12). A new sensitive and specific assay has
been developed (11) for measuring the 3-nitrotyrosine levels in proteins by
quantitative conversion into a pentafluorobenzyl derivative which is then detected
using negative ion chemical ionization gas chromatography/mass spectrometry.
This important analytical methodology has not yet been employed to study
mast cell physiology. It is interesting, however, that increased levels of 3-
nitrotyrosine have been found in the exhaled breath condensate of patients with
asthma (13).

NO in biological systems are generated either by an inducible form of nitric
oxide synthase (iNOS) or a constitutive form (cNOS). cNOS enzymes synthe-
size low levels of NO but do so in a rapid fashion whereas iNOS synthesizes
much higher levels of NO and does so over a prolonged time interval. All NOS
enzymes catalyze the five electron oxidation of L-arginine to yield equimolar
quantities of NO and L-citrulline (see Fig. 2). NOS activity also requires the

Fig. 1. Nitric oxide (NO) acts as an antioxidant by quenching lipid peroxyl radicals
(LOO*). Peroxynitrite (ONOO−) is, however, a pro-oxidant that reacts with lipids to
form lipid hydroperoxides (LOOH), lipid peroxyl radicals, and isoprostanes.
Peroxynitrite also can react with tyrosine residues on proteins to form nitro-tyrosine.
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presence of (6R)-5,6,7,8-tetrahydrobiopterin (BH4) as a cofactor. BH4 has been
identified as a critical factor in the production of NO by mast cells (14). The
high levels of NO produced by iNOS are subsequently oxidized to reactive
nitrogen oxide species (RNOS) at a very rapid rate (reactions 1 and 2).

NO + O2 → NO2/N2O3 (aq) → NO2
–/NO3

– (1)

NO + O2
–* → ONOO– (aq) → NO2

-/NO3
– (2)

For most immunological cells, iNOS is the primary enzyme involved in NO
synthesis. Moreover, many of the immunological and inflammatory effects of
NO produced by iNOS are the indirect result of RNOS which rapidly react
with cellular thiols to form nitrosothiols (RS-NOs) which could modulate
numerous cell signaling pathways (15). Akaike et al. (15) have described a
specific and highly sensitive high-performance liquid chromatography method
for detecting RS-NOs.

Mast cells are reported to have both an iNOS and a cNOS form (6). Gilchrist
(16) found that unstimulated rat peritoneal mast cells (PMC) express low lev-
els of cNOS mRNA but neither mRNA for iNOS nor neuronal nitric oxide
synthase (nNOS). However, stimulation with antigen, interferon (IFN)-γ, or anti-
CD8 antibody was found to up-regulate iNOS mRNA expression in these cells as
was confirmed by in situ reverse transcription polymerase chain reaction (16).

NO plays a key role in modulating many important mast cell functions
(5,6,17–19). For example, NO suppresses antigen-induced mast cell degranu-
lation, mediator release, and cytokine expression (17). To study the role of NO
in modulating mast cell functions, it is important to look at conditions in which
either exogenous or endogenous sources of NO are used (17).

A wide variety of chemical NO donors are available to study the role of
exogenous NO. For example, NO generating ions of the general structure R2N-
[N(O)NO]-, called diazeniumdiolates, have been developed by the National
Cancer Institute (http://home.ncifcrf.gov/lcc/nitricoxide/aboutNOresearch.
asp). These NO ions generate NO at physiological pH, with half-lives ranging
from 2 s to 20 h. 3-Morpholino-sydnonimine is also a well-known NO donor

Fig. 2. Nitric oxide synthase uses L-arginine, oxygen, and NADPH to form nitric
oxide and L-citrulline.
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and it also simultaneously releases superoxide radicals and is therefore useful
for probing the biological effects of peroxynitrite generation (see reaction 2).

Before detailing a number of specific methodologies, it is important to dis-
cuss some general analytical considerations. NO is very unstable in biological
systems and has a physiological half life of only 1–40 s. It is, therefore, very
difficult to measure NO itself and most assays are therefore based on the deter-
mination of the stable end products of NO, that is, NO2− and NO3−. The activ-
ity of NOS enzymes can, however, be determined by the formation of
L-citrulline (see Fig. 2). Most assays for measuring the stoechiometric produc-
tion of NO and L-citrulline from L-arginine by NOS enzymes are based on
radiolabeled arginine, that is, L-[3H]-arginine or L-[14C]-arginine (20). For
example, Combet et al. (21) have carefully described a discontinuous assay
based on the formation of L-[3H]-citrulline from L-[3H]-arginine. These investi-
gators were careful to demonstrate the specificity of the NOS activity by
using a specific NOS inhibitor, that is, NG-monomethyl-L-arginine
monoacetate (L-NMMA). NOS assays based on radiolabeled L-arginine are
quite sensitive. Carlberg et al. (22) have developed an assay for nNOS (found
on mast cells) based on the HPLC determination of L-citrulline. This nonradio-
active method has a detection limit of 0.1 pmol L-citrulline.

The production of L-citrulline is particularly useful for measuring NOS
activity in isolated enzyme preparations or cultured cells. It is, however, more
subject to difficulties when used with whole tissues where both unlabeled sub-
strate could be present and alternative enzymatic means of forming L-citrulline
from radiolabeled L-arginine (e.g., arginase- and ornithine transcarbamylase-
mediated reactions [23]). Giraldez and Zweier has attempted to address these
issues (23) but these problems must be kept in mind as an intrinsic limitation of
all L-arginine conversion assays.

Holstein et al. (24) have used a monoclonal antibody directed against L-citrul-
line for immunocytochemical staining in tissues section. Combined with spe-
cific antibodies to the various NOS enzymes, this is a powerful method for
looking at the tissue distribution of both NOS proteins and their enzymatic
activity (24).

Chemiluminescence is an extremely sensitive technique and has been used
to measure very low levels of NO on a real time basis. Chemiluminescence is
the result of the transformation of chemical energy into light energy. NO is
readily oxidized to NO2 in the presence of O3 (ozone) and this reaction (reac-
tion 3) produces a quantity of light for each molecule of oxidized NO, which
can be measured using a photomultiplier tube or solid state device. Under care-
fully controlled circumstances, the light level in the reaction chamber is pro-
portional the concentration of NO in the sample.

NO + O3 → NO2+ O2 + hν (3)
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The chemiluminescence technique is so sensitive that is has been used to
monitor nitric oxide in breath and therefore has been clinically useful in moni-
toring inflammation in asthma (25). There is a considerable body of evidence
suggesting that mast cells play a key role in asthma (26–29). Moreover, it is
likely that lung mast cells contribute to the NO measured in breath but this
remained as active area of research (10,13).

As mentioned previously, nitrite and nitrate are the primary stable end prod-
ucts of NO in aqueous systems. Nitrite can be measured by the absorbance of
the magenta-colored azo dye formed from NO2

– and Griess reagent. Gilchrist
et al. (16) have used the Griess assay to measure the release of NO from rat
PMCs. In unstimulated PMCs, the production of NO is very low and only after
stimulation with IFN-γ (800 U/mL) or anti-CD8 antibody (5 µg/mL) was the
production of NO very significant. The NOS inhibitor L-NMMA (at a concen-
tration of 100 µM) was able to block the production of NO, indicating that mast
cell NOS was the specific source. Griess reagent can be purchased but is
exceedingly easy and cost efficient to make oneself.

2. Materials
2.1. NO Based on Cellular Nitrite (NO2

–)
and Nitrate (NO3

–) Secretion Into Culture Medium

1. Griess reagent is prepared by mixing equal volumes of reagent (a) and (b).
Reagent (a) is 1% sulfanilamide (S 9251 Sigma) in 5% phosphoric acid (P5811,
sigma-aldrich.com), prepared by adding 3.5 mL of 85% H3PO4 (Sigma) to 100 mL
with distilled water and then dissolving 1.0 g of sulfanilamide. Reagent (b) is 0.1%
N-1-naphthylethylenediamine dihydrochloride (NEDD; cat. no. 22,248,-8 from
sigma-aldrich.com), prepared by dissolving 100 mg of NEDD in 100 mL of dis-
tilled water. These two reagents should be stored at 4°C in light protected plastic
bottles and are stable for approx 4 mo.

2. β-NADPH (N 7785, sigma-aldrich.com).
3. Nitrate reductase EC 1.7.1.2) (N 7265, from Aspergillus niger, sigma-aldrich.com).
4. L-glutamate dehydrogenase (49392, sigma-aldrich.com).
5. α-ketoglutaric acid disodium salt dihydrate (75892, sigma-aldrich.com).
6. Ammonium chloride (A 9434, sigma-aldrich.com).
7. 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium

salt (carboxy-PTIO potassium salt, C221, sigma-aldrich.com) stock solution
(10 mg/mL) is prepared in pH 9.0, 0.1 M sodium phosphate buffer.

8. Carboxy–PTIO stock solution (10 mg/mL).
9. RMPI-1640 without phenol red (11835-030, Invitrogen, Carlsbad, CA)

10. Fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA; see Note 1).
11. Phosphate-buffered saline: 150 mM, pH 7.4 (cat. no. 10010-23, Invitrogen).
12. Penicillin–streptomycin (cat. no. 15140-122, Invitrogen).
13. Sterile 96-well microplates.
14. Microplate VIS absorbance reader.
15. CO2 (5%) cell incubator set at 37°C.
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2.2. Continuous Monitoring of NO Production Using DAF-2A Diacetate

1. A 5 mM stock solution of 4,5-diaminofluorescein diacetate (DAF-2 diacetate)
(cat. no. 85165, www.caymanchem.com) is made in tissue molecular biology
grade dimethyl sulfoxide (DMSO), i.e., 1 mg of DAF-2 diacetate in 450 µL of
DMSO. This stock solution is further diluted with culture medium (phenol red
free) to give a final concentration of 10 µM DAF-2A diacetate.

2. Dimethyl sulfoxide (DMSO; cat. no. D 8418, sigma-aldrich.com).
3. RMPI-1640 without phenol red (cat. no. 11835-030, Invitrogen).
4. The cell culture medium is made be mixing 45.0 mL of RPMI-1640 (with bicar-

bonate), 5.0 mL of FBS, 0.5 mL of 1.0 M pH 7.4 HEPES and 0.25 mL of penicil-
lin–streptomycin.

5. FBS (Atlanta Biologicals).
6. Penicillin–streptomycin (cat. no. 15140-122, Invitrogen).
7. 1 M HEPES buffer solution (15630-080, GibcoBRL, NY).
8. Sterile 96-well microplates (see Note 2).
9. CO2 (5%) incubator set at 37ºC.

10. Microplate fluorescent reader with temperature regulation capabilities such as the
FLUOstar Galaxy (now sold as the FLUOstar OPTIMA) (BMG Labtechnologies,
Durham, NC).

3. Methods
3.1. Griess Reagent Assay for Nitrite (Only) in Culture Medium

1. Cells are grown in 96-well microplates with tissue culture medium containing
RPMI-1640 (without phenol red) and 10% FBS. The culture medium is made by
mixing 45.0 mL of RPMI-1640, 5.0 mL FBS, and 0.25 mL of penicillin–strepto-
mycin.

2. After 4 to 18 h of incubation (5% CO2, 95% air at 37ºC), a 50-µL aliquot of the
cell culture medium (containing the nitrite to be assayed) is transferred to a new
96-well plate containing 50 µL of Griess reagent (a) and 50 µL of Griess reagent
(b) per well (see Notes 3 and 4).

3. After mixing and incubating for 10 min, the absorbance of the wells is measured
at 543 nm against a blank containing fresh growth medium (not in contact with
cells) and Griess reagent. The absorbance spectrum of the colored azo compound
is fairly broad and a plate reader with a filter from 520 to 550 nm can be used.

4. A standard curve should be obtained with known concentrations of NO2− . It is
important to make up the standards in the same matrix used for the experimental
samples, for example, cell culture medium.

3.2. Griess Reagent Assay for Nitrite Plus Nitrate in Culture Medium

The Griess assay measures only nitrite, yet it is important to measure total
nitrite plus and nitrate since both are produced by NO in aqueous conditions.
This can be accomplished by adding bacterial nitrate reductase and NADPH to
reduce nitrate to nitrite, that is, NO3– + NADPH → NO2– + NADP+ + H2O.
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This, however, creates a new analytical problem since any excess NADPH
interferes with the Griess reaction. Fortunately, the excess NADPH can be
removed by using an enzymatic reaction consuming NADPH such as L-
glutamate dehydrogenase (NH3 + 2-oxoglutarate + NADPH → L-glutamate +
H2O + NADP [20]).

1. A 50 µL sample of the cell culture medium is placed in well (96-well microplate) and
incubated with a 5 µL sample of the stock nitrite reductase (2 U added to 150 µL of
pH 7.4 PBS buffer) and a 5 µL of the stock 300 µM NADPH solution (2.5 mg of
beta-NADPH Na4 in 10 mL of distilled water) for 30 min at room temperature.
This reduces NO3− to NO2− (see Note 5).

2. 5 µL aliquots of L-glutamate dehydrogenase (40 U/mL), ammonium chloride (1.5
M) and α-ketoglutaric acid disodium salt dihydrate (60 mM freshly prepared) are
added to each well to be assayed and incubated for 15 min at room temperature to
remove any excess NADPH.

3. The NO2– plus NO3– is now assayed using 50 µL Griess of reagent (a) and 50 µL
of reagent (b).

4. After incubating for 10 min, the absorbance of the wells is measured at 543 nm
against a blank containing 50 µL of fresh-growth medium (not in contact with
cells) but treated in manner identical to the sample cell growth medium (that was
in contract with cells). A standard curve should be obtained with known concen-
trations of NO2– and NO3–.

3.3. An Improved Technique Using Carboxy PTIO

An improved method for the detection of NO has been developed by Amano
and Noda (30) based on the use of a nitric oxide radical scavenger, 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (carboxy
PTIO) and the Griess reagent. The addition of carboxy PTIO to stimulated
cells increases the amount of NO2– because carboxy PTIO rapidly reacts with
NO to form NO2– (and not NO3–), which is then assayed using the Griess
reaction (31). Carboxy-PTIO has also been used as a scavenger of NO and,
thereby, to test the roles of NO in various physiological functions. Neverthe-
less, the metabolic alterations induced by carboxy-PTIO have not been fully
elucidated. It is known that carboxy-PTIO completely inhibits peroxynitrite-
induced formation of 3-nitrotyrosine from free tyrosine as well as nitration of
bovine serum albumin (32).

Figure 3 shows the effect of carboxy-PTIO (160 µM) on the secretion of
NO2− (measured by the Griess assay) by unstimulated, LPS stimulated, IFN-γ-
stimulated, and lipopolysaccharide plus IFN-γ-stimulated RAW264.7 murine
macrophages as a function of time. Clearly, carboxy-PTIO almost doubles the
sensitivity of the Griess assay. A 5 µL aliquot of stock carboxy-PTIO is added per
3 mL of the cell growth medium (final concentration of 53 µM) and, after incuba-
tion at 37ºC aliquots of the medium are assayed as detailed in Subheading 3.1.
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3.4. Continuous Monitoring of NO Production in Live Cells
Using DAF-2A Diacetate Fluorescent Indicator

Most assays based on measuring NO in cell culture medium are not suffi-
ciently sensitive to detect the low NO output from cNOS. Kojima et al. (33,34)
have developed membrane-permeable DAF-2 diacetate (DAF-2 DA) as a
means of studying NO production in live cells. When DAF-2 DA is loaded
into cells, its ester bonds are hydrolyzed by intracellular esterase, generating
DAF-2, which remains essentially nonfluorescent until it reacts with the
nitrosonium cation (produced by spontaneous oxidation of nitric oxide) to form
a fluorescent heterocycle, which becomes trapped in the cytoplasm of the cell.
Fluorescence in the cells increases in a NO concentration-dependent manner.
We have routinely used DAF-2 diacetate to continuously measure NO produc-
tion in stimulated macrophages cultured in 96-well microplates. For continu-
ous monitoring, cells must be maintained at 37ºC and pH 7.4 while in the plate
reader. Therefore, it is important to use a microplate fluorescent reader with
temperature regulation (at 37°C) capabilities such as the FLUOstar Galaxy
(now sold as the FLUOstar OPTIMA from BMG Labtechnologies, Durham,
NC). To maintain a pH 7.4 outside of the CO2 incubator (where pH is usually
maintained by bicarbonate-CO2 equilibrium), it is important to have 10 mM
HEPES present in the culture. Cells typically are incubated with the culture
medium containing 10 µM DAF-2 diacetate (in the culture medium) for 30
min and fluorescence then continuously monitored using an excitation wave-
length of 485 nm and an emission wavelength of 520 nm (see Note 6).

Fig. 3. The effect of carboxy-PTIO on nitrite secretion in cells stimulated with
lipopolysaccharide (LPS), interferon (IFN)-γ, and the combination of both LPS and
IFN-γ. (A) without carboy-PTIO; (B) with carboxy-PTIO.
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Gilchrist et al. (14) have used confocal laser scanning microscopy in live
PMCs to study the production of NO using DAF-2. Confocal microscopy is
efficient at rejecting out of focus fluorescent light and provides an image com-
ing from a thin section of the cells. By scanning many thin sections, it is pos-
sible to construct a three-dimensional distribution of the fluorescent dye. Using
this technique, Gilchrist (14) found distinct intracellular distributions of NO
production in mast cells depending upon the type of stimulant being used (IgE
or IFN-γ). The combination of confocal analysis with the use of NO sensitive
dyes is a very powerful technique, particularly where a primary cell population
of mast cells could be contaminated by small amounts other NO producing
cells, such as macrophages.

4. Notes
1. FBS and all other reagents should be free of endotoxin because endotoxin is likely

to be a stimulant for mast cells. It is important, therefore, to order FBS certified
to have very low levels of endotoxin. Endotoxin values are reported in endotoxin
U/mL (EU/mL) and 1 EU of endotoxin is approx 0.1 ng of endotoxin standard.

2. The optimal microplates for fluorescent assays should black with clear bottoms.
This enhances the signal-to-noise ratio. Corning (Corning, NY) has sterile, tissue
culture-treated, black 96-well assay plates with a clear bottom (cat. no. 3603).

3. This methods assumes that the cells to be assayed are adherent to the wells. If this is
not the case, a centrifugation step should be performed to isolate cell-free medium.

4. Marzinzig (35) modified the Griess reaction by replacing sulfanilamide with dap-
sone (4,4'-diamino-diphenylsulfone). This modification, along with ultrafiltra-
tion of the samples, resulted in an enhanced sensitivity to measure NO2− down to
0.2 µM. The detection limit was further improved to 10 nM when NO2− was
identified by the fluorochrome 2,3-diaminonaphthalene (35,36). Moreover, with
the 2,3-diaminonaphthalene method, one also can use bacterial reductase to
reduce nitrate to nitrite and thereby provide an excellent accounting of NO
secretion into cell culture medium.

5. An alternative method to reduce nitrate is with vanadium(III) (37).
6. Rathel et al. (38) have optimized the use of the fluorescent probe DAF-2 to reli-

ably measure nanomolar levels of NO is the culture medium from cells express-
ing cNOS. In particular, these investigators used low concentrations of DAF-2
(0.1 µM) to reduce DAF-2 auto-fluorescence, and they also subtracted the DAF-
2 auto-fluorescence from the total fluorescence measured. In these experiments,
an excitation wavelength of 495 nm and an emission wavelength of 515 nm were
used. The amount of DAF-2 used in these experiments (0.1 µM) is sufficient to
measure up to 200 nM NO.
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Immunohistological Detection of Growth Factors
and Cytokines in Tissue Mast Cells

Zhenhong Qu

Summary
The relative rarity of mast cells (MCs) and the rich content of heparin in the cytoplas-

mic granules of MCs pose technical challenges in reliably detecting growth factors (GFs)
or cytokines in MCs by conventional immunohistological stain (IHS) methods. A vari-
ety of polypeptide growth factors are characterized by high-affinity to heparin. Binding
of GFs to MC granules during detection can lead to highly specific yet falsely positive
results that cannot be easily discovered by conventional procedure controls. Many reagents
used in IHS detection or related experiments contain GFs and are potential
nonphysiological sources of the detected GFs in MCs. In addition, heparin also exhibits
high binding affinity to avidin and streptavidin, key components of the most widely used
IHS detection and amplification system. Although biotin–avidin-free detection systems
are readily available and are highly recommended for the future studies in this field, the
vast majority of the studies of GFs in MCs in the literature have used biotin–avidin-
based methods. In this chapter, the inherent technical pitfalls related to the aforemen-
tioned features of MCs, and suggested solutions are presented. They are intended to
provide technical assistance to investigators in this field and to help interpret the results
of the past studies in the literature.

Key Words: Growth factors; basic fibroblast growth factor (bFGF); transforming
growth factor (TGF)-β; tumor necrosis factor (TNF)-α; stem cell growth factor (SCF);
immunohistochemistry; avidin–biotin complex (ABC); interleukin (IL)-4; interleukin
(IL)-6; interleukin (IL)-10; vascular endothelial growth factor (VEGF).

1. Introduction
The challenge in developing a reliable and reproducible detection method

for growth factors (GFs) in tissue mast cells (MCs) arises from two aspects of
MC biology. The first is the relative rarity of MCs in most types of tissue and
their morphological ambiguity on routine hematoxylin–eosin (H&E) stain,
which makes it very difficult to appreciate the magnitude of MC infiltration
and to reliably attribute a positive stain for a growth factor to MCs. The second
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is the rich heparin content of MCs. Heparin is a sulfated polysaccharide syn-
thesized by MCs and stored in the secretory granules (1). Heparin within the
MC granules permits the binding of avidin (streptavidin), immunoglobulin (2),
and GFs (3,4). The abundant proteoglycans (e.g., heparin) in MCs potentially
may result in a false-positive stain for GFs through two major mechanisms.
First, proteoglycans are known to have high affinity to avidin (5–8). Thus,
when a biotin–avidin-base immunohistological staining (IHS) is used for detec-
tion, falsely positive results are likely to occur. In fact, peroxidase-conjugated
avidin has been used to detect MCs (5–7). Experienced investigators have
learned to ignore such stains of MCs. However, when MCs are the focus of
study, this can be a major hurdle. Fortunately, this type of false-positive stain
is easy to identify by using appropriate procedural controls and is not very
difficult to eliminate. Second, the heparin also has high affinity to a variety of
GFs, especially those so called “heparin-binding growth factors” (4), such as
the fibroblast growth factor (FGF) family (4,9) and vascular endothelial growth
factor (VGF [10,11]). Binding of exogenous GFs to MC heparin during the
staining process may lead to a highly specific but falsely positive stain that
cannot be uncovered by any conventional procedure controls, including
preadsorption control. This is probably the most evasive and poorly docu-
mented pitfall in IHS of GFs in MCs. The source of the exogenous GFs may
come from nonproteolytic enzymes used for antigen retrieval. For example, hyalu-
ronidase extracted from bovine testis is rich in basic fibroblast growth factor
(bFGF [12,13]). Testicular tissues also express SCF (14,15) and vascular
endothelial growth factor (16). Another common source of exogenous GFs is
sera routinely used to block nonspecific tissue binding sites in IHS (17,18).
Many investigators have used 10–50% serum for the blocking step (19–21) or
prolonged incubation with antibodies diluted in the serum-containing solution
(22). Given the GFs-enriching capacity of heparin in MCs, it is not hard to
appreciate the potential problem, that is, exogenous GFs from the enzymes
and/or serum bind to MC heparin and subsequently are detected by IHS as
“MC-produced” GFs.

In this chapter, I will introduce general protocols modified to address the
problems arising from these two aspects. It is my experience and my point of
view, shared by many other investigators, that for a given GF or cytokine, the
success of an IHS largely depends on tissue fixation, antigen-retrieval if appli-
cable, and the type of primary antibodies used, that is to say, an IHS method or
protocol successfully detecting a GF in other type of cells or tissue is also
applicable to MCs in detecting the same GF given that the above mentioned
pitfalls are avoided. For this reason, only a list of key steps of IHS protocols for
GF and cytokine detection in the literature with references are included Table
1. Investigators are referred to these protocols for details. Although the pro-
posed protocols and related comments focus on GF detection in MCs, the gen-
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Table1
Growth Factor Antibodies and Key Components of IHS

Antibody Antibody Antibody Antigen Detection
      to type source Fixation retrieval b method c Ref.

bFGF a Polyclonal Santa Cruz 10% NBF 1 ABC (23–25)
IL-3 a Polyclonal Chemicon 10% NBF 4 SAB (26)
IL-4 Monoclonal, R&D 10% NBF 2 or 3 ABC (27)

polyclonal System
IL-6 Monoclonal, R&D 10% NBF 2 ABC (27)

polyclonal System
IL10 Monoclonal, R&D 10% NBF 2 ABC (27)

polyclonal System
PDGF-A Monoclonal Zymogenetics 10% NBF 4 ABC (28)
SCF a Polyclonal Genzyme and Methanol N/A ABC (29,30)

Amgen
TGF-β1 Monoclonal Santa Cruz, 10% NBF 2 and 5 ABC (24,31)
TGF-β2 Polyclonal Genzyme
TNF-a a Polyclonal R&D 10% NBF 3 SAB, (32,33)

System ABC
VEGF a Polyclonal, Santa Cruz 10% NBF 1 or 6 ABC (23,34)

monoclonal
VEGF a Polyclonal Oncogene 10% NBF 7 or 8 ABC (35,36)

a IHS results confirmed simultaneously by in situ hybridization.
b Antigen-Retrieval Methods (recommended):

1. Heat in microwave at 98°C for 20 min in 10 mM sodium citrate buffer (pH 6.0).
2. Heat in microwave for 15 min (three 5-min treatments) at 650 W in 1 mM di-sodium

ethylene diamine tetraacetic acid solution (pH 8.0).
3. Heat in a pressure cooker (Lakeland Plastics, Cumbria, UK) at full power for 5 min in

10 mM sodium citrate buffer (pH 6.0).
4. Incubate with 0.1% pepsin (Sigma, cat. no. P-6887) in 0.01 N HCl for 20 min at 37°C
5. Heat in microwave on high power for 8 min in 10 mM citrate buffer (pH 6.0).
6. Incubated with 0.125% trypsin (10 min at 25°C)
7. Heat in pressure cooker for 10 min in citrate buffer 0.1 M, pH 6.0.
8. Heat in microwave at 50% power three times for 5 min in 10 mM sodium citrate buffer

(pH 6.0).
cDetection/Amplification System: ABC, Avidin–biotin complex method; SAB = Streptavidin–

biotin method.
PDGF, platelet-derived growth factor; TGF, transforming growth factor; VEGF, vascular

endothelial growth factor.

eral principles and the specific recommendations or technical tips are appli-
cable to immunohistological detection of other macromolecules in different
cell types. They are therefore intended not only to assist investigators in the
future but also to help researchers critically interpret the results of the past
studies in the literature of this field.
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2. Materials
2.1. Reagents

1. 10% Neutral buffered formalin (NBF; cat. no. 23-245684, Fisher Scientific, Pitts-
burgh, PA).

2. Antibodies, primary (see Table 1).
3. Antibodies, biotinylated, specific for rabbit IgG (PK-6101), mouse IgG (PK-6102),

goat IgG (PK-6105) (Vectastain® ABC kit, Vector Laboratories, Burlingame, CA).
4. Affi-Gel® Heparin Gel (153-6173, Bio-Rad Laboratories, Hercules, CA).
5. Anti-human tryptase (IgG1, 105 µg/mL; cat. no. M-7052, DakoCytomation,

Carpinteria, CA).
6. Biømeda Crystal/Mount (cat. no. BM-M03, Fisher Scientific).
7. Crystal Bovine serum albumin (BSA; cat. no. B-6917, Sigma, St. Louis, MO).
8. DAB tablets (3,3'-diaminobenzidine tetrahydrochloride; cat. no. D-5905, Sigma).
9. Fast Red Kit (cat. no. CK-0802-20 or HK182-5K, BioGenex, San Ramon, CA).

10. Glass slide, Probe-On plus (Fisher Scientific).
11. Hyaluronidase type V (cat. no. H-6254, Sigma).
12. Imidazole (1,3-diaza-2,4-cyclopentadiene), C3H4N2, FW = 68.08 (I-0125, Sigma).
13. Mayer’s hematoxylin (non-alcohol-based; cat. no. HK100-9K, BioGenex).
14. Nickel chloride (hexahydrate NiCl-6H2O, FW = 237.7; cat. no. N-5756, Sigma).
15. Normal horse, goat and rabbit sera (Sigma or Vector Laboratories).
16. Pepsin (cat. no. P-6887, Sigma).
17. Protein block (serum-free; cat. no. X0909, DakoCytomation).
18. Proteinase K (cat. no. S3020, DakoCytomation).
19. p-phenylenediamine (cat. no. P-6001, Sigma).
20. Streptavidin–biotin blocking kit (cat. no. SP-2002, Vector Laboratories).
21. Steptavidin–fluorescein isothiocyanate (FITC; cat. no. SA-5001, Vector

Laboratories).

2.2. Stock (10X) and Working (1X) Buffers

1. Phosphate-buffered saline (PBS) stock (10X): Mix the following:

Sodium phosphate (monobasic), FW=137.99: 2.2 g (16 mM)
Sodium phosphate (dibasic) FW = 141.96: 12.0 g (84 mM)
Sodium chloride FW = 58.44: 85.0 g (1.45 M)
Distilled water (dH2O) 1000 mL
pH should be 6.8–7.1 (unadjusted), solution is stable in RT for at least 6 mo.
PBS working solution (1X):
Dilute the stock PBS with dH2O near a ratio of 1:10 (e.g., add 100 PBS stock
to 700 dH2O). Adjust the pH to 7.3 using 25% sodium phosphate dibasic and
then add dH2O to total final volume of 1000 mL.

2. Tris-buffered saline (TBS) stock (X10):

a. Tris stock solution (10X): 0.5 M Tris-HCl, pH 7.6

Tris-base (FW = 212.14) 60.55 g (0.5 M)
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Distilled water (dH2O) 1000 mL
Adjust the pH to 7.5 with concentrated HCl.

b. NaCl stock solution (10X):

Sodium chloride (FW = 58.44) 87.66 g (1.5 M)
Add dH2O to a volume of 1000 mL

c. Working TBS (1X) solution: 0.05 M Tris-HCl, 0.15 NaCl, pH 7.6

Tris stock NaCl stock dH2O Final Volume
100 mL 100 mL 800 mL 1000 mL
Check pH again, adjust to pH 7.5 if necessary using HCl.

3. Acetate buffer (for hyaluronidase):

Na acetate (trihydrate) (FW.136.08) 1.3 g (0.1 M)
NaCl (FW.58.44) 0.88 g (0.15 M)
Add dH2O to 100 mL
Adjust pH with acetic acid to pH 5.2–5.5

2.3. Blocking Solution, Antibody Diluent, and Washing Buffer

1. Antibody diluents (= blocking solution): PBS–0.05% Tween-20 with 3% BSA,
2% serum and 0.05% NaN3.

PBS (1X) or TBS 100 mL
BSA (crystal) 3 g Normal serum (or sera) 2 mL (Heparin-adsorbed)
NaN3 50 mg (or 10 mg thimerosal)
Tween-20 50 µL

Adjust pH to 7.2–7.3, with 0.1 N HCl (see Note 1). Filter through 0.2 µm and
store at 4°C. The solution is stable for at least 2 mo.

2. Blocking solution: same as antibody diluent (i.e., PBS–0.05% Tween-20 with
3% BSA, 2% serum, and 0.05% NaN3). Commercially available Serum-free
blocking solution (e.g., Protein Block, DakoCytomation, X0909) is a preferred
alternative.

3. Washing solution: PBS (or TBS) containing 0.05% Tween-20.
4. For ABC complex: PBS (or TBS) with 0.1% Tween-20.

2.4. Antigen Retrieval Solutions
1. Hyaluronidase solution: Hyaluronidase type V (Sigma, H-6254): 2 mg/mL in 0.1 M

acetate buffer (0.15 M NaCl and 0.1 M sodium acetate, adj. with HCl to pH 5.2). This
solution is aliquoted into 3–5 mL/vial and stored at –20°C.

2. Pepsin solution: 0.1% in 0.01 N of HCl, also stored at –20°C.

Pepsin (Sigma P-6887) 0.1 g

dH2O 99 mL
1 N HCl 1 mL
Dissolve pepsin in dH2O completely before adding HCl. Store at –20°C.

3. Solutions for heat-retrieval: see Table 1.
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2.5. Chromogen Substrates

1. Diaminobenzidine tetrahydrochloride (DAB):

Imidazole (Sigma, I-0125) 136 mg (0.1 M)
PBS (pH 7.5) 20 mL (155 mM)
DAB (1 tablet, Sigma D-5905) 10 mg (0.5 mg/mL)
30% H2O2 20 µL (0.03%)
Incubate for 10 min in darkness.

Alternatively, dissolve diaminobenzidine tetrahydrochloride in TBS at 0.6 mg/mL.
This solution may be stored at 4°C for several weeks. Immediately before use add
concentrated H2O2 to a final concentration of 0.01%.

2. Fast Red (chromogen for alkaline phosphatase): Fast Red Kit (CK-0802-20;
BioGenex San Ramon, CA). Follow the vendor’s instruction. Alternatively, dis-
solve 2 mg of naphthol-AS-MX phosphate (Sigma, cat. no. N-4875) in 0.2 mL of
dimethylformamide in a glass tube. Add 9.8 mL of 0.1 M Tris (pH 8.2). This
buffer is stable at 4°C for several weeks. Immediately before staining, dissolve
Fast Red TR salt (Sigma, F-1500) at a concentration of 1 mg/mL and filter
directly onto the slide. Levamisole may be added to the substrate solution at a
final concentration of 1 mM.

3. Steptavidin-FITC (Vector Laboratories, cat. no. SA-5001).

2.6. Mounting Medium

1. Biømeda Crystal/Mount from Fisher Scientific (cat. no. BM-M03, Fisher Scientific).
2. Fisher Permount Mounting Medium (cat. no. SP15-100, Fisher Scientific).

3. Methods
3.1. Single Immunostain on Sequential Tissue Sections

1. Tissue fixed with 10% NBF for 1–2 d at 4°C, routinely processed and embedded
in paraffin.

2. Cut the paraffin sections at 2–3 µm and lay the sections on Probe-on Plus or poly-
L-lysine coated slides. Group alternating sections into two sets for different anti-
bodies (i.e., sections 1, 3, and 5 for tryptase; and sections 2, 4, and 6 for GF/
cytokine).

3. Melt the paraffin sections at 58°C for 45 min in a humidity chamber.
4. De-paraffinization and re-hydration at room temperature (RT):

Xylene, 4 min × 4
100% ethanol, 3 min × 3
90% ethanol, 5 min × 1
75% ethanol, 5 min × 1
50% ethanol, 5 × 1
dH2O, 2 min twice (do not put in a buffer, see Note 2)

5. Antigen retrieval: for individual growth factor detection (see Table 1). For
MC Tryptase: digestion in 0.2% type V hyaluronidase in 0.1 M acetate buffer
for 30 min at RT (see Note 3).
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6. Briefly rinse with tap water, then in PBS–0.05% Tween-20 for 10 min.
7. Incubated in the blocking solution at RT for 20 min (see Note 4).
8. Tap off the blocking solution (do not wash) then incubate with anti-tryptase at

1:400 dilution overnight at 4°C. For other GF antibodies (see Table 1).
9. Rinse with PBS–0.05% Tween-20; then wash with PBS–0.05% Tween-20 for

5 min three times at RT.
10. Incubate for 60 min at RT with biotinylated secondary antibody in antibody

diluent at the dilution recommended by the vendor. The secondary antibody solu-
tion is stable for at least 5 d.

11. Quench endogenous horseradish peroxidase (HRP): soak in PBS containing 2%
H2O2 or 0.65% (0.1 M) NaN3 for 15 min (see Note 5).

12. Rinse and wash with PBS-0.05% Tween-20 for 5 min for three times at RT (see
Note 6).

13. Prepare the streptavidin–HRP with PBS–0.1% Tween-20 following the vendor’s
instruction (see Note 7).

14. Incubate in streptavidin–HRP solution for 40 min at RT.
15. Rinse with PBS–0.05% Tween-20; then wash with PBS–0.05% Tween-20 for

5 min three times at RT.
16. Color-development in the following substrate solution for 10 min at RT in the

darkness (see Note 8): 5 mg of DAB in 10 mL of PBS containing 0.068 g of
imidazole (=ca. 0.1 M), (50 µL of 8% NiCl·6H2O, optional), and 10 µL of 30%
H2O2 (prepared freshly).

17. Rinse in tap water to stop the color reaction.
18. Counter stain with Mayer’s hematoxylin.
19. Soak in 0.05% NH4OH3 in dH2O for 1 min and rinse in water.
20. Dehydrate through graded alcohol and clear in xylene.

75% ethanol, 5 min × 1
90% ethanol, 5 min × 2
100% ethanol, 3 min × 3
Xylene, 4 min × 4

21. Mount and cover with cover slip in Fisher Permount Mounting Medium (Fisher
Scientific, cat. no. SP15-100).

22. Localization of the GF stain in MCs can be assessed by identifying the MCs (on
anti-tryptase-labeled slide) and GF-positive cells on the adjacent sequential sec-
tions labeled by anti-GF antibody.

3.2. Double Immunostain for Growth Factor/Tryptase

1. Tissue fixed with 10% NBF for 1–2 d at 4°C, processed and embedded in paraffin.
2. Paraffin sections cut at 4–5 µm and placed on Probe-on Plus or poly-L-lysine-

coated slides. Prepare three slides per set for each antibody.
3. Melt the paraffin sections at 58°C for 45 min in a humidity chamber.
4. De-paraffinization and re-hydration:

Xylene 4 min × 4
100% ethanol, 3 min × 3
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90% ethanol, 5 min × 1
75% ethanol, 5 min × 1
50% ethanol, 5 min × 1
dH2O 2 min × 2 (do not put in any buffer)

5. Antigen retrieval if required (see Table 1 for individual antibodies).
6. Rinse with tap water, then in PBS–0.05% Tween-20 for 10 min.
7. Incubate in the blocking solution at RT for 20 min.
8. Tap off the blocking solution (do not wash) then incubate with appropriate pri-

mary antibody overnight at 4°C.
9. Rinse with and wash in PBS–0.05% Tween-20: 5 min once and 10 min twice

10. Incubate in appropriate biotinylated secondary antibody for 60 min at RT.
11. Rinse with and wash in PBS–0.05% Tween-20: 5 min once and 10 min twice.
12. Incubate with ABC-AP for 40 min at RT.
13. Rinse with and wash in PBS–0.05% Tween-20: 5 min once and 10 min twice.
14. Soak in TBS–0.05% Tween-20 for 5 min.
15. Color-development with Fast Red for 30 min at RT.
16. Rinse and wash with dH2O for 2 min at RT.
17. Counter-stain with Meyer’s hematoxylin at RT (see Note 9).
18. Rinse with running tap water to eliminate all residual hematoxylin.
19. Soak slides in NH4OH3 for 1 min at RT; then rinse with dH2O.

Second Labeling for Tryptase
20. Antigen retrieval by incubation in 0.2% type V hyaluronidase in 0.1 M acetate

buffer for 30 min at RT (see Note 3).
21. Rinse and wash with dH2O for 2 min twice.
22. Incubated in the blocking solution at RT for 20 min (see Note 10).
23. Incubate with anti-tryptase at 1:50 for 60 min at RT. Use one previously labeled

slide for anti-tryptase, one for non-immune mouse IgG and one with omission of
IgG. The later two are controls.

24. Rinse with and wash in PBS–0.05% Tween-20 for 5 min once and 10 min twice.
25. Incubate with biotinylated horse anti-mouse (VectastainÆ) at 1:200 for 60 min

at RT.
26. Rinse with and wash in PBS with 0.05% Tween-20 for 5 min a total of five times.
27. Incubate with streptavidin-FITC at 1: 50 dilution in PBS with 0.05% Tween-20

for 40 min at RT
28. Rinse with and wash in TBS–0.05% Tween-20 at pH 8.5 for 5 min twice (see

Note 11). Briefly review slide under fluorescent microscope to evaluate the
intensity of FITC relative to Fast Red.

29. Co-localization of a GF/cytokine can be identified under light/fluorescent micro-
scope. Data collection by photography or cell count.

30. Cover with Crystal Mount, then bake for 15 min at 80°C in an oven.

3.3. General Considerations

1. Selection of buffer:
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A buffer plays a key role in providing an environment for interactions of mac-
romolecules during IHS. Unfortunately, it is a frequently overlooked component,
especially after the commercially available buffers have gained popularity. In the
author’s personal experience, errors in buffer preparation are among the most
difficult to detect but easiest to correct. Three major aspects should be consid-
ered when selecting and preparing a buffer: salt concentration (ionic strength),
buffering capacity (pH stability), and the surface tension imparted by detergents.
For example, salt concentration affects both specific antibody-antigen and the
nonspecific binding. As a general rule, an increase in salt concentration can
reduce nonspecific staining. The pH of a buffer also plays a critical role. Most
biological macromolecules are zwitter molecules that carry anionic or cation
(negative or positive electrical) charge depending on the pH of environment.
Avidin, for example, is strongly charged at pH 7.3, and may bind to tissue macro-
molecules including proteoglycans nonspecifically by charge. An increase of
buffer pH to 9.2, for example, has been shown to effectively eliminate nonspe-
cific binding of avidin to MC granules (8). It often surprises many that correction
of buffer errors could make such a significant improvement of stain quality. Two
representative buffers, PBS and TBS, are the most commonly used for IHS. They
are, therefore, used as examples in Table 2 to illustrate aspects to be taken into
consideration when choosing a buffer for IHS.

2. Selection of the detection/amplification system:
The success of immunostain resides on stable specific binding of antibody

to the antigen (i.e., GFs and cytokines), which is largely determined by tissue
fixation, antigen retrieval, and the primary antibody. The main differences among
various detection/amplification systems are the sensitivity and signal-noise ratio.
Therefore, the selection of a particular detection system is largely personal pref-
erence rather than technical necessity. The presence of avidin or streptavidin in a
detection system, however, often results in nonspecific staining of MCs. Avidin
has two distinct disadvantages when used for IHS. It has a high isoelectric point
of 10.0–10.5 and is therefore positively charged at neutral pH (38). Consequently,

Table 2
Comparison of PBS and Tris Buffer Saline for IHS

Features/buffer PBS TBS

Nature Inorganic, nonreactive Organic buffer, often reactive
Shelf life Longer (>2 mo) Short
pKa 7.2 8.3
pH tolerance to Undesired acid Undesired base
Preparation Simple More cumbersome
Inhibition to AP Theoretic inhibition to AP No
Delay FITC fading No Preferred (at pH > 8.5)
DAB colors Brown and black Yellow, brown, and black
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it may bind nonspecifically to negatively charged structures tissue components.
The second disadvantage is that avidin is a glycoprotein and reacts with mol-
ecules such as heparin (38). For this reason, avidin–biotin-based detection sys-
tems should be avoided altogether, especially when frozen tissue sections are
used. The biotin–avidin-based system (ABC method) is used as an example in
this chapter because the system is used in the vast majority of studies in the lit-
erature. A variety of avidin–biotin-free alternative detection systems are avail-
able and give excellent results. The readers are strongly encouraged to choose
and adapt to these avidin-free detection/amplification systems for the immuno-
histological detection of GFs/cytokines in MCs.

3. Selection of the protocol:
After a detection/amplification system is selected, consideration of a specific

protocol should be the next step which involves three aspects: (1) whether single
IHS on sequential sections or double IHS on the same section for GF and tryptase
should be used; (2) whether the GF or tryptase should be stained first; and (3)
whether Fast Red or fluorescein isothiocyanate (FITC) should be used for the
first labeling. Although single IHS of sequential tissue sections has the advantage
of procedural simplicity, easy troubleshooting, and a permanent record, it takes an
enormous amount of time to determine the co-localization of the GF and tryptase
immunostainings on sequential sections. On the basis of personal experiences in
studying inflammatory condition in the joint, lung, nasal mucosa, and eye, data
collection from double IHS using Fast Red and FITC for visualization is much
less time-consuming and the results are much more accurate than that from single
IHS. The disadvantage of the double IHS, however, is the second staining with
FITC cannot be kept permanently. To circumvent this problem, one may con-
sider double IHS on two sets of sequential sections, one set stained first by anti-
GF visualized with Fast Red, then stained by anti-trypase visualized by FITC,
and the other set stained first by anti-tryptase visualized with Fast Red then
stained by anti-GF visualized with FITC. Data can be collated immediately after
the ISH. Co-localization of GF and tryptase is mutually confirmatory from these
two sets, and the permanently retained Fast Red color (representing the GF in
one set and tryptase in the other) still allows future re-assessment of the co-local-
ization results because they are sequential sections. The determination of which
target molecule to be stained first depends on their relative abundance and sensi-
tivity to antigen retrieval. As a general rule, the macromolecule in low abun-
dance and with antigenicity labile to heat and enzymatic treatment should be
immunostained first. Tryptase appears to be quite abundant in MCs relative to
most GFs and cytokines and its antigenicity (for DakoCytomation’s clone AA1
antibody) has been shown to be resistant to heat and some enzymatic
treatments.In the proposed double immunostaining protocol, it is therefore stained
after the GF (see Subheading 3.2.). Finally, for similar reasons, FITC has to be
used for the second IHS because it cannot tolerate heat or enzymatic treatment,
and multiple blocking, quenching and washing steps.

4. Selection of conjugating enzyme (HRP vs alkaline phosphatase):
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HRP has several intrinsic features that impart drawbacks to the IHS. First,
endogenous peroxidase is much more prevalent in tissues than (alkaline phos-
phatase) AP. Second, HRP is much smaller than AP and tend to diffuse locally.
Third, several subtypes of HRP are used for IHS with wide range of isoelectric
point. Type IV HRP, for example, has an isoelectric point of 9.1 and carries strong
positive charge at the neutral pH. This often leads to nonspecific binding to tissue
components. As the results, nonspecific staining is more likely when HRP is used.
Fourth, HRP has less substrate color options in IHS than AP. However, endo-
genous HRP can be easily inhibited irreversibly and is less frequently encoun-
tered in gastrointestinal system, placenta and prostate. It is therefore particularly
applicable to the IHS of these tissues and for double staining. Because of its
smaller size, HRP also is preferred for IHS en block and immunocytochemistry
where cell permeability becomes a major determinant of the successful stain. AP
should be used for IHS in cells or tissues that are rich in endogenous peroxidase
and can not be blocked with H2O2/methanol (often not suitable for cryostat
section because of antigenic denaturation by methanol) such as human bone
marrow, spleen, peripheral blood, and tissues that are heavily infiltrated with
neutrophils and/or eosinophils.The features of these two commonly used enzymes
are summarized in Table 3.

5. Selection of substrate chromogens:
Selection of a substrate chromogen should be based on the visibility (density) of
the color, solubility, enhancibility, stability and, for double or triple immuno-
staining, compatibility with other chromogens or fluorescent dyes. Extensive
review of this topic is beyond the scope of this chapter. Two most commonly
used chromogens, DAB and Fast Red, are used as examples to highlight the
point (see Table 4). DAB, for example, offers a distinct color spectrum from
golden yellow to black depending on the buffer pH and additional additives. It
alone can be used in double immunostaining to visualize two different antigen-
antibody complexes conjugated with one enzyme (HRP) provided that they are
not colocalized subcellularly. The color intensity of DBA can be enhanced mark-
edly if so desired. Measured by antibody concentration used, the detection sensi-

Table 3
Comparing Alkaline Phosphatase to HRP for IHS

Features/ enzymes Alkaline phosphatase HRP

Endogenous Gastrointestinal, placenta, Bone marrow, inflamed
prostate tissues

Size/molecular weight Much larger Small
Charge at pH 7.3 Minimally charged Strongly charged
Inhibition of endogenous Difficult and reversible Easy and irreversible
Substrate color options Fewer options More options
Fluorescent substrate No Yes (Fast Red)
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Table 4
Comparison of DAB and Fast Red as Substrate Chromogens for IHS

Features/chromogens DAB Fast Red

Enzyme HRP AP
Color variation Golden, brown to black Red, no other variation
Potential carcinogenic Yes No
Intensity enhancement Yes, up to 10-fold (37) No or only minimally
Double stains with FITC Not compatible Yes, excellent compatibility
Organic solvents Resistant (insoluble) Organic-soluble

Fig. 1. Double immunohistostain of bFGF and MCs in human synovial tissue. A
tissue section is first labeled with anti-bFGF by ABC-AP method using Fast Red as
the chromogen. The section is subsequently labeled with anti-tryptase by SABC-FITC.
(A) shows positive stain for bFGF in red (Fast Red) under light microscope. (B) shows
positive stain for tryptase in green fluorescence in MCs and positive stain for bFGF in
orange autofluorescence (Fast Red) under fluorescent microscope. Note the co-local-
ization of two antigens (bFGF and tryptase) in the MCs and absence of tryptase stain
in the bFGF-positive vascular walls. Original magnification, ×200.

tivity can be increased several folds by the enhancement ([23] and personal expe-
rience). In contrast, Fast Red has an unsurpassed feature of permanent orange-
red fluorescence at excitation wavelength suitable for FITC with negligible
interference with the emission color of FITC under a fluorescent microscope.This
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feature makes Fast Red an ideal chromogen, together with FITC, for double
immunostaining of macromolecules co-localized subcellularly (Fig. 1). This is par-
ticular useful to identify GF/cytokine-positive MCs by double immunostaining (25).

4. Notes

1. It is highly recommended to use heparin-adsorbed sera. Run the serum or sera
through Affi-Gel® Heparin Gel column (Bio-Rad; cat. no. 153-6173) at a flow
rate of 1 mL/min to eliminate intrinsic heparin-binding GFs. Alternatively, com-
mercially available serum-free protein block (DakoCytomation, cat. no. X0909)
should be used. Avoid using nonproteolytic enzymes for antigen-retrieval before
GF stain. These two measures effectively minimize falsely specific positive stain
caused by GF contamination. Diluent containing NaN3 or thimerosal does not
seem to affect enzyme activity when used for biotinylated secondary antibody in
ABC method.

2. Soaking in a buffer may attenuate antigen retrieval by enzymatic digestion because
the buffer can change the pH required for enzyme activity.

3. Proteins K (DakoCytomation) can also be used. But it is a proteolytic enzyme
and may lead to deterioration of cytological detail and the quality of the 1st stain.

4. Use Heparin-adsorbed serum for blocking solution to eliminate all heparin-bind-
ing protein (GFs). Alternatively, use serum-free protein block (DakoCytomation).

5. Conventionally, endogenous peroxidase quenching is conducted before incuba-
tion with the blocking solution. Because serum and other proteins used in block-
ing solution and antibody diluent also contain peroxidase, it makes more sense
and gives better results to perform the quenching step right before incubation
with ABC–HRP. Although theoretically methanol may be ideal for H2O2 activ-
ity, it may also alter the tissue macromolecule conformation, especially after
antigen retrieval. Replacing methanol with PBS is more practical and results in
no perceivable change in inhibition of endogenous peroxidase.

6. H2O2 and NaN3 irreversibly inhibit peroxidase enzyme activity and it is therefore
very important to have a thorough wash before the incubation with ABC–HRP.

7. Use TBS-0.1% Tween-20 at pH 8.5 to eliminate nonspecific binding to MC gran-
ules if necessary. ABC–HRP also may be used. Streptavidin does not contain a car-
bohydrate moiety and, thus, possesses an acidic isoelectric point near 7.0. As a result,
streptavidin has a lower nonspecific binding characteristic than that of avidin.

8. Imidazole prevents rapid color development, which often results in background.
NiCl2 imparts a purple–black color to DAB. More importantly, it allows subse-
quent enhancement of the stain when it becomes necessary (37).

9. Fast Red is soluble in organic solvent (i.e., alcohol and xylene). Make sure that
the hematoxylin is alcohol-free.

10. Adding streptavidin–biotin blocking solution (Vector Laboratories, cat. no. SA-
5001) of equal volume to the serum-BSA blocking solution is highly recommended.

11. TBS at pH 8.5 helps retard FITC fading and intensify the existing nuclear
couterstain by hematoxylin.
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Endothelial Cell Activation by Mast Cell Mediators

Kottarappat N. Dileepan and Daniel J. Stechschulte

Summary
Mast cells are important cells of the immune system, and their secretory products

regulate many vascular functions. Although considerable interest is focused on the role
of mast cells and infectious agents in atherosclerosis, whether or not mast cell mediators
act in concert with bacterial agents to regulate endothelial activation is not known. Here,
we have described experimental techniques and presented related results to demonstrate
how mast cell granule (MCG) mediators and bacterial products synergize endothelial
cell inflammatory responses (see Note 1). The described methods outline: (1) the collec-
tion of rat peritoneal mast cells; (2) preparation of MCGs; (3) co-culture of human
endothelial cells with mast cell granules; (4) determination of the regulation of endo-
thelial cell inflammatory responses; (5) demonstration of the role of MCG protease and
histamine in the regulation of endothelial cell function; (6) amplification of lipopolysac-
charide-induced signal transduction pathways by mast cell granules; (7) elucidation of
histamine-induced amplification of endothelial cell responses to Gram-negative and
Gram-positive bacterial cell wall components; and (8) determination of the expression
of Toll-like receptor 2 and 4. We hope the techniques described here can be used for
designing experiments focusing on the regulatory role of mast cell mediators on cell
functions.

Key Words: Mast cell granules; endothelial cells; histamine; proteases; bacterial
components; interleukin-6; interleukin-8; Toll-like receptors; calcium; MAP kinase;
nuclear factor-κB; electron microscopy.

1. Introduction
Mast cells are normal constituents of the vessel wall and are primarily

located in the connective tissue matrices. Upon activation, mast cells release
many inflammatory mediators, including histamine, proteases, heparin, pros-
taglandins, leukotrienes, and a variety of cytokines (1–5). These mast cell prod-
ucts are well recognized for their regulatory actions on vascular endothelium,
and many reports have documented the role for mast cells in the development
of atherosclerosis (6–12). We have shown that mast cell granule (MCG)-
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derived serine proteases and histamine induce inflammatory responses in endo-
thelial cells (13–17). These results emphasize the importance of mast cell-
derived serine proteases and histamine in vascular inflammation and athero-
genesis.

The activation of endothelial cells with resultant syntheses of proinflammatory
mediators and the expression of cell adhesion molecules is critical for immune
surveillance. However, uncontrolled and persistent inflammation can initiate
atherogenesis. In recent years, increasing attention has focused on the role of
infectious agents in atherosclerosis (18–20). The first line of immune defense
to invading microbes is the recognition of pathogen-associated molecular pat-
terns that evoke an inflammatory response (21). The innate recognition of micro-
bial pathogens by mammalian cells is mediated through Toll-like receptors
(TLRs). Mammalian cells express at least 10 TLRs and, among these, TLR4
mediates responses to Gram-negative bacterial lipopolysaccharide (LPS
[22,23]), and TLR2 recognizes a number of components associated with Gram-
positive bacteria (24–26). Human endothelial cells constitutively express low
levels of TLR2 and TLR4 and are activated by Gram-positive and Gram-nega-
tive bacterial components (17,27,28). Further evidence for the possible involve-
ment of innate immune system in coronary disease is the substantial increase
in TLR2 and TLR4 message in the endothelium of human atherosclerotic
lesions (29) and the reduced incidence of atherosclerosis in patients with
TLR4 polymorphism (30).

Reports from our laboratory have shown that Gram-negative bacterial cell
wall component, LPS, and Gram-positive bacterial components, lipoteichoic
acid (LTA) and peptidoglycan (PGN), stimulate human endothelial cells to
produce interleukin (IL)-6 and IL-8, which is greatly enhanced by the presence
of histamine (15,17). These results suggest that the co-operative action between
histamine and bacterial components lead to amplified inflammatory responses in
vascular endothelium. We have further demonstrated that histamine amplifies
endothelial cell responsiveness to both Gram-negative and Gram-positive cell
wall components via enhanced expression of TLR2 and TLR4 (17). In this
chapter, we describe methods to demonstrate the mast cell/endothelial cell
interaction and how cooperation between these two cell types amplifies
inflammatory responses. Furthermore, using histamine as an activating mol-
ecule, we have illustrated how this mast cell mediator could amplify endothe-
lial cell sensitivity to bacterial pathogens.

2. Materials
1. Human coronary artery endothelial cells (HCAECs; Cambrex, San Diego, CA).
2. Endothelial growth media (EGM-2; Cambrex).
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3. Minimum essential medium with Eagle’s salts (HMEM): minimum essential
medium (Hyclone, Hogan, UT) containing 15 mM N-2-hydroxyethylpiperazine-N'-
ethanesulfonic acid (HEPES), 100 U/mL penicillin, 100 µg streptomycin, 10%
fetal bovine serum (FBS), and 5 U/mL heparin (Sigma, St. Louis, MO).

4. Low-endotoxin FBS (Hyclone, Hogan, UT).
5. Metrizamide (Sigma).
6. HEPES (Sigma).
7. EGM-2MV containing 1 µg/mL hydrocortisone acetate, 50 ng/mL gentamycin,

50 µg/mL amphotericin B, and the recommended concentrations of hEGF, VEGF,
hFGF-B, R3IGF, ascorbic acid, and 5% FBS (all from Cambrex).

8. IL-6 and IL-8 enzyme-linked immunosorbent assay (ELISA) kits (R&D, Minne-
apolis, MN).

9. Escherichia coli (0111:B4) lipopolysaccharide (Sigma).
10. Phenylmethylsulfonyl fluoride (PMSF; Sigma).
11. 100 mM Tris-HCl, pH 7.5.
12. Histamine hydrochloride (Sigma).
13. Diphenhydramine (histamine receptor-1 antagonist).
14. Famotidine (histamine receptor-2 antagonist).
15. Oligonucleotide primers (Invitrogen, Carlsbad, CA).
16. Trypsin-ethylene diamine tetraacetic acid (EDTA; Cambrex).
17. Trypsin neutralizing solution (Cambrex).
18. Lipoteichoic acid (Sigma).
19. Peptidoglycan (Sigma).
20. Triton Lysis Buffer: 20 mM Tris (pH 7.4), 137 mM NaCl, 10% (v/v) glycerol, 1%

(v/v) Triton X-100, 2 mM EDTA, 25 mM β-glycerol phosphate, 2 mM sodium
pyrophosphate, 1% (v/v) protease inhibitor cocktail, and 0.5 mM dithiothreitol.

21. Polymyxin B (Sigma).
22. TLR2 (N-17, H-175) and TLR4 (H-180) antibodies (Santa Cruz Biotechnology,

Santa Cruz, CA).
23. Cy3 goat anti-mouse and normal goat serum (Jackson Immunoresearch Labora-

tories, West Grove, PA).
24. Buffer I for nuclear factor (NF)-κB: 10 mM HEPES-KOH, 10 mM KCl, and 1.5

mM MgCl2, pH 7.9.
25. Buffer II for NF-κB: 20 mM HEPES, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM

EDTA, and 25% glycerol, pH 7.9.
26. Dilution buffer for NF-κB: 20 mM HEPES, 50 mM KCl, 0.2 mM EDTA, and

20% glycerol, pH 7.9.
27. Electrophoretic mobility shift assay (EMSA) buffer for NF-κB: 10 mM Tris-HCl,

pH 7.5, containing 40 mM NaCl, 1 mM EDTA, 1 mM β-mercaptoethanol, 4%
glycerol, 0.1% Nonidet-P40, and 1 µg/µL bovine serum albumin.

28. TRIzol Reagent (Life Technologies, Rockville, MD).
29. RNAse–free DNAse1 (Life Technologies).
30. SuperscriptTMII RNase H– Reverse Transcriptase system (Life Technologies,).
31. Taq Polymerase (Life Technologies).
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32. The gene-specific primers used in reverse transcription polymerase chain reac-
tion (RT-PCR; Invitrogen Life Technologies).

33. Nuclear and cytoplasmic protein extraction reagents (NE-PERTM; Pierce-
Endogen, Rockford, IL).

34. Poly dI-dC (Pharmacia).
35. Enzyme immuno-competition assay kit for histamine (Beckman-Coulter).
36. Calcium Crimson and Fluo-4 (Molecular Probes, Eugene, OR).
37. ERK1/ERK2 assay reagents and antibodies (Santa Cruz Biotechnology).
38. Blocking solution: phosphate-buffered saline containing 1% bovine serum albu-

min, 5% normal goat serum, and 0.3% Triton X-100.
39. TBST: 20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20.

3. Methods
The methods described in Subheadings 3.1.–3.8. outline: (1) the collection

of rat peritoneal mast cells; (2) preparation of MCGs; (3) co-culture of human
endothelial cells with MCGs; (4) determination of the regulation of endothelial
cell inflammatory responses; (5) demonstration of the role of MCG protease
and histamine in the regulation of endothelial cell function; (6) amplification
of LPS-induced signal transduction pathways by MCGs; (7) elucidation of his-
tamine-induced amplification of endothelial cell responses to Gram-negative
and Gram-positive bacterial cell wall components; and (8) determination of
the expression of Toll-like receptor 2 and 4.

3.1. Collection and Isolation of Mast Cells
Three- to four-month-old Sprague–Dawley rats (350–400 g) are used as the

source of peritoneal mast cells. The methods employed for the isolation of
mast cells have been previously described (13,14,16).

1. The peritoneal cavity of each rat is lavaged under sterile conditions with mini-
mum essential medium containing 15 mM HEPES, 100 U/mL penicillin, 100 µg
of streptomycin, 10% FBS (HMEM), and 5 U/mL heparin.

2. The peritoneal cells are then pooled, centrifuged at 250g for 10 min at room
temperature, and washed twice with HMEM.

3. Two-milliliter aliquots of the cell suspension (6–8 × 107 cells) are layered on 4-mL
columns of 22.5% (w/v) metrizamide (density 1.125 g/mL) in HMEM and centri-
fuged at 200g for 15 min.

4. Macrophages are collected at the gradient interface and mast cells are sedimented
at the bottom.

5. The mast cells are collected, washed twice, and resuspended in HMEM. Mast
cells collected by this procedure usually exceed 95% in purity and viability when
tested by trypan blue exclusion.

6. One to two million peritoneal mast cells can be collected from one 300-g rat. A
scanning electron micrograph of an enriched preparation of rat peritoneal mast
cells is presented in Fig. 1. The transmission electron micrograph depicts a mast
cell filled with electron-dense granules (Fig. 2).
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Fig. 1. Scanning electron micrograph of a typical rat peritoneal mast cell preparation.

Fig. 2. Transmission electron micrograph of a rat peritoneal mast cell depicting the
presence of many electron-dense granules.
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3.2. Preparation of MCGs

Under sterile conditions at 0–4°C, MCGs are prepared from metrizamide-
purified mast cells by controlled sonication and sucrose gradient centrifuga-
tion (13,14,16).

1. The purified mast cells are suspended in 2 mL of HMEM and sonicated twice for
15 s at a power setting of 2.5 with a microtip sonicator (Sonifier Cell Disrupter,
model W140).

2. The disrupted cells and MCG are incubated at 30°C for 15 min and mixed vigor-
ously for 1 min.

3. The cell suspension is then layered over 2 mL of 0.34 M sterile sucrose and cen-
trifuged at 50g for 10 min at 4°C.

4. The MCG fraction at the interface is aspirated and the pellet containing cellular
debris is discarded.

5. The MCG fraction is centrifuged at 1800g for 20 min at 4°C. The resulting
homogeneous preparation of sedimented MCG is washed twice and resus-
pended in the appropriate tissue culture medium.

6. On the basis of the histamine content of the starting number of mast cells, the
recovery of MCG ranged from 50 to 70%. The quantity of MCG used in each
experiment can be expressed as the equivalent of the starting mast cell number.
Transmission electron micrograph of a typical MCG preparation is given (Fig. 3;
see Notes 2–4).

3.3. Endothelial Cell Culture

1. HCAECs (Cambrex) are grown in EGM-2MV.
2. At confluence, the cells are detached from the culture flasks using trypsin–EDTA,

washed twice, and resuspended in EGM-2MV. The cells are studied between
three and six passages.

3. Human umbilical vein endothelial cells (HUVECs) also can be maintained in the
same culture media and can be used to demonstrate inflammatory responses to
MCG proteases and histamine (see Note 5).

3.4. Electron Microscopic Analysis
of Mast Cell–Endothelial Cell Interaction

The interaction of mast cells with endothelial cells and the fate of MCG can
be documented by scanning and transmission electron microscopy.

1. HCAECs are cultured on sterile cover slips inserted in six-well culture plates for
24 h in the presence or absence of purified mast cells at a mast cell:endothelial
cell ratio of 1:2.

2. After 24 h, the cells are washed twice with phosphate-buffered saline. The cells
are then fixed in 2% glutaraldehyde, and processed for scanning electron micros-
copy (Fig. 4).
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Fig. 3. Transmission electron micrograph of a typical rat peritoneal MCG preparation.

3. Figure 4A depicts the typical features of an unactivated HCAECs, and Fig. 4B
illustrates the interaction of a degranulating mast cell with the endothelial cell in
culture (14).

4. Transmission electron microscopic analyses can be carried out to demonstrate
the uptake of MCG by endothelial cells in vitro.

5. Endothelial cells are co-cultured with MCGs at a mast cell:endothelial cell ratio
of 1:2.

6. After incubating for 24 h, the cells are washed twice with fresh medium to remove
free MCG.

7. The cells are then detached from the flasks using trypsin–EDTA, washed, fixed
in 2% glutaraldehyde, and processed for transmission electron microscopy.

8. Figure 5 demonstrates that MCGs are internalized by endothelial cells and remain
morphologically intact even after 24 h in culture (see Note 6 [13]).

3.5. Determination of the Direct and Regulatory Effects
of MCG on Endothelial Cell Inflammatory Responses

1. HCAECs (2–4 × 104) are added to each well of a 96-well flat-bottom microtiter
plate and allowed to adhere for 24 h in EGM complete medium.

2. After the adherence, MCG, LPS, MCG + LPS, or medium is added to HCAEC
monolayers and the final volume adjusted to 0.2 mL with the complete EGM.

3. Routinely all incubations are carried out for 24 h at 37°C under the atmosphere of
5% CO2. The 24-h incubation period is chosen after conducting time-kinetic studies.
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Fig. 4. Scanning electron micrographs of human coronary artery endothelial cells
cultured for 24 h with medium alone (A) or with mast cells (B). Photomicrograph in
(B) demonstrates the interaction between a degranualating mast cell and an endothe-
lial cell in co-culture. (Reproduced with permission from ref. 14.)

4. After the incubation, aliquots of the culture supernatants are collected, appropri-
ately diluted, and assayed for IL-6 and IL-8 according to the instructions pro-
vided by the ELISA kit manufacturers. The cytokine levels are quantified by
comparison with a standard curve generated concurrently, utilizing recombinant
human IL-6 and IL-8.

5. The effects of MCG on IL-6 and IL-8 production by resting or LPS-activated
HCAEC are shown in Fig. 6. Resting HCAECs do not produce detectable
amounts of IL-6 or IL-8. However, LPS stimulates the production of cytokines
in a dose-dependent manner. Both IL-6 and IL-8 production by HCAECs reach a
plateau at LPS doses of 50–100 ng/mL. The simultaneous addition of MCG and
LPS to HCAEC monolayers causes marked potentiation of IL-6 and IL-8 pro-



Endothelial Cell Activation by Mast Cell Mediators 283

Fig. 5. Transmission electron micrograph of HUVECs cultured for 24 h with medium
alone (A) or with MCGs (B). The ratio of mast cell equivalent MCG:HUVECs was 1:2.
Numerous endocytosed MCGs can be seen in HUVECs after a 24 h co-culture with
MCGs. (Reproduced with permission from ref. 13.)

duction at all doses of LPS tested. The amplification of LPS-induced cytokine
production by MCG is evident even at the maximal stimulatory dose of LPS.
Increased levels of these cytokines are not derived from MCG because equal
amounts of MCG cultured alone or in the presence of LPS do not possess detect-
able amounts of IL-6 or IL-8 (14).
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Fig. 6. Effect of MCG on IL-6 (top panel) and IL-8 (bottom panel) production by
LPS-activated HCAECs. HCAEC monolayers (10,000) were cultured with the indi-
cated doses of LPS for 24 h in the presence or absence of MCGs (5000 mast cell
equivalent). The IL-6 and IL-8 concentrations in the culture media were assayed by
ELISA. Each value is the mean ± SEM of quadruplicate culture wells, and the results
are representative of three separate experiments. *Statistically significant effect of
MCG + LPS at p < 0.05 when compared with the corresponding dose of LPS alone.
(Reproduced with permission from ref. 14.)
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3.5.1. The Role of MCG-Derived Serine Protease and Histamine
in the Amplification of LPS Effect

Mast cell granules contain serine proteases and histamine and a variety of
other inflammatory mediators. The role of serine proteases can be evaluated by
inhibiting the enzyme activity by treating MCG preparations with the serine
protease inhibitor, phenylmethylsulfonyl fluoride (PMSF). Dialysis of PMSF-
treated MCG is required to remove unbound PMSF (see Note 7). Dialysis will
also remove more than 99% of histamine as well as other soluble low molecular
weight components of MCG. However, dialysis of untreated MCG will remove
only histamine and soluble substances without affecting protease activity. To
achieve this objective, MCG preparations are treated with medium or PMSF
(1 mM) for 12 h at 4ºC and dialyzed against 100 mM of Tris-HCl (pH 7.5) for
4 h with three changes of buffer. Using untreated MCG, PMSF-treated/dia-
lyzed MCG, and dialyzed MCG (without PMSF treatment) we can demon-
strate the relative contributions of MCG proteases and histamine in amplifying
LPS responsiveness.

The results depicted in Fig. 7 demonstrate the effects of MCG on LPS-acti-
vated HUVECs. The production of IL-6 by HUVECs could be detected as early
as 2 h after incubation with MCG. IL-6 production gradually increased and
plateaued by 8 h and remained unchanged throughout the remaining 48 h. In
the presence of MCG, production of IL-6 induced by LPS was greatly ampli-
fied during the 48-h incubation period. Dialysis of MCG, which removed more
than 99% of histamine, decreased endothelial cell IL-6 production by 40–60%.
Inhibition of serine protease activity in MCG by treatment with PMSF and
depletion of histamine completely abolished the direct and modulating effect
of MCG (16).

3.5.2. Measurement of Proteases and Histamine Levels in MCGs

It is important to show that PMSF treatment inhibits MCG protease activity
and dialysis removes histamine. The serine protease activity (chymase) in the
preparation of MCGs can be assayed spectrophotometrically at 405 nM by
monitoring the hydrolysis of succinyl-phenylalanyl-leucyl-phenylanyl-p-
nitroanalide (see Chapter 15 [1]). The reaction is condcuted at 37°C in 150 mM
Tris-HCl (pH 7.6) in the presence of 1 mM substrate and a MCG preparation
(equivalent to 0.5 million mast cells) in a final volume of 1 mL. The enzyme
activity is continuously monitored and the rate of reaction was calculated using
the extinction coefficient of 8800 M-1 cm-1 for p-nitroanalide. Histamine con-
tent in MCGs can be quantified using an enzyme-immuno-competition assay
using monoclonal antibody-based kit (Beckman-Coulter; see Chapter 16).
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3.6. Signal Transduction Pathways Altered by MCG Protease
and Histamine

Assays of changes in intracellular calcium, mitogen-activated protein kinase
activation, and NF-κB translocation are described in the following sections to
demonstrate typical signal transduction pathways that are involved in MCG-
mediated inflammatory responses in endothelial cells.

3.6.1. Changes in Intracellular Calcium
1. Endothelial cells are plated on glass cover slips and allowed to grow to confluence

within 48 h.
2. Aliquots equivalent to 3 × 105 mast cells are added to cover slips on which mono-

layers of HUVEC (6 × 105) are grown.
3. Cells were incubated with the Ca2+-sensing fluorophore, Fluo-4 (1 µM) for 45

min at 37°C in 5% CO2.
4. Cover slips are placed in a Fluorochamber on an Olympus Fluoview 300 Confo-

cal Microscope. Cells are illuminated with an argon laser at 488 nm and emitted
light was detected at 510 nm. Images are captured every 6 s during a 10-min
period.

Fig. 7. Kinetics of IL-6 production by LPS- and MCG-activated HUVECs. HUVEC
monolayers (10,000 cells) were cultured with PMSF-treated and dialyzed MCG, dia-
lyzed MCG, or intact MCG (5000 mast cell equivalents) in the presence of 100 ng/mL
of LPS for the time intervals indicated. Dialysis depleted more than 99% histamine
and PMSF treatment inhibited all serine protease activity in MCG. IL-6 concentra-
tions in the culture media were assayed by ELISA. Values are the mean ± SEM of
quadruplicate culture wells. (Reproduced with permission from ref. 16.)
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5. In additional experiments, the cells are imaged on an inverted Nikon microscope
with a SPOT fluorescence sensing camera. In this case, cells are loaded with the
Ca2+ indicator, Calcium Crimson. Background images are collected from each
field and digitally subtracted from the regions of interest. Images are analyzed
with the Fluoview and Photoshop software, allowing mean fluorescence values
to be obtained from individual cells over time. To normalize for variations in dye
loading, the initial three fluorescence values for each cell are averaged to deter-
mine the basal fluorescence level. This value is referred to as Fo. Each subse-
quent fluorescence value (F) is divided by Fo, and F/Fo ratio provides a clear
illustration of changes in Ca2+ over the course of time.

6. Figure 8 depicts the peak transient changes in Ca2+ for each of the agonists cal-
culated from a kinetic study on the effect of various agonists. In this experiment,
F/Fo values for control cells bathed in media during the course of 6 min were
0.87 ± 0.04 (n = 53 cells), demonstrating the level of photobleaching that the
fluorophore underwent with normal laser illumination. LPS (100 ng/mL) induced
a rapid increase in fluorescence indicating rising Ca2+ levels (F/Fo = 1.47 ± 0.07;
n = 78). MCG caused a greater transient peaking at 2.21 ± 0.18; n = 66. Dialysis
of MCG, which removed histamine, blunted the MCG response to 1.19 ± 0.14; n
= 24. Inhibition of serine protease activity by treatment with PMSF and subse-
quent dialysis completely abrogated the effect of MCG (0.84 ± 0.03; n = 16). The
combined application of MCG and LPS caused a peak transient change that was
only slightly greater than MCG alone (F/Fo = 2.33 ± 0.13; n = 41).

3.6.2. Assay of ERK1/2 Activity
1. Confluent monolayers are incubated with indicated concentrations of untreated

MCG, PMSF-treated/dialyzed MCG, or dialyzed MCG.
2. After incubation, the cells are lysed with Triton Lysis Buffer at 4°C for 30 min.
3. Cell debris is removed by centrifugation at 13,000g for 10 min. The protein con-

tent in the supernatants is measured and subjected to extracellular signal-regu-
lated kinase (ERK) 1/2 activity assay (see Chapter 12).

4. Mast cell granules depleted of both active protease and histamine failed to induce
ERK1/2 activation where as those devoid of histamine alone (dialyzed only) retained
partial capacity (Fig. 9). Histamine-induced ERK1/2 activation is completely
abrogated by histamine receptor-1 antagonist, diphenhydramine (25 µmol/L),
whereas MCG-induced effects is only partially inhibited (data not shown). These
results further demonstrate that both the serine protease and histamine present in
MCG are capable of independently activating ERK1/2 (16).

3.6.3. NF-κB Activation Assay

1. To evaluate the role of NF-κB in MCG- and LPS-mediated activation of endo-
thelial cells, the nuclear NF-κB proteins are analyzed by EMSA (see Chapter 11).

2. Confluent endothelial cell monolayers are treated with MCG, LPS, or the combi-
nation of the MCG and LPS for the indicated time intervals at 37°C. Preparation
of nuclear extracts is performed as described previously. Nuclear protein extracts
are prepared by the method described previously (see Chapter 11 [31,32]).
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Fig. 8. MCG- and LPS-induced peak transient changes in intracellular calcium lev-
els. Fluo-4-labeled HUVECs (6 × 105) were monitored with confocal microscopy dur-
ing stimulation with LPS (100 ng/mL), MCG (3 × 105 mast cell equivalents), and a
combination of both agonists. The data are plotted as F/Fo as described in the methods
section. The fluorescence values (indicating free intracellular calcium) increased after
the addition of each agonist. The changes in calcium were followed for a 5-min period.
Peak calcium transient changes for each treatment (obtained within 2–4 min) were
plotted. The data are plotted as F/Fo as described in the methods section. The results
presented are from one of three similar experiments using two different fluorophores
(calcium crimson and Fluo-4) on both a confocal microscope and a SPOT fluores-
cence microscope. In total, over 150 cells were analyzed for each condition except for
dialyzed MCG. Each bar represents the mean ± SEM. (Reproduced with permission
from ref. 16.)

3. The exposure of endothelial cells to MCG in the presence of LPS for 3 h substan-
tially increased translocation of NF-κB proteins to the nuclei (Fig. 10). MCG
alone caused an increase in NF-κB protein levels in the nuclei, which is of lesser
magnitude than that induced by LPS. Both the MCG- and LPS-induced NF-κB
translocation returned to baseline by 8–16 h (16). The augmented levels of nuclear
NF-κB proteins in HUVECs treated with the combination of MCG and LPS
decreased with time but remained elevated throughout the 24-h period (16).

3.6.4. Effect of Histamine on the Expression
of TLR2, TLR4, MD2, and MyD88

Gram-positive and Gram-negative bacterial cell wall components are rec-
ognized by TLR2 and TLR4, respectively. Therefore, determining the expres-
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Fig. 9. The involvement of serine protease and histamine in MCG-induced activa-
tion of MAP kinase, ERK1/2. Confluent HUVECs (5 × 106) were incubated with MCG,
dialyzed MCG, PMSF-pretreated, and dialyzed MCG (2.5 × 106 mast cell equiva-
lents). After a 30-min treatment, cells were washed and cell lysates prepared and sub-
jected to SDS-PAGE followed by immunoblotting with phospho-specific ERK1/2
monoclonal antibody. Protein loads were monitored by Western blot using ERK1/2
antibodies. Similar results were obtained in three experiments. (Reproduced with per-
mission from ref. 16.)

Fig. 10. Electrophoretic mobility shift assay of nuclear NF-κB translocation in
HUVECs treated with MCG and LPS. Confluent monolayers of HUVECs (5 × 106) were
incubated with MCG (2.5 × 106 mast cell equivalents) in the presence or absence of LPS
(100 ng/mL) at 37°C for 3 h. The nuclear proteins extracted from the cells were incu-
bated with g-[32P]-labeled oligonucleotide containing NF-κB binding sites. The samples
were subjected to electrophoresis on polyacrylamide gels, and the bands were identified
by autoradiogragh. The amplification of LPS-induced NF-κB translocation by MCG
was also noted in three other experiments. (Reproduced with permission from ref. 16.)

sion of TLR2 and TLR4 will provide insight into the mechanism of hista-
mine-induced sensitivity of endothelial cells to bacterial products. Similarly
the assessment of the expression of TLR-associated accessory molecules, MD-
2 and MyD88 also will be useful for understanding the role of histamine-
induced synergy of endothelial cell activation by bacterial components.
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1. Total ribonucleic acid (RNA) is isolated from endothelial cells treated with
medium or histamine (10 µM), or appropriate activators, using TRIzol Reagent
and treated with RNAse–free DNAse.

2. For reverse transcription reaction, Superscript™II RNase H- Reverse Tran-
scriptase system is used.

3. PCR amplification is performed with Taq polymerase for 32 cycles at 95°C for
45 s, 54°C for 45 s, and 72°C for 1 min (for TLR2, TLR4, and GAPDH); 95°C for
45 s, 60°C for 45 s, and 72°C for 1 min (for IL-6); 95°C for 30 s, 52°C for 45 s,
and 72°C for 45 s (for MD-2); and 94°C for 30 s, 60°C for 40 s, and 70°C for 2
min (for MyD88).

4. PCR products are electrophorosed on 2% agarose gel. The oligonucleotide prim-
ers used for RT-PCR are given in Table 1.

3.6.5. Immunofluorescent and Western Blot
Analyses of TLR2 and TLR4 Proteins

Immunofluorescence and Western blot analyses can be conducted to deter-
mine whether histamine-induced TLR2 and TLR4 mRNA expression is asso-
ciated with increased expression of proteins.

3.6.5.1. IMMUNOFLUORESCENT ANALYSIS OF TLR2 AND TLR4 PROTEINS

1. Endothelial cells (20,000/well) grown on chamber slides are incubated either with
medium or histamine for 3, 6, 14, and 24 h.

2. The cells are then fixed with 4% paraformaldehyde, washed and blocked with
blocking solution and stained with mouse anti-human TLR2 or TLR4.

3. After overnight staining, the cells are washed, and incubated for 1 h with the
secondary antibody (Cy3 goat anti-mouse).

4. The slides are then viewed under a fluorescence microscope and imaged.

3.6.5.2. WESTERN BLOT ANALYSIS OF TLR2 AND TLR4 PROTEINS

1. Confluent HUVEC monolayers are incubated with histamine (10 µM) for 16 h at
37°C.

2. The cells are then lysed in Triton Lysis Buffer at 4°C for 30 min.
3. Cell debris is removed by centrifugation of the lysate at 13,000g for 10 min.
4. Aliquots of supernatants normalized for protein concentrations were mixed with

equal volumes of 2X SDS sample buffer and heated to 100°C for 5 min.
5. Samples are resolved on 10% sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis gel and transferred onto a nitrocellulose membrane.
6. After blocking for 2 h in TBST containing 5% nonfat milk, membranes are

washed thrice in TBST and probed for 1 h at 4°C with anti-TLR4 (H-80, Santa
Cruz) and for 18 h at 4°C for TLR2 using anti-TLR2 antibody (N-17, Santa Cruz).

7. After washing three times, membranes are incubated with horseradish peroxi-
dase-conjugated secondary antibodies and washed five times and bands are
detected using ECL reagents (Bio-Rad).
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4. Notes
1. By MCG we refer to mast cell granules, which contain specific serine proteases

and histamine.
2. The methods described here deal with interaction between rat mast cells and

human endothelial cells. Rat mast cells are selected because of their availabil-
ity, richness in granules, and the convenience in MCG preparation. We recognize
the importance of using a human mast cell/human endothelial cell system. How-
ever, the difficulty in obtaining sufficient amounts of human mast cells has made
such a study impossible. Using histamine, purified human tryptase, and protease-
activated receptor activating peptides, we have shown that these agonists mimic
the effects of MCG in amplifying infection-associated inflammatory responses
in endothelial cells. Therefore, the use of rat MCG is a reasonable approach to
study the mast cell/endothelial cell interaction.

3. With the recent development of cell culture conditions, human mast cells can be
grown from peripheral blood CD34+/c-kit+/CD13+ progenitor cells (33). Many
investigators have also used human mast cell line-1 for a variety of in vitro experi-
ments (34).

4. Preparation of MCG requires sonication of the mast cell preparation. This should
be conducted with caution because excessive disruption will damage the gran-
ules with resultant discharge of its components.

5. We have used both human umbilical vein endothelial cells and human coronary
artery endothelial cells in our experiments to demonstrate mast cell mediator-
induced modulation of inflammatory responses to LPS and tumor necrosis fac-
tor-α. Although we noted similar responses and regulatory effects in both venous
and arterial endothelial cells, it should be emphasized that phenotypic differ-
ences exist between endothelial cells depending on their in vivo microenviron-
ment (35).

Table 1
Gene-Specific Primers Used in RT-PCR

Gene Primer sequence (5'–3') PCR product (Size, bp)

IL-6 ATGAACTCCTTCTCCACAAGCGC 620
GAAGAGCCCTCAGGCTGGACTG

TLR-2 GCCAAAGTCTTGATTGATTGG 347
TTGAAGTTCTCCAGCTCCTG

TLR-4 TGGATACGTTTCCTTATAAG 548
GAAATGGAGGCACCCCTTC

MD-2 GAAGCTCAGAAGCAGTATTGGGTC 422
GGTTGGTGTAGGATGACAAACTCC

MyD88 TAAGAAGGACCAGCAGAGCC 200
CATGTAGTCCAGCAACAGCC

GAPDH TGATGACATCAAGAAGGTGGTGAAG 240
TCCTTGGAGGCCATGTGGGCCAT
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6. Some investigators may be concerned with the possible heterogeneity of com-
mercially available primary endothelial cells. The homogeneity can be tested by
monitoring the expression of von Willebrand factor (an endothelial cell marker)
by flow cytometry or immunofluorescence analyses. In our experience, 100% of
HCAECs and HUVECs maintained in culture expressed von Willebrand factor,
which argues against the possible contamination of other cell types.

7. After treating MCGs with PMSF, the free inhibitor should be removed by exten-
sive dialysis. If PMSF is carried over to the cell culture, it will inhibit several
signal transduction pathways including NF-κB activation.
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Co-Culture of Mast Cells With Fibroblasts
A Tool to Study Their Crosstalk

Ido Bachelet, Ariel Munitz, and Francesca Levi-Schaffer

Summary
Mast cell development, function, and survival are likely to be regulated by a complex

interplay of cellular signaling. Usually, these signals derive from the cellular milieu
associated with the specific mast cell environment in health or disease conditions. A
major methodological issue in studying in vitro mast cells, as well as any other tissue
dwelling cell, is the essential lack of all the tissue-derived signals. Because some of the
signals can be unknown, the in vivo system they form is virtually impossible to mimic
completely in vitro. The mast cell–fibroblast co-culture system partially overcomes this
problem and is the main topic of this chapter. The experimental importance of mast cell–
fibroblast co-culture for the mast cells derives mainly from two reasons: first, fibroblasts
constitute a major cellular scaffold of the tissues where mast cells dwell in the body, and
as such are one of the fundamental cells participating in mast cell regulation in vivo and,
second, there is an analogy with the traditional model of allergic inflammation, where
the late, chronic phase is characterized by mast cell–structural cell crosstalk and even-
tual fibrotic outcome. Therefore, the co-culture system can be viewed as a suitable tool
to investigate mast cell–fibroblast crosstalk.

Key Words: Mast cells; fibroblasts; co-culture; 3T3; cord blood-derived mast cell
(CBDMC); rat peritoneal mast cell (RPMC); primary cultures; cell lines; activation;
mediator assays.

1. Introduction
Mast cell development, function, and survival are likely to be regulated by a

complex interplay of cellular signaling. A wide body of evidence has accumu-
lated in the past years concerning signaling molecules and pathways control-
ling mast cells during maturation, survival, and degranulation. Usually, these
signals derive from the cellular milieu associated with the specific mast cell
environment in health or disease conditions. A major methodological issue in
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studying in vitro mast cells, as well as any other tissue dwelling cell, is the essen-
tial lack of all the tissue-derived signals, either cell-borne or secreted under these
conditions. Because some of the signals can be unknown, the in vivo system
they form is virtually impossible to mimic completely in vitro. In addition,
there is the quest to simplify the in vitro conditions to better dissect and ana-
lyze the system.

The idea of mixed cell culture systems for in vitro studies was described as
early as the 1970s for various purposes (1–4), such as virus–host and tumor–
lymphocyte interactions. Numerous co-culture systems have been developed
throughout the years using almost any cell type, using both cell lines and pri-
mary cells derived from tissues. Mixed cultures involving mast cells have been
studied, mostly with the mast cells serving as effector cells or a stimulus tar-
geting another cell type (5,6).

The first defined co-culture system of primary mast cells, both of human
and of rodent origin with 3T3 fibroblasts, was introduced by Levi-Schaffer et
al. (Fig. 1 [7–12]). The purpose was to prolong mast cell survival for long-term
studies. Later on, characteristics such as mast cell mediator content and activ-
ity were studied once it was realized that mast cells could actually mature and
change phenotype in this system. The co-culture system led, for example, to
the discovery of the importance of stem cell factor (SCF) as a unique human
mast cell growth factor (13).

The experimental importance of mast cell–/fibroblast co-culture for the mast
cells derives mainly from two reasons: first, fibroblasts constitute a major cel-
lular scaffold of the tissues where mast cells dwell in the body (e.g., skin, lungs,
intestines), and as such are one of the fundamental cells participating in mast
cell regulation in vivo both in health and disease, and second, there is an essen-
tial analogy with the traditional model of allergic inflammation, where the late,
chronic phase is characterized by mast cell–structural cell crosstalk and even-
tual fibrotic outcome. Moreover, in this system the effects of the mast cells on
fibroblasts have been extensively studied. Therefore, the co-culture can be
viewed as a suitable tool to investigate mast cell–fibroblast crosstalk.

This chapter will describe in detail major techniques for the co-culture of
human mast cells with fibroblasts of human or rodent origin to study the mast
cells. We shall discuss mast cell maintenance, separation and selection tech-
niques, activation assays, and protein detection adapted to the co-culture sys-
tem and also the methodological and technical problems of this system.

2. Materials
1. Culture media: see Table 1. All the reagents were supplied from Biological Indus-

tries, Beth Haemek, Israel.
2. Cytokines, growth factors, antibodies: see Table 2.
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Table 1
Culture Media

Culture media Supplements required

DMEM (4.5 g/L glucose) 10% v/v, FCS (heat inactivated)
100 U/mL penicillin
100 µg/mL streptomycin
2 mM L-glutamine

MEM-alpha (1 g/L glucose + L-glutamine) 10% v/v, FCS (heat inactivated)
100 U/mL penicillin
100 µg/mL streptomycin
10 µg/mL ribonucleosides/

deoxyribonucleosides

FCS Obtained from Biological Industries,
Beit Haemek, Israel

Trypsin–EDTA Obtained from Biological Industries,
Beit Haemek, Israel

Fig. 1. Electron micrograph of rat peritoneal mast cells (MC) co-cultured with Swiss
Albino 3T3 fibroblasts (FB) for 8 d (11).

3. Buffers: see Table 3.
4. Sensitive reagents: see Table 4. After the preparation of working solutions from these

reagents, maintain them on ice in a foil-wrapped or blackened vessel. Whenever pos-
sible, prepare the working solution exactly in the required amount. The chromogenic
substrates usually decompose with time. They should be stored at −70°C for longer
periods, but it is preferable to prepare them fresh whenever possible.
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5. Cellular stains: see Table 5.
6. β-Hexosaminidase substrate: dissolve 20 mg of substrate (p-NP N-acetyl β-D-

glucosaminide) in 4.5 mL of deionized water and 3 mL of substrate buffer (0.12 M
citric acid, 0.14 M Na2HPO4, pH 4.5), mix well. This yields an 8 mM substrate
solution. Keep foil-wrapped at 4°C.

Table 2
Cytokines, Growth Factors, Antibodies

Growth Factor/Antibody Sourcea Clone Cat. No.

SCF Amgen (A generous gift) AA1580–00
Anti-human, C. D.117 Pharmingen YB5.B8 33651A

(c-kit)
Chimeric IgE Anti-NP Serotec JW8/1 MCA333B
Goat anti-mouse λ-chain SouthernBiotech Purified 1060–01
Anti-human, SCF R&D Purified AF-255-NA

neutralizing antibody

aThese were the sources for the reagents that were used to obtain most of the data described in
this chapter.

Table 3
Buffers and Solutions

BufferContent

PBS 137 mM NaCl, 2 mM KCl, 10 mM Na2HPO4, 1mM
KH2PO4, pH 7.4

Hank’s Balanced Salt 1X and 10X obtained from Biological Industries,
Solution (HBSS) Beth Haemek, Israel

Tyrode’s buffer 137 mM NaCl, 12 mM NaHCO3, 5.5 mM L-glucose,
2 mM KCl, 0.3 mM Na2HPO4

TG (Tyrode’s gelatin 0.1% w/v gelatin in Tyrode’s buffer
buffer)

TG++ (Tyrode’s gelatin 1.8mM CaCl2, 0.9 mM MgCl2 in, TG buffer
buffer, supplemented)

HBA (HBSS, BSA, Azide) 0.1% w/v bovine serum albumine, 0.01% sodium
azide in HBSS

Permeabilization/Blocking 0.1% w/v saponin, 10% w/v bovine serum albumine,
buffer for IF 0.1% v/v human serum, 10 mM HEPES in HBA

Washing buffer for IF 0.1% w/v saponin, 10 mM HEPES in HBA
Citrate/phosphate buffer 0.12 M citric acid, 0.14 M Na2HPO4, pH 4.5

for β-hexosaminidase
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Table 4
Sensitive Reagents

Sensitive reagents Sourcea Cat. No.

Metrizamide Sigma M-3383
Compound 48/80 Sigma C-2313
β-hexosaminidase chromogenic substrate

(p-nitrophenyl-N-acetyl-β-D-glucosaminide) Sigma N-9376
Tryptase chromogenic substrate

(N-p-tosyl-gly-pro-lys-p-nitroanilide) Sigma T-6140
Cathpesin G chromogenic substrate

(N-succinyl-ala-ala-pro-phe-p-nitroanilide) Sigma S-7388
OPT Sigma P-0657
Percoll Sigma P-1644
Collagenase Sigma C-0130
Hyaluronidase Sigma H-3506
DNase Sigma D-5025
NH4OH (ammonium hydroxide) Frutatom, Israel
Trichloroacetic acid Frutarom, Israel
NaOH (sodium hydroxide) BDH 5553510
DMSO Sigma D-5879

aThese are the sources for the reagents that were used to obtain most of the data described in
this chapter.

Table 5
Cellular Stains

Stain Content

Toluidine blue 0.07% w/v toluidine blue in 60% ethanol pH 3.5
Kimura’s stain 0.03% w/v toluidine blue, 0.001% w/v light green, 1.4% w/v

 saponin dissolved in 137 mM NaCl, 2.7 mM KCl,  pH 7.4
Methylene blue 1% w/v methylene blue in 0.1 N boric acid, pH 8.5
Trypan blue Commercially obtained from Sigma, cat. no. T-8154

7. Tryptase substrate: dissolve 10 mg of substrate (N-p-Tosyl-Gly-Pro-Lys p-NA)
in 630 µL of dimethyl sulfoxide (DMSO), which will yield a substrate solution of
25 mM. Keep aluminum foil-wrapped in −20°C.

8. Cathepsin-G substrate: dissolve 5 mg of substrate (N-Succinyl-Ala-Ala-Pro-Phe p-
NA) in 200 µL of 0.1 M NH4OH. This yields a stock substrate solution of 40 mM.
Keep aluminium foil-wrapped in −20°C.
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9. 10% trichloroacetic acid.
10. OPT solution: dissolve 5 mg of o-phthalaldehyde (OPT) in 0.5 mL of methanol,

yielding a 10 mg/mL solution. Keep foil-wrapped in −20°C.

3. Methods
3.1. Co-Culture Setup

Although this volume mainly focuses on human mast cells, it also is impor-
tant to describe the protocols for the purification of mast cells from the perito-
neal cavity of a rodent because historically these cells were the first mast cells
in co-culture with fibroblasts and are still useful counterparts of human con-
nective tissue type mast cells (especially of human dermal mast cells).

3.1.1. Mast Cells
The conditions of maintenance of a co-culture system greatly depend on the

source of mast cells. There are several sources to be considered, although they
are not equally easy to obtain and culture. In Table 6, we have listed some of
the more commonly used sources of mast cells (14–21). It is important to men-
tion that any tissue that can be enzymatically digested or any cavity that can be
lavaged is a potential source of mast cells.

Different mast cells behave differently in vitro. For example, rat peritoneal
cells do not proliferate in co-culture, whereas human mast cell (HMC)-1, being
a transformed line, and bone marrow-derived mast cells (i.e., BMDMCs), in
the presence of interleukin (IL)-3, do. It is important to take this into account
because it determines the number of cells that are to be added to the co-culture
during its setup. When the mast cells proliferate, they create overcrowding, deple-
tion of nutrients, and finally damage of the fibroblast monolayer. Thereafter, the
culture starts an in vitro wound healing process. During this process, activated
fibroblasts in turn can activate mast cells, and the co-culture behaves as if it
was stimulated by an exogenous stimulus, even though it has not.

Table 6
Several Sources of Mast Cells

Mast cell type Source Subheading/Chapter Ref.

RPMC Rat peritoneum 3.1.1 14
BMDMC Mouse bone marrow 8
HMC-1 (line) Human mast cell leukemia Chapter 15 15
CBDMC Human umbilical cord blood Chapters 7,8,15 16
HLMC Human lung 3.1.2 21
HSMC Human skin 3.1.2 18
HIMC Human intestines 3.1.2 20
HCMC Human heart 3.1.2 17
HUMC Human uterus 3.1.2 19
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3.1.2. Fibroblasts

Unlike mast cells, fibroblasts can be chosen from an enormous selection of
lines and primary sources. In addition, there are many commercial sources for
animal and human fibroblasts. Primary fibroblasts can be obtained easily from
any tissue that is surgically removed both from normal and pathological
samples according to the aim of the co-culture.

An important point to consider is whether the fibroblast of choice is contact-
inhibited. Contact inhibition occurs in all primary cultures but also in some
lines, such as the 3T3 line.

Although it seems more logical to assemble the co-culture using fibroblasts
and mast cells from the same species and anatomical location, the best support
for human mast cells is given by the 3T3 fibroblast cell line (12,22). It is also
important to check the type of each line, for instance, the Swiss Albino 3T3 is
different from the NIH 3T3 and is usually the preferred one for co-cultures.

3.1.2.1. RAT/MOUSE PERITONEAL MAST CELLS (SEE NOTE 1)

1. Use rats (250–300 g) or mice (2–3 mo), preferably males.
2. Euthanize animals using ether-soaked cotton wool inside a closed compartment

or a dessicator.
3. Lie the animal down on its back, spray 70% ethanol over the abdomen, and per-

form a midline vertical cut. Expose the abdominal fascia just underneath the fur.
4. Wash the peritoneal cavity with Tyrode’s gelatin (TG) buffer by injecting 50 mL

for rats and 5 mL for mice in the appropriate syringe with a 23-gage needle,
taking care not to puncture the intestines.

5. Gently massage the abdomen.
6. Aspirate (using the same syringe) at least 40 mL (for rats) or 4 mL (for mice) of

fluid from the buffer. For mice, pool together lavage fluids from three or four
animals.

7. Spin the lavage at 400g for 7 min at room temperature.
8. Resuspend cell pellet in 1 mL of TG buffer and load 1 mL of metrizamide (22.5%

for rats, 22% for mice, in TG buffer).
8. Centrifuge 350g for 20 min at 20°C without breaks. Aspirate the supernatant

using vacuum.
9. Resuspend cell pellet containing the mast cells in medium, and assess their purity

by toluidine blue staining (50% v/v) and viability by trypan blue (50% v/v).
Examine immediately under microscope upon staining.

3.1.2.2. HUMAN TISSUE-DERIVED MAST CELLS (SEE NOTE 2)

1. Place the obtained tissue in a Petri dish. Add 5 mL of ice-cold medium to main-
tain the tissue and prevent it from drying. Cut with scissors or with a scalpel to
pieces of maximum 2–3 mm.

2. Transfer the pieces to a 50-mL tube, complete to 50 mL with medium (see Note 3),
and centrifuge at 600g for 7 min.

3. Prepare enzymatic digestion cocktail:
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a. Calculate enzymatic digestion final volume: 4 mL/g of tissue.
b. To one fifth of this volume, add the following enzymes (per milliliter of final

volume):
i. Collagenase (1.5 mg/mL).

ii. Hyaluronidase (0.75 mg/mL).
iii. Dnase (0.01 mg/mL).

c. Dissolve by vortex, followed by a short sonication on ice until no solid par-
ticles are visible. The mixture should be clear and tea-colored.

4. Add the digestion cocktail to the tissue pellet. Complete with medium to the final
digestion volume.

5. Shake in a bath at 37°C, at least at 100 Hz, for 60 min (see Note 4).
6. Complete to 50 mL with medium. Centrifuge at 600g for 5 min to get rid of

undigested, gross tissue parts.
7. Filter the supernatant through a filter or gauze (maximum, 0.3 mm) into a 100-mL

beaker. Constantly pour medium through the filter along with the supernatant to a
final filtrate volume of 100 mL.

8. Centrifuge at 600g for 5 min at 4°C and resuspend the pellet in 5 mL of medium.
9. Stain a 10-µL sample with toluidine blue. It is recommended to continue the

procedure upon the presence of sufficient mast cells in the tissue. Assume a yield
of 30–40% at the end of the process.

10. Prepare Percoll gradient as follows:

a. Dissolve 1 mg of Dnase in 5 mL of Hank’s solution containing 25 mM
HEPES.

b. Mix well 3.4 mL of the Dnase solution with 2.2 mL of 10X Hank’s solution and
19.5 mL of Percoll in a 50-mL tube. Mix by flipping the tube four to five times.

11. Load cells on the gradient and centrifuge at 2000g for 20 min at 20°C without
breaks (see Note 5).

12. Collect the middle phase very carefully using a Pasteur pipet and transfer it into
a 50-mL tube.

13. Centrifuge 600g for 5 min, resuspend with Hank’s-FCS (Hank’s solution con-
taining 2% FCS), and spin again the same way.

14. Resuspend cells in 1 mL of Hank’s-FCS and add to it an anti-c-kit antibody
(YB5.B8, 5 ng/mL). Shake on ice for 1 h.

15. Wash with Hank’s-FCS as in step 13.
16. Incubate cells with anti-mouse immunomagnetic beads (Miltenyi, Dynal) and

perform a positive selection using magnetic column (MACS) according to the
manufacturer’s instructions.

17. Culture cells with RPMI or minimum essential medium (MEM) containing 10%
fetal calf serum (FCS). Check purity and viability of mast cells (see Note 6).

3.1.2.3. PRIMARY FIBROBLASTS (SEE NOTE 7)

1. Place the tissue in Dulbecco’s modified Eagle’s medium (DMEM; 2% FCS) and
cut it using scissors or scalpel to obtain 2- to 3-mm pieces.

2. Carve several scratches horizontally and vertically on the vessel’s floor (prefer-
ably 12- or 24-well plate), creating a 3 × 3 mm “net.”
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3. With forceps put a piece of tissue (2–3 mm) directly in the center of the net.
4. Using a pincers’ edge gently spread it once or twice over the scratches.
5. Pour 100–200 µL of DMEM (10% FCS) on the tissue, just enough to cover the

piece but taking care not to lift it.
6. Incubate at 37°C for 2–3 h, and then add more DMEM 10% FCS.
7. Incubate at 37°C for several days until cells start to sprout along the scratches

(usually between 5 and 7 d).
8. Using forceps, remove the large piece and change medium.
9. When cells are confluent, passage by trypsinization.

3.1.2.4. PLATING/PASSAGING FIBROBLAST CULTURES IN MONOLAYERS (SEE NOTE 8)

1. Filter and warm trypsin–ethylene diamine tetraacetic acid (EDTA; amount accord-
ing to Table 7) to 37°C in a bath.

2. Gently draw all medium from the vessel, avoid perturbing the floor.
3. Pour trypsin–EDTA, shake on a flat surface and incubate for 1–5 min at 37°C

(consult Table 7 for specific volume settings).
4. Once cells are detached and therefore floating as single cells or cell aggregates,

mix well using a pipet to obtain a more homogeneous cell suspension, and add
DMEM twice the volume of trypsin.

5. Centrifuge at 400g for 7 min.
6. Vigorously resuspend the cell pellet in DMEM at the desired volume (see Note 9).
7. Count cells, seed in new vessels at the desired concentration, and return to incu-

bation (see Note 9).

3.1.2.5. FIBROBLAST LINES

A wide selection of fibroblast lines is available for us. For mast cells, from
both rodent and human origin, the preferred line is the 3T3 Swiss Albino from
ATCC, Rockville, MD (cat. no. CCL-92)

3.2. MC/FB Long-Term Co-Culture (Monolayer)

Co-culture can be performed in monolayers or in a 3D system. This system
has been described by Eckes et al. (23) to study the influence of the mast cells
on the fibroblasts. We provide the most common one both for mast cell and for
fibroblast studies, the monolayer co-culture system. This system can be set up

Table 7
Trypsin Volumes for Plating/Passaging

Type of culture vessel Trypsin–EDTA volume Ice lift volume

200-mL bottle 3–5 mL 10 mL
75-mL bottle 1–2 mL 5 mL
35-mm dish 0.5–1 mL 2 mL
24-well plate 200 µL 0.5 mL



304 Bachelet, Munitz, and Levi-Schaffer

using virtually any type of mast cells, such as CBDMC (12), lung (24), or skin
(25,26) mast cells.

1. Seed fibroblasts (either freshly purified or passaged) on a culture vessel selected
for this purpose (flask, dish, multiwell, and so on) and culture in DMEM. Consult
Table 8 for cell concentrations (see Note 10).

2. Seed freshly purified mast cells on a fibroblast monolayer at full confluency, as
observed under an inverted microscope, when the cells are after P6-P7 at most
(but preferably as early as possible). Consult Table 9 for mast cell concentrations
(see Note 11).

3. After 24 h, carefully draw out medium by using a low-power vacuum, preferably
tipped thinly (using a 200 µL-pipet tip). This first medium replacement will dis-
pose of all nonadherent mast cells, which might be either dead or other cell types
that may have contaminated the initial mast cell population.

4. Replace culture medium every 2 d (see Notes 12 and 13).

3.3. Activation of Mast Cells in Co-Culture

This section will discuss in detail the ways to activate mast cells in co-cul-
ture and the methodological adjustments to this system.

3.3.1. Planning the System

The success of any experiment conducted in co-culture depends on one’s
ability to point out the effects caused by mast cells alone (Fig. 2). This is diffi-

Table 8
Fibroblast Concentrations

Type of culture vessel No. of cells for seeding

200-mL culture bottle 1 × 105

75-mL culture bottle 5 × 104

35-mm dish 2 × 104

24-well plate 5 × 103

96-well plate 1 × 103

Table 9
Mast Cell Concentrations

Type of culture vessel Mast cell concentration

35-mm dish 0.8–1 × 105/2 mL
12-well plate 0.4–0.5 × 105/1 mL
24-well plate 2–4 × 104/0.5 mL
96-well plate 5 × 103/0.2 mL
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Fig. 2. An exemplary experiment planned for the co-culture system. A control group
containing only fibroblasts (left) defines the system’s background. IL-4 and the mea-
sured parameters are arbitrary in this example. FB, fibroblasts; MC, mast cells.

cult for several reasons. First, fibroblasts usually outnumber the mast cells in
the system and therefore that the level of background they give is always high.
Second, the fibroblasts (and especially the cell lines) are usually more active in
protein synthesis. Third, and most importantly, fibroblasts might contain or
produce mediators that originate also from mast cells, for example, prostaglan-
din E2, cytokines, and chemokines. The latter point will be discussed in Sub-
heading 3.3.2.1.

To overcome these difficulties, a co-culture should always include one con-
trol group composed only of fibroblasts. This group should undergo any treat-
ment, exactly as if it contained mast cells. Eventually, this group will define
the background level of the system (see Note 14).

3.3.1.1. KINETIC STUDY FOR EVALUATION OF OPTIMAL MAST CELL ACTIVATION PERIOD

1. Set up the desired co-culture: set up a group for time zero and for each day (at
least for 7 d) and an additional parallel group for each time point, composed only
of fibroblasts as control.

2. Once the mast cells have attached, perform activation for time zero group.
3. Maintain the co-culture as usual while performing activation each day for the

appropriate group.
4. Plot the response magnitude as a function of the activation day and extrapolate

the optimal time (see Note 15).
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3.3.2. Activation
Although mast cells can undergo activation when in their culture medium, a

stronger response is usually achieved in buffers. For IgE-dependent activation,
Tyrode’s gelatin buffer supplemented with 1.8 mM CaCl2 and 0.9 mM MgCl2

(termed TG++ buffer) usually gives the best response. However, for IgE-inde-
pendent activations, phosphate-buffered saline (PBS) supplemented with 137
mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 5.55 mM dex-
trose, 0.9 mM CaCl2, and 0.05% essential fatty acid free bovine serum albumin
is better.

The use of buffer also allows for spectrometric and fluorometric assays such
as β-hexosaminidase or fluorometric histamine without color interference, as
media often contain phenol red that disturbs such assays.

1. Carefully wash the culture once with warm TG++ buffer. Add the new buffer
very slowly and from the side of the vessel. Avoid adding it directly at the center
of the dish (see Note 16).

2. Add TG++ buffer at the desired volume for activation. Consider sufficient vol-
ume for each assay to be performed afterwards, keeping in mind that large vol-
umes dilute the mediators that we want to detect. This is also determined by the
assay’s sensitivity.

3. Add the activatory stimulus.
4. Shake gently and incubate as needed.
5. Gently collect the supernatant, and centrifuge to get rid of possible cell contami-

nation that might alter true mediator content release (see Note 17).

3.3.2.1. MEDIATOR ASSAYS

The main problem in quantitating released mediators in co-culture is that
there are two possible sources of mediators. If it is certain that fibroblasts do
not express the molecule of interest (e.g., histamine and tryptase), or mediators
that might interfere with the detection method, it is generally safe to assume
that mast cells are the sole source of it. However, fibroblasts may secrete
cytokines, enzymes and alike or more upon mast cell activation, so the selec-
tion of release assays should be carefully done.

Assaying histamine is most reliable because fibroblasts do not contain it and
mast cells release large amounts of it. However, the common sensitive labora-
tory method is radioactive, expensive, and relatively time-consuming. The
commercially available radioimmunoassay is expensive and mainly used for
evaluating histamine in serum/plasma and urine (see Chapter 16). Assays based
on chromogenic reactions generally are quick and simple; however, they require
careful calibration before their use.

Described next are three mediator assays based on chromogenic substrates
that detect enzymes released by activated mast cells. Even though these sub-
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strates are not specific (for instance, tryptase substrate is also cleaved by plas-
min), the signal-to-noise ratio for co-cultures with fibroblasts generally is low.
Theoretically, any enzyme can be similarly detected given the proper peptidyl
substrate.

A peptidyl chromogenic substrate has generally three portions: 1) chro-
mophore, 2) quencher, and 3) cleavable bridge, generally made of a short sequence
recognized by the target enzyme. The chromophore continuously emits at a cer-
tain wavelength, but because of the fluorescence resonance energy transfer
(i.e., FRET) phenomenon, the quencher in proximity captures the emission
energy. Once the bridge is enzymatically cleaved, the chromophore is released
and the emission is visible. Some chromophores (e.g., the β-hexosaminidase
substrate) are unstable at first and need to be stabilized for the emission to
show.

In coming to calibrate such a protocol, one has to keep in mind the following
parameters: 1) the reaction buffer must be at a pH in which the target enzyme
will work. Most mast cell enzymes operate at acidic pH, but are also functional
at pH 7.0–8.0 range. 2) When the substrate is present at a too large concentra-
tion, intermolecular FRET will occur, meaning that a chromophore from one
molecule will be quenched by another molecule’s quencher. Therefore, substrate
concentration also should be calibrated and should fall between 1 and 10 mM.

As a general rule, standard curves are most desirable, and should be included
whenever possible. When purified form of the mediator exists (e.g., in the case
of histamine and tryptase) a standard calibration performed first to fit the
assay’s sensitivity to a good standard range, should be done. When no such
purified mediator exists, the results should be presented either semi-quantita-
tively as a percentage of release (see Subheading 3.3.2.1.1.) or as fold-over-
basal or simply as an, optical density (OD) count at a specific absorbance.

To obtain a percentage of release, in addition to the supernatant total cells
should be harvested and disrupted by sonication. Collection and sonication of
the cells should be done very quickly (see protocol in Subheading 3.3.1.1.).

3.3.2.1.1. Collection and Lysis of Cells to Yield % Release.

1. Add an equal volume of buffer (same as the activation buffer) to each group (see
Note 18).

2. Scrape cells using a Teflon policeman (scraper) or a tip of a Pasteur pipet, as to
the vessel’s size.

3. Transfer to tubes. Make sure you collect all cells by repeated pipetting inside the
vessel.

4. Transfer cells to a tube and lyse by sonicating 1 min on ice.
5. Assay the specific mediator in the lysate. Make sure to multiply at the proper

dilution factor, if any.
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Express the % release as follows:

%R = Sup / (Sup + Lys)

Where Sup is the supernatant mediator content and Lys is the lysate mediator
content.

3.3.2.1.2. Histamine Enzyme Immunoassay (see Chapter 16).

3.3.2.1.3. β-Hexosaminidase Assay.

This protocol is adapted for small volumes and is of high sensitivity (27).

1. In a flat-bottom 96-well plate, prepare 42 µL/well of β-hexosaminidase substrate
solution in as many wells as there are samples, plus wells for a blank control. It is
recommended to perform this assay at least in triplicates.

2. To each well, add 18 µL of supernatant to be assayed and mix well. To the blank
wells, add 18 µL of TG++ buffer.

4. Incubate for 2 h at 37°C, gently shaking the plate every 20 min (see Note 19).
5. Stop the reaction: to each well add 120 mL of ice-cold glycine (0.2 M, pH 10.7).

The presence of β-hexosaminidase is revealed by the appearance of yellow color.
Immediately read OD at 410 nm absorbance.

3.3.2.1.4. Tryptase Assay.

This assay can be performed also in real time (28).

1. In a flat-bottom 96-well plate mix in each well 96 µL of supernatant and 4 µL of
tryptase substrate (see Note 20).

2. Incubate at 37°C for approx 1 h or until a yellow color starts to appear.
3. Immediately read OD at 410 nm absorbance.

3.3.2.1.5. Cathepsin-G Assay.

This assay also can be performed in real time.

1. Mix 52 µL of the supernatant with 4 µL of the Cathepsin-G substrate solution in
a flat-bottom 96-well plate (final concentration 3 mM/well).

2. Incubate at 37°C for 30–60 min or until yellow color starts to appear.
3. Immediately read OD at 410 nm absorbance.

3.3.2.1.6. Fluorometric Histamine Assay (see Note 21 [29]).
1. Mix 20 µL of supernatant with 20 µL of 10% trichloroacetic acid and centrifuge

at 2000g for 2 min at 4°C. Transfer the supernatant to a fresh tube to continue.
2. In a flat-bottom 96-well plate, mix in each well 8 µL of 3 M NaOH with 37 µL

supernatant (if not performing the TCA precipitation, add the supernatant undi-
luted)

3. Add 2 µL of OPT solution (10 mg/mL) and mix well.
4. Incubate at room temperature for 5–8 min. Faint yellow color should appear

where high histamine content is present.
5. Add ice-cold 6 M HCl and shake well. The yellow should turn into faint pink.
6. Immediately read OD at 440 nm.
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3.3.2.1.7. Arachidonic Acid Metabolites.

Arachidonic acid metabolites, such as prostaglandins (PGs) and leukotrienes
(LTs), are newly-synthesized mediators produced and released upon IgE-
mediated mast cells stimulation. PGs and LTs have a wide array of effects,
e.g., leukocyte chemotaxis, endothelium activation, smooth muscle contrac-
tion, and proliferation and so on. Importantly, these mediators are markely
short lived. However, supernatants may be kept for further analysis of these
mediators under nitrogen atmosphere to prevent their oxidation (especially
for the leukotriens). The common way to assay these mediators is by specific
enzyme-linked immunosorbent (ELISA), and the most abundant mediators are
usually PGD2 and LTC4. However, as mentioned previously, it should be taken
into account that fibroblasts are able to synthesize eicosanoid products given
certain stimuli; moreover, ELISA for PGs and LTs are not always very specific.

3.3.2.1.8. Cytokines/Chemokines.

In principle, ELISA systems are commercially available targeting almost
every cytokine or chemokine secreted by mast cells. However, because fibro-
blasts also strongly produce and secrete such molecules, the background levels
of these assays are relatively high.

3.3.3. Mast Cell-Specific Studies

The co-culture system presents a major challenge when coming to perform
studies on the mast cells as an isolated population. Separating mast cells from
the fibroblasts constitutes a problem of its own, and it will be discussed in the
next section.

By means of their physical parameters, mast cells and fibroblasts are diffi-
cult to distinguish after trypsinization. Metrizamide gradients varying from 22
to 24.5% do not yield mast cells efficiently. When using fluorescence-acti-
vated cell sorting (FACS), the analysis of forward scatter (FSC) vs side scatter
(SSC) parameters of a mast cell–fibroblast co-culture does not clearly distin-
guish between these two populations. Nevertheless, focusing on mast cells in
FACS is feasible by first gating all FcεRI(+) cells, presumably mast cells.

Several methods exist for extracting mast cells from the fibroblast mono-
layer. One must take in account that by using a trypsin digestion method, there
is a chance that the surface molecules will degrade, depending on the specific
molecule. Consult Table 10 for recommended lifting volumes.

3.3.3.1. TRYPSIN DIGESTION

1. Gently aspirate, using vacuum, the buffer or culture medium from the vessel.
2. Filter the desired amount of trypsin and warm to 37°C (see Note 22).
3. Pour the trypsin over the surface. Shake a few times to cover the vessel thor-

oughly, and incubate at 37°C for 1–5 min.
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4. Every other minute, examine under the inverted microscope whether the cells
have detached.

5. To stop the trypsin, add cold medium (10% FCS) at twice the trypsin volume.
6. Draw medium, centrifuge at 700g for 5 min, and resuspend as desired.

3.3.3.2. “ICY LIFT BUFFER” METHOD

1. Gently aspirate the buffer or culture medium from the vessel.
2. Place vessel on ice.
3. Gently pour ice-cold lift buffer (1 mM ethylene diamine tetraacetic acid in PBS)

and vigorously pipet up and down four or five times. Avoid touching the mono-
layer or perturbing the vessel floor.

4. Collect buffer, centrifuge at 700g for 5 min, and resuspend as desired (see Note 23).

3.3.3.3. TRYPSIN/ICE LIFT COMBINATION

1. Gently draw buffer or culture medium from the vessel.
2. Filter trypsin and warm to 37°C.
3. Pour the trypsin and incubate at 37°C for 1 min.
4. Transfer the vessel to ice. Gently pour ice-cold lift buffer (1 mM EDTA in PBS),

and continue as in the “icy lift” method (see Note 24).

3.3.4. Co-Culture Studies

Much information can be obtained by observing the co-culture as a whole,
that is, without separating it to its cellular elements. This usually is accom-
plished by sheer visual techniques, mainly immunocytochemistry (ICC) or
immunofluorescence (IF) in combination with microscopy, either light, confo-
cal, or electron.

An extremely useful approach for these studies is the use of sterile glass
cover slips, on which the monolayer is first grown and which mast cells are
later added. Such cover slips allow for convenient manipulation of the co-cul-
ture for ICC/IF. A more modern method makes use of culture plates whose
bottom itself serves as slides for ICC/IF. However, the method described in the
following steps is much cheaper (see Note 25).

Table 10
Trypsin and Buffer Volumes for Mast Cell Separation

Type of culture vessel Trypsin volume Ice lift volume

200-mL flask 3–5 mL 10 mL
75-mL flask 1–2 mL 5 mL
35-mm dish 0.5–1 mL 2 mL
24-well plate 200 µL 0.5 mL
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1. Seed fibroblasts on sterile 12-mm round glass cover slips within a 24-well plate
2. Add mast cells and co-culture for additional 3–4 d (see Note 26).
3. Fix co-cultures by formaldehyde 2% or p-formaldehyde 4% in cold PBS for

10 min on ice.
4. Wash twice with cold PBS (aspiration of existing buffers and addition of new

buffers should be performed very carefully).
5. Permeabilize co-cultures by incubating for 10 min with permeabilization and

blocking buffer.
6. Wash twice with cold washing buffer.
7. Incubate with primary antibody, diluted properly in washing buffer, for 1 h at

room temperature.
8. Wash twice with washing buffer.
9. Incubate with secondary antibody, diluted properly in washing buffer, 1 h at room

temperature (see Note 27).
10. Wash twice with PBS.
11. Apply a drop of mounting medium on a glass slide.
12. Place the cover slip upside-down on the glass slide where the drop was applied,

and keep in a wrapped tray at −20°C (see Note 28).

3.4. Advanced Applications in Co-Culture

This section will discuss certain variations on the traditional co-culture sys-
tem, as solutions or adaptations for specific biological questions or technolo-
gies that are unapplicable otherwise.

3.4.1. Transwell Co-Culture

Among the signals that mediate mast cell–fibroblast crosstalk in co-culture,
some are secreted and some are contact-transmitted. Distinguishing between
the two might help to define the a mechanism underlying a phenomenon.

In a transwell co-culture, mast cells and fibroblasts are grown on the oppos-
ing sides of a polycarbonate membrane, allowing free flow of medium between
the two compartments, but not allowing the cells to physically interact. There-
fore, it is possible to detect secreted signals.

3.4.2. Knockout Fibroblasts

To establish the involvement of a specific signal molecule, one would want
to observe the co-culture in the absence of that molecule. In co-culture sys-
tems, several approaches are feasible:

1. A special fibroblast line, devoid of the molecule by genetic means (if such a line
exists).

2. Purification of primary fibroblasts from a knock out mouse (such as in the case of
Sl/Sld mice, devoid of the membrane bound form of SCF [11]).
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3. Anti-sense treatment of the fibroblasts before initiation of the co-culture. This
method is described in Subheading 3.4.3.

3.4.3. Antisense Treatment for Fibroblasts

This method is used to silence a specific ribonucleic acid (RNA) species and
thus to abolish the expression of a target protein. A set of oligomeres (a sense as
control, and anti-sense as a blocking agent) should be designed (see Note 29).

1. Prepare working solutions of the desired oligomeres: dilute in serum-free medium
to a concentration of 20 µM.

2. Assuming a 1-mL volume, mix 175 µL of medium with 15 µL of Oligofectamine™,
and leave for 5 min at room temperature to equilibrate.

3. Add to the mixture 10 µL of oligomeres 20 µM and incubate 20 min at RT.
4. Resuspend the desired amount of cells in 800 µL of medium.
5. Mix the 200 µL oligomere/Oligofectamine mixture with the 800 µL cell mixture,

and incubate for 24–48 h at 37°C.
6. After 24 h, add oligomere/Oligofectamine to compensate for lost material

3.4.4. Membrane SCF-Neutralized Fibroblasts
1. Incubate a monolayer of confluent fibroblasts for 24 h with an anti-human SCF

neutralizing antibody in the proper concentration for neutralizing.
2. Wash the fibroblasts twice in medium.
3. Add mast cells and continue as described.

4. Notes
1. The yield varies according to animal type. For Sabra rats, an outbred strain of the

Hebrew University of Jerusalem, in the following weight, the expected yield is
approx 3 × 105 mast cells per animal. Sprague–Dawley rats usually yield approx
8 × 105 cells or more. Mice usually yield approx 104 mast cells per animal.

2. a. This protocol is a general protocol for obtaining mast cells from human tis-
sues, such as lungs, intestines, skin, heart, and uterus. If a certain tissue con-
tains some special component, such as mucus in nasal polyps, enzymatic
activity can be strengthened by adding a specific enzyme or increasing the
concentration of an existing enzyme. In any case, it is not recommended to
increase the digestion time because a larger fraction of the cells might either
die or “spontaneously” degranulate, increasing the baseline level of any fol-
lowing experiment.

b. After digestion, the cells should be kept on ice to avoid spontaneous degranu-
lation.

c. The medium used, unless otherwise stated, is DMEM as described previously,
with 2% instead of 10% v/v FCS.

3. Most tissues may be kept at 4°C before this stage for as long as 12–18 h in DMEM
with 200 mg/mL streptomycin and 200 µ/mL penecillin, without substantial loss
of mast cell viability.
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4. Avoid using magnetic stirrers, which might damage the cells.
5. After the spin down, three phases will become apparent. The mast cells are retained

in the middle phase.
6. The approximate yield for 1g human tissue is 2 × 105; the actual yield may vary

depending upon the tissue source and disease.
7. The source of tissue for this protocol is practically any tissue that has been surgi-

cally removed from an organism. The DMEM used here is supplemented with 2
or 10% FCS. As for the mast cells, you can store the tissue at 4°C for as long as
24 h without any substantial loss of mast cell viability as stated.

8. Fibroblasts are usually cultured and propagated in flasks. Plating is required to
maintain the fibroblasts in an ongoing state of growth without contact-dependent
growth arrest, providing culture continuity. Perform the plating once every sev-
eral days, depending on fibroblast type and conditions, always before they reach
full confluency. Avoid using fibroblasts after the seventh passage.

9. Choose the volume of resuspension medium according to the intended new vessels.
10. The concentration of fibroblasts can be calculated directly to form a confluent

monolayer once they attach, even though it is recommended to calculate the con-
centration for 70% confluency, and then wait 2–3 d until full confluency. Consult
Table 9 to determine the fibroblast concentration. Fibroblasts attach to plastic
substrate within minutes. However, it is recommended to wait at least overnight
before adding mast cells, to let the system stabilize.

11. Within less than an hour, mast cells become attached to the fibroblasts and
medium replacement can be done. Avoid flicking the vessel against the bench
or other objects, as the mast cells might detach. Rat peritoneal mast cells
(RPMCs) adhere stronger to the fibroblast monolayer than BMDMCs and
CBDMCs.

12. Although while in co-culture mast cells apparently receive almost every signal
needed for their long-term survival and maturation, it is important to ensure opti-
mal conditions. Therefore, the medium replaced should include all growth fac-
tors, such as SCF for human mast cells, IL-3 for murine mast cells, and so on.
However, not all cells require these factors. For example, RPMCs and human
lung mast cells (HLMCs) do not need any (Table 6). Adjust the factors added to
the specific cell type.

13. a. Once set up, a co-culture can be maintained for time periods of more than 4 wk
given that the medium is properly replaced and the fibroblast monolayer is not
wounded by mistake when changing the medium.

b. After a certain period, depending on the system’s composition, the mast cells
reach an optimal state for activation where their responses are stronger. For
CBDMC/3T3 this period starts at around d 3–4. For RPMCs/3T3, it starts at
24 h. The optimal period can be determined by a kinetic experiment (see Sub-
heading 3.3.1.1.).

14. It is important to stabilize the co-culture system before adding priming factors or
agonists by waiting at least 24 h before this addition.
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15. This experiment should be first done using the simplest activatory stimulus, e.g.,
compound 48/80. After this has been calibrated, one can move on to optimum
time with primed co-culture(s).

16. All washings in this protocol are performed by gentle vacuum aspiration, since cells
are adherent. Use a thin pipet, and always draw from the side, not from the middle.

17. Some activators, such as calcium ionophores, kinins, are not specific to mast
cells but also will activate fibroblasts; However, fibroblasts can release media-
tors that activate or prime mast cells, e.g., SCF, nerve growth factor, and PGE2.
The specific stimulus also should be considered regarding the particular fibro-
blast source, that is, 3T3, human lung, and human skin. In fact, different cells can
produce mediators that vary quantitatively and qualitatively.

18. The volume may vary but it is recommended to add the same volume as the
activation volume. In case bigger volumes are added, remember the dilution fac-
tor for the final analysis.

19. The incubation time is largely dependent on cell number. The base of 2 h is suf-
ficient to quantify b-hex release from approx 105 cells/100 mL. If this number
changes, adjust the time accordingly (e.g., 1 h for 2 × 105 cells, 3–4 h for 5 × 104

cells).
20. If performing a real time assay, mix 4 mL of substrate with 96 mL of PBS or

Hank’s solution per sample and use this as the reaction buffer, that is, after the
wash, add this buffer and then the activating stimulus.

21. This assay is based on a phthalic condensation of histamine to yield a fluorescent
product. Although histamine is the major reagent for this reaction in activated
mast cell supernatants, amine groups from other proteins also might react with
the substrate and interfere with the true reading. The assay therefore cannot be
performed in TG++ buffer, because the gelatin enhances the background. It is
recommended to perform this assay in Tyrode’s buffer supplemented with 1.8
mM CaCl2 and 0.9 mM MgCl2, without gelatin. The assay includes a preparative
stage in which most proteins are precipitated using trichloroacetic acid, but this
stage is mostly necessary with protein-rich environments.

22. Do not exceed an amount sufficient to cover the entire vessel surface with 1–2
mm-high liquid. In addition, consider that trypsin self-digests at 37°C. Do not
leave it too long at this temperature.

23. It is important for the entire process to be executed quickly and on ice, using ice-
cold buffer. This method yields a lower number of cells but at high purity. If a
FACS staining is to follow, resuspend cells in cold HBA buffer.

24. The method to be used should be chosen and calibrated specifically to every co-
culture type, and depending on the eventual desired process.

25. This protocol is adapted for detection of an intracellular molecule. For a surface
molecule, omit step 5 and perform all washes and incubations with PBS.

26. Perform next stages while glasses are still inside the plate wells.
27. If the secondary antibody is fluorescent, this incubation should be made in a dark

chamber or foil-wrapped vessels. If secondary antibody is biotinylated, repeat
this stage for the third avidin-conjugated antibody.
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28. One slide is large enough to contain two 12-mm cover slips conveniently. This
makes better use of the slide and simplifies the storage and analysis.

29. In this protocol, nucleic acid transfection is achieved by using the Oligofectamine
reagent, by Invitrogen; however, any other method would do according to the
manufacturer’s instructions.
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Detection of ε Class Switching
and IgE Synthesis in Human B Cells
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Summary
We observed that mast cells, as other cells expressing the CD40 ligand CD154, can

trigger IgE synthesis in B cells in the presence of interleukin (IL)-4. Numerous comple-
mentary techniques can be used to follow the succession of molecular events leading to
IgE synthesis. This chapter will illustrate how human B cells (naïve or memory) can be
purified, stored, and cultivated in medium that is permissive for IgE synthesis and stimu-
lated with IL-4 or IL-13 and CD40 activation, the latter being induced by soluble CD154,
anti-CD40 antibodies, or CD154-expressing cells. All these molecules are expressed by
mast cells. The quantification of the ε-sterile transcript synthesis by polymerase chain
reaction or Northern blot, the ε excision circles produced during immunoglobulin heavy
chain locus rearrangement by polymerase chain reaction, and the IgE production by
enzyme-linked immunosorbent assay will be described.

Key Words: IgE; ε sterile transcript; germline ε transcript; mast cells; interleukin-4;
interleukin-13; CD154; CD40; CD40 ligand; CD27; B cells; mast cells; isotype class
switching; ε excision circles.

1. Introduction
The mechanisms controlling the induction of class switch recombination

and production of IgE by switched B cells have been studied extensively
(reviewed recently in ref. 1). In vitro, the production of IgE by human B
cells, specifically induced by interleukin (IL)-4 or IL-13 and signalling via the
CD154 cell surface molecule, can be monitored at various levels of the ε class
switching process, including during the induction of the sterile ε transcript,
which precedes Ig heavy chain locus rearrangement by reverse transcription
polymerase chain reaction (RT-PCR) or Northern blot assay (2,3), the detec-
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tion of production of ε excision circles during the Ig heavy chain locus rear-
rangement by PCR (4,5) and the detection of production of IgE by isotype-spe-
cific enzyme-linked immunosorbent assay (ELISA [6–8]).

2. Materials

1. Human peripheral or cord blood (see Note 1).
2. Human spleen or tonsil samples (see Note 1).
3. Human erythrocytes (RBCs).
4. Phosphate-buffered saline (PBS).
5. Histopaque® (Sigma, St. Louis, MO).
6. Fetal calf serum (FCS; see Note 2).
7. Bovine serum albumin (BSA; fraction V, Sigma, cat. no. A2153).
8. Petri dishes (10-cm diameter, BD biosciences, San Jose, CA).
9. Centrifuge tubes (15 or 50 mL: BD biosciences).

10. CD19 Microbeads (Miltenyi Biotec; Auburn, CA, cat. no. 130–050–301).
11. 25 MS Separation Columns (Miltenyi Biotec, cat. no. 130–041–301).
12. VarioMACS™ (Miltenyi Biotec).
13. RosetteSep® antibody cocktail (StemCell Technologies; Seattle, WA, cat. no.

15064).
14. Anti-CD27-FITC conjugated monoclonal antibody (MAb) (BD Biosciences/

Pharmingen, San Diego, CA, cat. no. 555440).
15. FACSvantage® (BD Biosciences) or equivalent.
16. Tissue culture medium (Yssel’s medium or equivalent).
17. RPMI-1640 (Invitrogen, Carlsbad, CA).
18. Dimethyl sulfoxide (DMSO, Sigma, cat. no. D5879).
19. Recombinant IL-4 and IL-13 (Peprotech, Rocky Hill, NJ).
20. Anti CD40 MAb, clone 89 (Schering-Plough Corp. Kenilworth, NJ).
21. Anti-CD154 MAb.
22. Mouse fibroblasts, transfected with CD154 or soluble CD154.
23. Tissue culture plates (24 or 96 wells: Nunc, Roskilde, Denmark).
24. Trizol® (Invitrogen).
25. Agarose gel and electrotransfer equipment.
26. Stratalinker (Stratagene, La Jolla, CA).
27. Proteinase K.
28. Phenol-chlorophorm isoamyl alcohol, 50:50:1.
29. SEVAG: chlorophorm isoamyl alcohol, 50:2.
30. Nuclease free water.
31. pBS+ (Stratagene).
32. T3 polymerase (Stratagene).
33. α-32P-UTP (3000 Ci/mmoles).
34. Northern blot hybridisation buffer: 50% formamide (molecular biology grade);

50 mM Na citrate, pH 7.0, 25 mM phosphate buffer, pH 6.5, 0.75 M NaCl, 1 mM
ethylene diamine tetraacetic acid (EDTA), pH 7.0, 10% polyethylene glycol,
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0.1% Na pyrophosphate, 1% sodium dodecyl sulphate (SDS), 20 µg/mL poly A
(Amersham Biosciences Piscataway, NJ), 20 µg/mL poly C (Amersham Bio-
sciences), 100 µg/mL yeast ribonucleic acid (RNA; Sigma), 10X Denhardt’s
solution.

35. Hybridization oven.
36. Thermocycler.
37. Spectrophotometer DU640 (Beckman Coulter, Fullerton, CA).
38. Sandard IgE serum (Pharmacia Diagnostics, total IgE control LMH, cat. no. 10–

9267–01).
39. Rabbit anti-human IgE polyclonal antibody (Dako, Glostrup Denmark, cat. no.

A0094).
40. Goat anti-mouse IgG-alkaline phosphatase (Dako, cat. no. D0486).
41. Substrate solution (Sigma 104, Sigma).
42. 1 M Diethanolamine/HCl buffer, pH 9.8.
43. Nunc Maxisorp™ 96-well plate (eBioscience, San Diego, CA).
44. Microplate reader (Molecular Devices, Menlo Park, CA).

3. Methods
3.1. Isolation of Total, Naïve, or Memory B Cells
From Human Spleen, Tonsil, Peripheral Blood, or Cord Blood

B cells constitute approx 30% of human splenocytes, as much as 50% of
tonsilar lymphocytes, between 5 and 10% of peripheral and cord blood mono-
nuclear cells, and can be isolated by positive or negative selection. Positive
selection, based on the expression of the CD19 cell surface antigen, can be
conducted with a specific MAb coated onto paramagnetic beads as described
in Subheading 3.1.1. Negative selection can be achieved rapidly and efficiently
using the RosetteSep procedure, provided that the samples contain RBC: a
cocktail of bifunctional antibodies is used, recognizing the undesired leuko-
cyte subsets and the RBC-specific glycophorin (see Subheading 3.1.2.).

Naive or memory B cells can be isolated from purified CD19+ B cells by
FACS™ sorting based on the absence or the presence of the CD27 cell surface
antigen (9,10).

Cord blood is an excellent source of naïve (CD27-) B cells.

3.1.1. Isolation of Human Spleen or Tonsillar B Cells
by Positive Selection With Paramagnetic Beads

1. Transfer spleen or tonsil fragments into a 10-cm Petri dish, add PBS supple-
mented with 2% FCS, and mince using two scalpels (see Note 1).

2. Gently push minced samples through a fine metal mesh using a syringe plunger
and transfer the cell suspension to a 50-mL centrifuge tube.

3. Sediment the remaining fragments and transfer the cell suspension to a new tube.
4. Repeat mincing on the sedimented fragments in PBS/2% FCS.
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5. Isolate mononuclear cells by centrifugation over a Histopaque (Sigma) cushion
(850g; 20 min; �108 cells per 50-mL centrifuge tube).

6. Collect mononuclear cells at the interface.
7. Resuspend at a concentration of 1.25 × 108 cells/mL in PBS, supplemented with

0.5% BSA and 2 mM EDTA (PBS/BSA/EDTA) in a 5-mL round-bottom sterile
FACS tube (BD Biosciences).

8. Incubate for 30 min at 4°C under constant rotation with 2 µL of CD19 Microbeads
per 106 cells.

9. Filter cells over a 100-µm grid and dilute to 1.3 106/mL in 600-µL aliquots.
10. For each 600-µL aliquot, use a 25 MS Separation Column.
11. Wash the separation columns on a VarioMACS™ magnet with 1.2 mL of ice-

cold PBS/BSA/EDTA.
12. Load columns with 600 µL of cell suspension.
13. Wash 4X with 600 µL of PBS/BSA/EDTA.
14. Remove the columns from the magnet and add 1.2 mL of PBS/BSA/EDTA to

recover the CD19+ cells.
15. Spin the purified cells for 5 min at 320g in 15-mL tubes and resuspend in culture

medium.

3.1.2. Isolation of B Cells by Negative Selection
From Cord or Peripheral Blood Samples

1. Add 50 µL of CD19+ RosetteSep antibody cocktail (StemCell Technologies) per
milliliter of heparinated cord or peripheral blood and incubate for 20 min at 20°C
in 50-mL conical tubes.

2. Mix very gently with an equal volume of PBS, underlay the cell suspension with
Histopaque, and centrifuge (850g for 20 min).

3. Collect B cells at the interface, transfer to 50-mL centrifuge tubes, and add an
equal volume of PBS/2% FCS.

4. Spin the cells (320g for 7 min) and wash once with PBS/2% FCS.
5. Resuspend cells in culture medium.

3.1.3. Isolation of B Cells by Negative Selection From Spleen or Tonsil

Mononuclear cells isolated from spleen or tonsil samples as described in
Subheading 3.1.1. no longer contain RBCs. To purify B cells from these
samples with the RosetteSep procedure, human RBCs have to be added.

1. Spin whole blood (1700g for 10 min).
2. Wash the RBCs once with cold PBS (1700g for 10 min) and keep at 4°C in

Alsever medium until use (RBCs can be stored at 4°C for several weeks).
3. Before use, wash RBCs and resuspend at 30 × 108 RBCs/mL in PBS, 20% FCS.
4. Spin the tonsil or spleen cell suspension (320g for 10 min) and add RBCs to the

cell pellet at a ratio of 100:1 RBCs per mononuclear cell.
5. Add 1 µL per 106 mononuclear cells of CD19+ RosetteSep antibody cocktail and

incubate for 20 min at 20°C in 50-mL centrifuge tubes.
Pursue procedure as described in Subheading 3.1.2.
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3.1.4. Storage of the Purified B Cells: Freezing
1. Spin cells at 320g for 7 min and resuspend in RPMI-1640, supplemented with

10% serum, and put on ice.
2. Dilute DMSO in cold RPMI-1640/10% FCS to a final concentration of 20%.

Because adding DMSO results in an increase in temperature, cool on ice for
5 min.

3. Add an equal volume of the 20% DMSO solution in a dropwise fashion to the cell
suspension while gently shaking.

4. Transfer 1 mL of the cell suspension to a cryovial, freeze in cryocontainers at
−80°C overnight, and subsequently transfer the vials to liquid nitrogen. Use 106

to 108 cells per vial.

3.1.5. Storage of the Purified B Cells: Thawing
1. Thaw the vial quickly in a 37°C water bath, transfer the cells to a 15-mL tube,

and put on ice.
2. Add 2 mL of cold PBS dropwise, at first very slowly, while gently shaking, dur-

ing a time period of approx 2–3 min.
3. Using a 2-mL pipet, add 2 mL of human serum or FCS under the cell suspension

layer.
4. Spin the cells at 320g for 5 min.
5. Wash cells once with culture medium.

3.1.6. Isolation of Naïve and Memory B Cells

CD19+CD27- (naïve) and CD27+ (memory) B cells can be further purified
by FACS sorting.

1. Incubate purified B cells for 30 min at 4°C with an anti-CD27-FITC conjugated
MAb or an isotype matched IgG-FITC.

2. Wash three times with PBS supplemented with 30% FCS and resuspend at a
concentration of 3 × 106 cells/mL in PBS/30%FCS.

3. Sort the cell population with a flow cytometer.
4. Collect the CD27+ and CD27- cells in 5-mL FACS tubes, containing 0.5 mL of FCS.
5. Pool the FACS-sorted populations in 15-mL centrifuge tubes, spin (320g for 7 min)

and resuspend in culture medium.

3.2. Activation of B Cells With Anti-CD40MAb
or With CD154-Expressing Cells

The production of IgE by memory B cells, as a result of class switch recom-
bination to the ε constant region, requires IL-4 or IL-13, as well as activation
through the CD40 receptor (1). The latter is provided by agonistic anti-CD40
MAbs, soluble CD154, or CD154-expressing cells, such as activated mast cells.

1. Resuspend B cells in Yssel’s modified IMDM medium (11) or equivalent (12)
supplemented with 10% FCS (see Note 2).

2. Culture B cells (5 × 105 cells/mL) with IL-4 (20 ng/mL) or IL-13 (10 ng/mL) and



324 Pène et al.

either anti-CD40 MAb (MAb 89 [13]; 1 µg/mL) or CD154. The latter can be
provided by an irradiated (40 Gy) mouse fibroblast cell line transfected with
CD154 cDNA and expressing CD154 at the cell surface (2.5 × 104 cells/mL) or
soluble CD154 (2 µg/mL; produced as described in [14]).

3. Alternatively, B cells (5 × 105/mL) can be cocultured with autologous T cells or c-kit
ligand-activated (72 h; 10 ng/mL) mast cells and IL-4 or IL-13 both at a 1:1 ratio.

4. Incubate for 5–7 d (for analysis of sterile ε RNA and switch circular DNA,
respectively) or for 12 d (for analysis of IgE synthesis; see Note 3).

5. Store cells or supernatants in aliquots at –80°C until analysis.

3.3. Detection of the Sterile ε Transcript
and IgE Messenger RNA by Northern Blot Assay
3.3.1. Isolation of Total RNA

RNA is conveniently isolated using a chaotropic agent-phenol based proce-
dure (e.g., Trizol [15]) or by cell lysis in guanidium–thyocyanate followed by
ultracentrifugation on CsTFA in a micro-ultracentrifuge (16). To improve the
RNA stability of the Trizol-purified RNA, the protocol recommended by the
manufacturer can be modified as follows.

1. An additional extraction with phenol:chlorophorm:isoamylalcohol (50:50:1) is
performed before the isopropanol precipitation (17). Glycogen (2–5 µg) is used
as a carrier for the RNA precipitation (18).

2. The glycogen-containing RNA pellets are dissolved in 20 mM Tris, pH 7.0; 1
mM EDTA; 150 mM NaCl; 1% SDS; and 1 mg/mL proteinase K and incubated
for 1 h at 37°C.

3. Proteinase K-treated RNA is then successively extracted with phenol–
chlorophorm isoamyl alcohol and chlorophorm isoamyl alcohol (SEVAG [17]),
precipitated with 2 volumes of ethanol, and recovered by centrifugation for 30
min at 16,000g (18).

4. The RNA is washed twice with 70% ethanol, dried at room temperature, and
dissolved in nuclease free water on ice with periodic 2-min incubations at 65°C.

5. RNA is quantified by 260/280 nm optical density measurement (18) using a
DU640 spectrophotometer and a 50-µL quarz cuvette.

3.3.2. Synthesis of ε Complementary RNA Probe for Northern Blot Analysis
To detect the ε RNAs by Northern blot using minimal amounts of total RNA

(1–2 µg), a single-stranded complementary (cRNA) probe labeled to very high
specific activity using α32P-UTP (2,19) is used. The template for probe synthe-
sis is a 241-bp SacI-SmaI restriction fragment containing the CH2–CH3 junc-
tion of the human IgE cDNA ([20]; a kind gift from Dr. Honjo, Osaka
University Medical School, Japan) cloned in the phagemid pBS+ (Stratagene).
To increase the hybridization signal, hybridization is performed in the pres-
ence of polyethyleneglycol as a volume excluder (21) and, during the washes, the
membranes are treated with RNAse A to decrease nonspecific background (21).



Detection of ε Class Switching and IgE Synthesis 325

1. Linearize the plasmid template with the restriction enzyme EcoRI.
2. Purify the linearized plasmid by successive extractions with phenol;chlorophorm:

isoamyalcohol and SEVAG followed by ethanol precipitation.
3. Wash with 70% ethanol, air dry, and dissolve in TE at a final concentration of

1 µg/mL.
4. Dry 125 µCi of α32P UTP (3000 Ci/mmol) using a Speed Vac.
5. Transcribe 1 µg of the plasmid template for 3 h using 10 U of T3 polymerase in

10 µL of a standard T3 buffer containing 10 mM rATP, rCTP, and rGTP (19) and
32P UTP.

6. Stop reaction by adding 40 µL of TE pH 7.0, 1% SDS, and 250 µg/mL transfer RNA.
7. Clean the ε riboprobe from free UTP by chromatography on a Sephadex G50

spin column. (see Note 4)

3.3.3. RNA Gel Electrophoresis and Transfer
1. RNA aliquots (1–2 µg) are subjected to formaldehyde–MOBS gel electrophore-

sis (22,23) in 10 × 15 cm 1% agarose gels.
2. Electrotransfer the RNA from the gel to a positively charged Nylon membrane

using a Bio-Rad transfer chamber, or equivalent, in 10 mM phosphate buffer pH
6.5 for 1 h at 10 V and 2 h at 30 V (24).

3. Fix RNA covalently on the Nylon membrane by ultraviolet irradiation
(Stratalinker; default irradiation conditions [24]) and stain with methylene blue
(23) to check for RNA integrity and transfer (see Fig. 1).

3.3.4. Northern Blot Assay
1. Prehybridize membranes 1–4 h at 57.5°C in hybridization buffer (23).
2. Hybridize for 5–16 h at 57.5°C with the ε cRNA probe (106 cpm/mL).
3. Wash membrane 3X for 20–30 min in 0.1 standard saline citrate (SSC [23]) and

1% SDS at 65°C.
4. Rinse three times in 50 mM Tris-HCl, pH 7.0, and 300 mM NaCl at room tem-

perature.
5. Incubate membranes for 30 min with 0.5 µg/mL RNase A (Sigma) in 50 mM

Tris-HCl pH 7.0, 300 mM NaCl (21).
6. Inactivate RNase by rinsing with 0.1 SSC and 1% SDS (see Note 5).
7. Wash for 20–30 min in 0.1 SSC and 1% SDS at 65°C.
8. Reveal the hybridization signal by autoradiography using an intensifying screen

(see Fig. 1 [23]).

3.4. Detection of the Sterile ε Transcript by RT-PCR
1. Use aliquots of RNA (1–2 µg) isolated as described in Subheading 3.3.1. as a

template for cDNA synthesis using Superscript II (Invitrogen) reverse tran-
scriptase, following the manufacturer’s instructions. Prime reverse transcription
with random hexamers.

2. Amplify the ε sterile transcript with the primers GAC GGG CCA CAC CAT CC
and CGG AAG GTG GCA TTG GAG G using standard PCR conditions (25–35
cycles) and one tenth of the cDNA synthesized in step 1.
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3. To increase sensitivity, the PCR product can be denatured (23), electrotransfered
to a Nylon membrane, and detected by hybridization with a 32P-labeled oligo-
nucleotide probe (illustrated in Fig. 1 [2,3]).

3.5. Detection of ε Excision Circles by PCR

Formation of DNA excision circles is a hallmark of ongoing class switch
recombination (4,25). In a polyclonal B-cell population, they are heterogeneous
in size, present only as single copy per cell and decay rapidly during cell expan-
sion since they cannot replicate. It is often more convenient to detect spliced
RNA transcribed from the sterile transcript (I) promoters present in DNA
circles since they are homogeneous in size and present as several copies in
cells after class switch recombination (5).

1. Use aliquots of RNA (5 µg) isolated as described in Subheading 3.3.1. as a tem-
plate for cDNA synthesis using Superscript II (Invitrogen) reverse transcriptase,
following the manufacturer’s instructions. Prime reverse transcription with oligo dT.

2. Amplify the excision circle transcripts by PCR using Iε-Cµ sterile transcript detec-
tion primers: sense 5'-GACGGGCCACACATCCACAGGC-3 antisense 5'-
AGGAAGTCCTGTGCGAGGCAG-3. PCR conditions: 32 cycles of 45 s at
94°C, 30 s at 55°C, and 1.5 min at 72°C. The PCR product should be 149 bp.

Fig 1. Detection of the sterile ε transcript by Northern blot or RT-PCR. Purified B
cells were subjected to the indicated stimuli and harvested after 5 d of incubation.
(Left panels) aliquots of RNA (2 µg) were subject to formaldehyde agarose gel elec-
trophoresis and electrotransferred to nylon membranes. Membranes were stained with
methylene blue to reveal ribosomal RNA (lower left panel) and hybridized with ε
cRNA probes (upper left panel). (Right panels) cDNA was amplified with actin
(lower right panel) or sterile ε transcript specific probes (upper right panel). PCR
product was revealed by ethidium bromide staining (actin) or hybridization with a
specific oligonucleotide probe (Iε) (3).
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3.6. Measurement of IgE Production by Isotype-Specific ELISA

The concentration range of the IgE ELISA is 0.04–2.5 ng/mL. The samples
should be diluted appropriately in PBS supplemented with 0.05% Tween-20
and 0.5% BSA (ELISA buffer). Use a standard IgE serum (Pharmacia Diag-
nostics) as the reference.

1. Coat microtitration plates (Nunc Maxisorp; eBioscience) with a rabbit anti-hu-
man IgE polyclonal antibody (Dako, cat. no. A0094) diluted in carbonate buffer
pH 9.6 (indicative dilution: 1/8000) for 18 h at 4°C.

2. Wash plates three times with PBS, supplemented with 0.05% Tween-20.
3. Saturate with PBS, supplemented with 2% BSA (30 min at 20°C).
4. Add the diluted culture supernatants to the plates and incubate overnight at 4°C.
5. Wash three times and incubate for 2 h at 20°C with the detection MAb I-27 (8) or

equivalent (G7–18, BD Biosciences/Pharmingen) at a final concentration of 0.25
µg/mL in ELISA buffer.

6. Wash three times and add goat anti-mouse IgG-alkaline phosphatase (Dako)
diluted 1/2000 in ELISA buffer for 1 h at 20°C.

7. Wash three times, incubate with the substrate solution (Sigma 104) at 1 mg/mL
in 1 M diethanolamine/HCl buffer, pH 9.8 for 30 min at 37°C.

8. Read the OD at 405–490 nm using a microplate reader.

4. Notes

1. Human clinical samples, blood and cells should be manipulated according to the
biosafety guidelines of the NIH.

2. Not all FCS batches do not support IgE synthesis. Individual batches should be
tested.

3. Because the analysis of IgE production by ELISA often yields highly variable
results, it is recommended that cell cultures are performed in sextuplate (using
96-well culture plates) and that culture supernatants are analysed separately.

4. To maximize the sensitivity of the Northern blot assay, the specific activity of the
riboprobe is increased using high specific activity α32P-UTP. The drawback is
that the riboprobe is very unstable and has to be used immediately.

5. The RNAse treatment strongly increases the signal to noise ratio. Unfortunately,
it prevents the rehybridization of the membrane with a control probe specific for
a housekeeping gene. One should rely on ribosomal RNA staining with methyl-
ene blue to control for the loading of the Northern blot gene and use a parallel
membrane to be probed with a control probe.
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Gene Silencing Using Small Interference RNA in Mast Cells

Deling Yin and Charles A. Stuart

Summary
Small interfering RNA (siRNA) is a potent and specific method of inducing gene

silencing through induction of RNA interference. siRNAs can be allowed for in vitro and
in vivo applications. siRNAs have been successfully studied in vitro, but little is known
about its efficacy in vivo. We have successfully applied the siRNA technique for silenc-
ing glucose transporter 3 in cultured L6 muscle cells. The siRNA technique has been
used efficiently to silence RasGRP4 expression in mast cells.

Key Words: Small interfering RNA (siRNA); gene; transfection; mast cells; West-
ern blot; reverse transcriptase polymerase chain reaction (RT-PCR).

1. Introduction
Small interfering RNA (siRNAs) are small RNA duplexes approx 21 nucle-

otides (nts) long (1). siRNA includes two nucleotides (nt) 3' overhangs and a 5'
phosphate group (2). Fire et al. (3) identified double-stranded RNA (dsRNA)
as a mediator for gene knock-down in Caenorhabditis elegans and referred to
the term RNAi. siRNAs suppress gene expression through a highly regulated
enzyme-mediated process called RNA interference. siRNAs serve as guides
for enzyme complexes that degrade, inhibit, or modify the function of homolo-
gous nucleic acids (4–13).

Although siRNAs have been studied successfully in vitro, little is known
about their efficacy in vivo. Recently, a few groups have indicated siRNAs
could be used directly as a therapeutic approach to inhibit gene expression
in vivo in mice (14–18). In this chapter, an in vitro model for silencing
gene expression will be described.

2. Materials
2.1. Silencing siRNA Construction

All supplies are from Ambion the RNA Company (cat. no. 1620).



334 Yin and Stuart

2.1.1. Template Preparation
1. DNA Hybridization buffer.
2. T7 Promoter primer.
3. 10X Klenow reaction buffer.
4. 10X dNTP Mix.
5. Exo-Klenow.

2.1.2. Transcription Reagents
1. T7 Enzyme mix.
2. 10X T7 Reaction buffer.
3. 2X NTP mix.

2.1.3. siRNA Purification
1. Digestion buffer.
2. DNase.
3. RNase.
4. siRNA binding buffer.
5. siRNA wash buffer.
6. Nuclease-free water.
7. Filter cartridges.
8. 2-mL tubes.

2.1.4. Other Reagents
1. siRNA oligonucleotide templates.

2.2. Silencing siRNA Transfection

All supplies from Ambion the RNA Company (cat. no. 1630).

1. Cell-culture materials.
2. Reagents for detecting gene knock-down, for example, antibody or PCR primers.
3. siPORT Amine.
4. siRNA GAPDH.
5. Negative control siRNA GAPDH.

3. Methods
3.1. Protocol for Silencing siRNA Construction

This subheading is modified from Ambion siRNA construction kit instruction.

3.1.1. siRNA Design

Elbashir et al. (19) indicate that the most siRNAs are affected by 21-nt
dsRNAs with 3' overhanging dimers of uridine.
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3.1.1.1. EXAMPLES OF SIRNA OLIGONUCLEOTIDE TEMPLATE DESIGN

Example 1

Target mRNA sequence:
5'- AACCCGCGGAGCUGCCUGCCU-3'

Antisense siRNA oligonucleotide template:
5'- AACCCGCGGAGCTGCCTGCCTCCTGTCTC -3'

Sense siRNA oligonucleotide template:
5'- AAAGGCAGGCAGCTCCGCGGGCCTGTCTC -3'

Example 2

Target mRNA sequence
5'-AAGCGGCAGCGGGCACUGAUG-3'

Antisense siRNA oligonucleotide template:
5'-AAGCGGCAGCGGGCACTGATGCCTGTCTC -3'

Sense siRNA oligonucleotide template:
5'- AACATCAGTGCCCGCTGCCGCCCTGTCTC-3'

3.1.2. Preparation of siRNA Transcription Template

1. Dissolve the siRNA oligonucleotide template to 200 µM in nuclease-free water.
2. Check the siRNA oligonucleotide template concentration using A260.
3. Dilute a 100-µM solution of each siRNA oligo template.
4. Hybridize each siRNA oligo template to the T7 promoter primer.

a. In separate tubes, mix each siRNA oligo template as the following:

3 µL of T7 promoter primer;
9 µL of DNA Hybridization buffer; and
3 µL of either sense or antisense siRNA oligonucleotide template.

b. Heat the mixture at 70°C for 5 min, then leave at room temperature for 6 min.

5. Fill in with Klenow DNA polymerase.

a. Add the following regents to the hybridized oligonucleotides:

3 µL of 10X Klenow reaction buffer;
3 µL of 10X dNTP mix;
6 µL of Nuclease-free water; and
3 µL of Exo-Klenow (see Note 1).

b. Mix gently by pipetting. Centrifuge briefly to collect the mixture at the bot-
tom of the tube.

c. Incubate at 37°C for 30 min.
d. The siRNA templates can be used directly in the transcription reaction or kept

at –20°C (until they are needed for transcription).
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3.1.3. dsRNA Synthesis

1. To assemble the transcription reactions: mix for each transcription reaction accord-
ing to following components in the order shown:

3 µL of Antisense or sense siRNA template (see Subheading 3.1.2., step 5d)
6 µL of Nuclease-free water;
15 µL of 2x NTP Mix;
3 µL of 10x T7 reaction buffer; and
3 µL of T7 enzyme mix.

2. Mix gently by brief vortexing and then microfuge shortly to collect the reaction
mixture at the bottom of the tube.

3. Incubate reactions at 37°C for 2 h (see Note 2).
4. Combine the antisense and sense transcription reaction and incubate at 37°C over-

night.

3.1.4. Preparation and Purification for siRNA

1. Digest the siRNA using RNase and DNase

a. Get the tube from Subheading 3.1.3., step 4, and add the following reagents:

9 µL of Digestion buffer
73 µL of Nuclease-free water
4.5 µL of RNase
3.8 µL of DNase

b. Gently mix and incubate at 37°C for 2.5 h.

2. Add 600 µL of siRNA binding buffer and incubate at room temperature for 5 min
(see Note 3).

3. Wash the filter cartridge using 2 × 700 µL of siRNA wash buffer. Apply wash
buffer to the filter and spin at 9000g for 1.5 min.

4. Elute the siRNA with 150 µL of 75°C nuclease-free water. Spin the filter car-
tridge at 10,000g for 3 min. The purified siRNA will be in the eluate (in the 2-mL
tube).

5. Keep siRNAs at −80°C until they are prepared for transfection.

3.1.5. siRNA Quantification

1. Determine siRNA concentration by A260.
a. Dilute the siRNA 1:25 into TE (10 mM Tris-HCI, pH 8.0, 1 mM ethylene diamine

tetraacetic acid) and read the absorbance 260 nm in a spectrophotometer.
b. Example calculation: A 1:25 dilution of siRNA has an A260 = 0.5. The molar

concentration is determined as follows:

0.5 × 1000 µg siRNA/mL per A260 = 500 µg/mL

500 µg/mL divided by 14 µg of siRNA/nmol siRNA (21-mer dsRNA) = 35.7 µM siRNA
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3.2. Silencing siRNA Transfection

siPORT Amine siRNA transfection protocol is used here. Please see Table 1
to make approximate reagent amounts per 96 wells for transfection. We recom-
mend performing this experiment in triplicate for each sample.

3.2.1. Transfection

1. At 24 h before transfection, plate cells in normal growth medium (e.g.,
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum) so that they
will be around 40% confluent after 24 h.

2. Incubate overnight in normal cell culture conditions.
3. In a sterile, round bottom 96-well plate or in sterile polystyrene tubes, dilute 1.5 µL

of siPORT Amine dropwise into 18 µL of OPTI-MEM-reduced serum medium
(see Note 4).

4. Vortex thoroughly, incubate at room temperature for 20 min.
5. Add 0.5 µL of 20 µM siRNA to diluted siPORT Amine transfection agent from

step 3 and mix by gently flicking the tube (see Note 5).
6. Incubate at room temperature for 20 min.
7. Adjust the volume of normal growth medium (e.g., Dulbecco’s modified Eagle’s

medium, 10% fetal bovine serum) in each well containing cells to 80 µL.
8. Overlay the transfection agent/siRNA complex (from step 6 of Subheading

3.2.1.) dropwise onto the cells.
9. Without swirling, gently rock the dish back and forth.

10. Incubate cells in normal cell culture conditions for 16 h.
11. Add 100 µL of fresh normal growth medium to each well after 16 h to prevent

potential cytotoxicity.

3.2.2. Assay for Target Gene Activity
24, 48, and 72 Hours After Transfection

Expression of the cellular target gene at each time is tested (see Note 6). We
have successfully applied siRNA technique for silencing glucose transporter 3

Table 1
Reagent Amounts in Each Well of a 96-Well Plate
for siRNA Transfection in Adherent Cells

Reagents Volume (µL)

2−3 × 103 cells/well 80
siPORT Amine 1.5
OPTI-MEM reduced serum medium 18
siRNA (stock solution at 20 µM) 0.5
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in myoblast L6 cells using the protocols stated above. Li et al. (20) indicated
that RasGRP4 could be silenced by siRNA technique in RBL-2H3 mast cells.

4. Notes
1. The tube of Exo-Klenow should be kept at −20°C; do not vortex it.
2. Transcription reactions will be incubate at 37°C for 2 h, preferably in a cabinet

incubator.
3. 100% ethanol should be added before using the siRNA binding and washing buff-

ers for the first time and should be mixed thoroughly.
4. We recommend OPTI-MEM reduced serum medium (Gibco BRL) to dilute the

siPORT Amine.
5. Vortex the siPORT Amine for 10 s before use.
6. Target gene can be tested either by Western blot (if antibody is available) or by

reverse transcription polymerase chain reaction (if antibody is not available).
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Mast Cell Activation by Lipoproteins
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Summary
Mast cells are activated by a number of agents that act independently from immuno-

globulin E (IgE)-mediated hypersensitivity. One of these agents is oxidized low-density
lipoprotein (oxLDL). OxLDL has been implicated in the pathogenesis of atherosclerosis
and has been shown to induce microvascular dysfunction by the activation of mast cells.
In this chapter, we describe the method for isolation of human LDL, oxidation of LDL,
and demonstrate that oxLDL activates mast cells by measuring messenger ribonucleic
acid (mRNA) levels and protein levels of interleukin (IL)-8 an inflammatory cytokine.
IL-8 is a potent chemoattractant for neutrophils and monocytes, which would result in a
chronic inflammatory response. IL-8 mRNA levels were measured by reverse-transcrip-
tion polymerase chain reaction and protein levels by enzyme-linked immunoassay.

Key Words: HMC-1; mast cells; lipoproteins; cell culture; ELISA; interleukin-8;
ultracentrifugation; mRNA.

1. Introduction
The ability of human mast cells to produce a variety of cytokines induced by

multiple stimuli suggests that mast cells can participate in immunological pro-
cesses other than immunoglobulin E (IgE)-mediated hypersensitivity reactions.
In support of this view, several studies suggest a role for mast cells in vascular
inflammation and arteriosclerosis (1–4), wound healing (5), and rheumatoid
arthritis (6). Mast cells are activated to release histamine and cytokines by a
number of agents, including anti-IgE, compound 48/80, calcium ionophore
A23187, stem cell factor, and phorbol myristate acetate (PMA [7,8]). In this
chapter, we use a unique activating agent, namely oxidized low-density lipo-
protein (oxLDL). In this method, we describe the isolation and oxidation of
human plasma LDL, culture of the human mast cell line HMC-1, the experi-
mental design for activating mast cells using LDL and oxLDL, and verification
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of activation by measuring interleukin (IL)-8 protein secretion by mast cells
using enzyme-linked immunoassay (ELISA) and by changes in mRNA for IL-8
using reverse transcription-polymerase chain reaction (RT-PCR).

2. Materials
1. Fresh human plasma from normolipidemic subjects.
2. Density solution 1.006 g/mL: add 12.46 g of KBr to 5 mL of a 10% solution of

ethylene diamine tetraacetic acid (EDTA) and bring volume to 1 L.
3. Density solution 1063 g/mL: add 91.98 g of potassium bromide (KBr) to 5 mL of

a 10% solution of EDTA and adjust the volume to 1 L.
4. LDL dialysis buffer (phosphate-buffered saline [PBS]): 0.01 M sodium phos-

phate, 0.15 M NaCl, and 0.01% EDTA, pH 7.4.
5. Dialysis tubing: spectrapor membrane tubing, 10,000 MW cutoff (Spectrum, Los

Angeles, CA).
6. BCA Protein Reagents: Pierce BCA Protein Assay Reagent Kit (Pierce, Rock-

ford, IL).
7. Mast cell culture media: RPMI 1640 media, 5% heat inactivated fetal bovine

serum, 0.01 M HEPES, 50 µg/mL gentamycin, 0.05 mM 2-mercaptoethanol,
5 µg/mL insulin transferrin solution and 2 mM L-glutamine.

8. Mast cell activator, PMA-ionomycin: 50 ng/mL PMA plus 5 µM Ionomycin.
9. Beckman Ultracentrifuge and Type 80 Ti rotor: Beckman Instruments, Palo Alto, CA.

10. Agarose gel electrophoresis equipment.
11. Thermal Cycler.
12. 96-well plate reader.

3. Methods

The methods described in Subheadings 3.1.–3.3. outline: (1) culture of the
human mast cell line HMC-1; (2) isolation and oxidative modification of hu-
man plasma LDLs; and (3) activation of mast cells by oxLDLs.

3.1. Culture of the Human Mast Cell Line HMC-1

The human mast cell line HMC-1 ([9]; kindly provided by Dr. J. H.
Butterfield, Mayo Clinic, Rochester, MN) was grown in mast cell culture media
using standard sterile technique. Cells are counted and then seeded in culture
flasks at a density of 20,000 cells/mL of media and recultured every 4 d. HMC-
1 grow in suspension and their numbers double approximately every 24 h. Cell
viability is measured using trypan blue exclusion and is usually greater than
95%. (See Chapter 16 for more information on the culture of HMC-1.)

3.2. Isolation and Oxidative Modification of Human Plasma LDL

Blood is collected from healthy fasting volunteers by venipuncture into tubes
containing 1.5 mg of EDTA per milliliter of blood. Blood is centrifuged at
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2000g for 10 min to separate the plasma from the cellular components of the
blood. Lipoproteins are separated from plasma by sequential ultracentrifugal
flotation as described in detail (10).

3.2.1. Isolation of LDL
1. Fill Beckman OptiSeal tubes with fresh human plasma and place the tubes into a

Beckman Type 80 Ti rotor (see Note 1).
2. Centrifuge the plasma, which has a density of 1.006 g/mL, for 24 h at 14°C in a

Beckman L5 75B ultracentrifuge, type 80 Ti rotor, at 112,000g to float the very
low-density lipoproteins (VLDL) to the top of the tube (see Note 2 [10]).

3. Remove the VLDL from the top of the tube after the 24-h centrifugation using a
Beckman tube slicing device (see Note 3). Discard the VLDL fraction.

4. Place the infranatant solution in a sterile plastic culture tube and adjust the den-
sity to 1.063 g/mL by adding KBr to float the LDL. Add 0.818 g of KBr for each
milliliter of infranatant solution (see Note 4). Dissolve the KBr by gentle inver-
sion of the tube. Fill the OptiSeal tubes with the solution at a density of 1.063 g/
mL and centrifuge for 24 h at 14°C in a Beckman L5 75B ultracentrifuge at
112,000g to float the LDL to the top of the tube. Remove the LDL fraction (d =
1.006–1.063 g/mL) from the top of the tube using a Beckman tube slicing device
and place into a sterile plastic culture tube. Dialyze the LDL at 4°C against 4 L of
LDL dialysis buffer to remove high levels of salt. After dialysis, determine the
protein content of LDL using the Pierce BCA protein assay (Pierce, Rockford,
IL) with human serum albumin as the standard (see Note 4).

3.2.2. Oxidation of LDL
1. In preparation for oxidation, dialyze a portion of the LDL sample against 4 L of

PBS at 4°C without EDTA, because the oxidation process will not work in the
presence of EDTA which acts as an antioxidant.

2. Adjust the LDL solution (free of EDTA) to a protein concentration of 200 µg/
mL, and then incubate overnight, with gentle stirring, at 37°C in the presence of
5 µM CuSO4 as the oxidizing agent (see Note 5).

3. Concentrate the LDL solution to less than 2 mL using a Centripep Concentrator
(Centricon 30, Amicon, Beverly, MA). Verify the protein content of the oxLDL
using the BCA protein assay. Confirm the oxidation of LDL by electrophoresis
in an agarose gel using the Ciba-Corning Lipoprotein electrophoresis system fol-
lowing the manufacturer’s instructions. Visualize the lipoproteins using fat Red
7B provided in the Ciba-Corning kit. OxLDL migrates three to four times faster
in the agarose gel than native LDL (see Note 6; Fig. 1).

3.3. Activation of Mast Cells by oxLDL
3.3.1. Experimental Setup to Measure
Activation of Mast Cells by oxLDL

1. Dispense the cultured HMC-1 into 60 × 15-mm culture dishes with a final con-
centration of 2 million cells in a total volume of 2 mL.
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2. Incubate the cells for 24 h at 37°C in a humidified atmosphere of 5 % CO2, with
varying concentrations of native LDL (25, 50, and 100 µg /mL) and oxLDL (25,
50, 100, and 200 µg/mL) in triplicate. Activate HMC-1 using PMA-ionomycin as
a positive control. Keep three dishes of HMC-1 in unsupplemented media as a
negative control.

3. Harvest the cells after 24 h the cells by low speed centrifugation. Freeze the cell
pellets in liquid nitrogen for safe storage. Freeze the culture media at –80°C.
Assay the cell culture media for IL-8 protein levels by ELISA. Purify the cellular
RNA from the frozen cell pellets and assay for IL-8 mRNA by RT-PCR.

3.3.2. Mast Cells Activated With oxLDL
Express-Elevated Levels of IL-8 mRNA

Mast cell mRNA for IL-8 is measured, after treatment of cells with native
and oxLDL, by RT-PCR (see Chapter 16). RNA was extracted and assessed
for expression of IL-8 ( Sense 5'ATG ACT TCC AAG CTG GCC GTG GCT 3'
antisense 5' TCT CAG CCC TCT TCA AAA ACT TCT 3'; DNA synthesis
Core Facility, John Hopkins University, Baltimore, MD) The RT-PCR is per-
formed as previously described (11). Briefly RT-PCR is performed with a
GeneAmp kit from PerkinElmer (Branchburg, NJ) using a PerkinElmer ther-
mal cycler. Cycles for RT consists of one cycle each of 42°C for 20 min, 99°C
for 10 min and 5°C for 5 min. PCR consists of initial denaturation at 95°C for
2 min, denaturation at 94°C for 45 s, annealing at 60°C for 45 s, and extension

Fig. 1. Agarose electrophoresis of LDL and oxLDL. Lipoproteins were stained with
Oil Red O. OxLDL migrates four times faster than LDL.
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at 72°C for 90 s. Samples are run on agarose gels and photographs are scanned
to measure the intensity of the bands. OxLDL treatment of mast cells results in
a concentration-dependent increase in IL-8 mRNA (Fig. 2).

3.3.3 Mast Cells Activated With oxLDL
Secrete IL-8 Protein Into the Media

Human IL-8 protein secreted into the media by mast cells was assayed using
an ELISA kit developed by R & D Systems (Quantikine®, R&D Systems, Min-
neapolis, MN) according to the manufacturer’s protocol (see Chapter 16).
OxLDL treatment of mast cells results in a significant concentration-depen-
dent increase in IL-8 protein as measured by ELISA (Fig. 3).

Fig. 2. Measurement of IL-8 mRNA by RT-PCR as a marker for activation of mast
cells by lipoproteins. Mast cells were stimulated to express IL-8 mRNA after activa-
tion with PMA + ionomycin as a positive control and by oxLDL but not by native
LDL. A representative agarose gel from RT-PCR for IL-8 is shown as an insert at the
top of the figure. Integrated intensity was determined by scanning the gel. HMC-1
mast cells were incubated with 25 and 200 µg/mL of native LDL and 25 and 200 µg/
mL of oxLDL.
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4. Notes
1. Other types of centrifuge tubes can be used, such as the Beckman QuickSeal

tubes, but these tubes require a heat-sealing device, which is more difficult to use
than the OptiSeal tubes. It is important that reagents and tubes that come in con-
tact with the LDL are free of endotoxin because small amounts of endotoxin can
activate mast cells.

2. Any ultracentrifuge or rotor combination may be used for this lipoprotein isola-
tion method as long as they can achieve an average g-force of 112,000g. It is
critically important to minimize vibration of the rotor containing the plasma dur-
ing and after the centrifugation. All density solutions are prepared in pyrogen
free water. For accuracy of the density solutions, the KBr is dried by heating at
100°C for 2 h then stored in a dessicator. Densities of all of the solutions is veri-
fied using a Mettler PAAR Density Meter.

3. If a tube-slicing device is not available, the lipoprotein fractions can be removed
from the top of the tube using a syringe and a small bore needle. Aspirate slowly
with the needle bevel in the down position.

Fig. 3. Measurement of IL-8 protein by ELISA as a marker for activation of mast
cells by lipoproteins. Mast cells were stimulated to secrete IL-8 into the media after
exposure to PMA + ionomycin as a positive control and by increasing concentrations
of oxLDL for 24 h. Native LDL did not stimulate secretion of IL-8. HMC-1 mast cells
were incubated with 25, 50, and 100 µg/mL of native LDL and 25, 50, 100, and 200
µg/mL of oxLDL.
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4. At this step, it is important that the dialysis buffer contains EDTA to protect LDL
from oxidation. LDL also should be protected from light and be used within 1 wk
of preparation.

5. It is important not to be too vigorous in the stirring action during the oxidation
step. Stirring too vigorously will cause the LDL to precipitate out of solution; the
solution becomes very cloudy if this happens.

6. If the oxLDL does not migrate faster than the native LDL, the EDTA was not
completely removed during dialysis. Repeat the dialysis and the oxidation steps.
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Mast Cell Activation by Stress

Ann L. Baldwin

Summary
Mental or emotional stress has been shown to cause mast cell degranulation in sev-

eral different tissues. Several lines of experimental evidence indicate that stress, work-
ing through the sympathetic nervous system, or the hypothalamus–pituitary–adrenal
axis, stimulates peripheral nerves to release neuropeptides that bind to receptors on the
mast cells, causing them to degranulate. In order to investigate the effects of stress on
mast cell degranulation, it is necessary to first establish a reproducible animal model
of stress (in this case, rat) and also to ensure that the control animals do not show any
signs of stress. This procedure requires a great deal of care and attention because the
methods used by many institutions to house laboratory rodents, do in fact cause them
stress. This topic is addressed in this chapter. In addition, two histological techniques
are described to visualize connective tissue and mucosal mast cells and to assess their
degree of degranulation.

Key Words: Stress; rodent housing; noise, sympathetic nervous system; hypothalamus–
pituitary–adrenal axis; mesenteric mast cells; connective tissue mast cells; mucosal mast
cells; intestine; microscopy; Alcian blue; Safranin O; Toluidine blue; diaminobenzidine.

1. Introduction
Mental or emotional stress has been shown to cause degranulation of mast

cells in the bladder (1), skin (2–4), dura (5), and the intestine (6,7). Several
studies have shed light on possible mechanisms by which mast cells can be
stimulated to degranulate by stress. Most of these investigations invoke release
of neuropeptides or hormones from peripheral nerves (Fig. 1) because mast
cells often are located adjacent to these nerve endings (1,4,8). In addition some
of the mediators released from the nerves, such as substance P (9), neurotensin
(10), and corticotrophin-releasing factor (CRF [6]), are known to cause mast
cell degranulation. CRF is released by the hypothalamus in response to stress
(11). In addition, CRF may be released from postganglionic sympathetic nerves
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and/or peripheral sensory afferents (4). Sympathetic nerves, in response to
stress, also release norepinephrine, which can bind to α-receptors on mast cells
and cause them to degranulate (12).

A rat model of chronic stress will be described and two methods to demon-
strate the degree of mast cell degranulation in the intestine will be presented.
The first method will be applied to connective tissue mast cells in the mesen-
tery, and the second method to mucosal mast cells in the intestinal mucosa.

2. Materials
1. Anesthetic: 5 mL of ketamine hydrochloride (100 mg/mL), 1 mL of acepromazine

maleate (10 mg/mL), 2.5 mL of xylazine-20 (20 mg/mL); dose: 200 µL/100 g
body weight

2. N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid-buffer (HEPES) buffered
saline, containing 0.5 g/100 mL bovine serum albumin Fraction V (Sigma, St.
Louis, MO; pH 7.4).

3. Beuthanasia.
4. Formaldehyde: 3% in HEPES.

Fig. 1. Diagram to show possible mechanism for stress-induced mast cell degranu-
lation. NE, norepinephrine; CRF, corticotrophin-releasing factor; SP, substance P; NT,
neurotensin.
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5. Alcian blue: 0.1% in 0.7 M HCl.
6. Safranin O: 0.5% in 0.125 M HCl.
7. Eosin: 0.1%.
8. Ethanol: 70%, 80%, 90%, 95%, 100%.
9. Xylene.

10. Mounting medium.
11. Karnovsky fixative, pH 7.4: gluteraldehyde (EM grade, 5 mL, 50%), formalde-

hyde (12.5 mL, 16%), NaCl (0.3 g), CaCl2 (0.015 g), sodium cacodylate (2.14 g),
and distilled water to 100 mL.

12. Sodium cacodylate buffer (0.2 M and 0.15 M, pH 7.4).
13. Diaminobenzidine: 2% in 0.1 M monobasic phosphate.
14. Hydrogen peroxide.
15. Osmium tetroxide (2%).
16. Epoxy resin embedding medium (Spurr’s).
17. Uranyl acetate.
18. Lead citrate.
19. Toluidine blue, pH 7.0.

3. Methods
The methods described in Subheadings 3.1.–3.3. outline: (1) the procedures

required to reproducibly, chronically stress a rat and ensure that the control
animals are unstressed; (2) the technique for staining connective tissue mast
cells; and (3) the technique for preparing tissue for light and electron micros-
copy for visualization of mucosal mast cells.

3.1. Animal Model for Chronic Stress
3.1.1. Pre-Experimental Treatment of Rats

On arrival in the animal facility, the rats should be placed two per cage (see
Note 1). The animals should be divided into two groups and housed in two
separate rooms with similar dimensions and furnishings. These rooms should
be chosen so as to be remote from noisy air vents and cage washers, and should
be identical with respect to background noise levels in the frequency range of
50 Hz to 10 kHz. Ambient and experimental noise sound pressure levels can be
measured with a calibrated ANSI type 1 sound level meter and octave band
filter. It is important that the background noise has a similar amplitude (approx
50 dB) and frequency distribution in both rooms.

The number of times personnel enter and leave the rooms should be mini-
mized by only housing those rats participating in this study in the chosen rooms.
A noise generator should be placed in one of the rooms and activated for 15 min
each day (see Note 2 [13–15]). This procedure has been shown to stress rats and
cause mast cell degranulation after a period of 3 wk (16,17). The rats in the
room without the noise generator form the unstressed control group.
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3.1.2. Mesenteric Surgery and Preparation for Microscopy

1. Rats are anesthetized, and when the rat has reached a suitable level of anesthesia
(no eye or foot reflex), the abdomen is shaved and a tracheotomy is performed,
using PE 240 tubing, so that the animal can be artificially ventilated.

2. A midline incision, from the pubis to the sternum, is made along the linea alba, the
intestine is carefully externalized, and a portion of the mesentery is gently spread
flat over a Plexiglas platform integrated into the Plexiglas animal surgery tray.

3. The exposed mesentery is kept warm and moist with a constant trickle of HEPES
saline (pH 7.4) at 37°C.

4. Next, the HEPES is replaced by a fixative consisting of 3% formaldehyde in
HEPES at 4°C, and the animal is sacrificed with an intravenous injection (0.5 mL)
of Beuthanasia.

5. After 1 h, the mesenteric tissue is carefully excised and divided into separate
“windows,” a window being defined as the portion of mesenteric tissue bordered
by two adjacent pairs of feeding arterioles and collecting venules, and the attached
intestine (Fig. 2).

6. The intestine is cut away from the mesenteric window, as is most of the adjacent
adipose fat.

7. Each window of the preparation is mounted between two thin glass cover slips
using aqueous mounting medium.

8. At this point the specimens may be examined microscopically and photographed
or videotaped before staining for mast cells. The subsequent mast cell staining
procedure will obscure any fluorescent stains that may have been used to identify
other structures earlier in the experiment.

3.1.3. Intestinal Surgery and Preparation for Microscopy

1. The rats are prepared as for the mesentery surgery and a portion of the intestine
(ileum) is carefully externalized, wrapped in HEPES-soaked gauze, and posi-
tioned on a HEPES-saturated gauze platform that is arranged adjacent to the
abdomen.

2. The intestine is kept warm and moist with a constant drip of HEPES at 37°C. The
abdominal aorta is exposed, and a cannula is placed retrograde, distal to the supe-
rior mesenteric artery.

3. The aorta is clamped just proximal to the superior mesenteric artery, and the
circulation is flushed free of blood with approx 5 mL of HEPES.

4. The animal is killed by intravenously injecting Beuthanasia, and the HEPES is
replaced by phosphate-buffered Karnovsky’s fixative (pH 7.4) for perfusion fixa-
tion. Pressure is maintained at 30 mmHg, and the portal vein is clamped. Fixative
also is applied to the outside of the intestine.

5. After 1 h, a 4-cm segment of distal ileum is excised and divided into four equal
portions; one for light microscopy and three for electron microscopy. These por-
tions are placed in fixative for an additional hour. The tissue segments are then
rinsed in 0.2 M sodium cacodylate buffer and incubated overnight in 2%
diaminobenzidine (DAB) at room temperature in the dark (see Note 3).
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6. The next day, the segments are re-immersed in DAB solution, containing H2O2

to a concentration of 0.2%, for 1 h, rinsed three times in 0.15 M sodium cacody-
late buffer, postfixed in osmium tetroxide, dehydrated in increasing concentra-
tions of ethanol, and embedded in Spurr’s resin for light and electron microscopy.

7. The pieces of tissue are oriented in the resin so that the blocks can be sectioned
longitudinally through the intestinal villi. This orientation allows the whole length
of each villus to be visualized and increases the chances of seeing mast cells in
the villus interstitium. Thick sections (2 µm) are cut for light microscopy and
ultrathin sections for electron microscopy. These latter sections are stained with
uranyl acetate and lead citrate.

3.2. Connective Tissue Mast Cells

3.2.1. Mast Cell Staining

1. Slides with mesenteric windows are rehydrated with distilled water and then
stained with 0.1% Alcian blue in 0.7 M HCl for 30 min, rinsed in 0.7 M HCl, and
subsequently stained with 0.5% Safranin O in 0.125 M HCl for 5 min (see Note 4).

2. They are then rinsed in distilled water, counterstained with 0.1% eosin for 30 s,
and gradually dehydrated in a series of 70%, 80%, 90%, 95%, and 100% ethanol.

3. The slides are cleared in xylene and mounted with mounting medium.
4. This staining procedure is modified from Mayrhofer (15). For a faster, less-com-

plicated staining technique (see Note 5).

Fig. 2. Intestine and mesentery of rat, showing mesenteric windows between adja-
cent pairs of feeding arterioles and collecting venules. After 1 h, the mesenteric tissue
is carefully excised and divided into separate “windows,” a window being defined as
the portion of mesenteric tissue bordered by two adjacent pairs of feeding arterioles
and collecting venules (black arrows), and the attached intestine (white arrow).
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3.2.2. Mast Cell Observation
1. Connective tissue mast cells degranulate to release biogenic amine granules, such

as histamine granules, which stain blue (Fig. 3A). At this stage, the cell body also
stains blue. The mast cells are often located near venules.

2. Intact mast cells stain blue but do not show any free granules.
3. Mast cells that are extensively degranulated are almost depleted of histamine and

just show a thin rim of blue stain around the outside (Fig. 3B). Occasionally, the
extensively degranulated mast cells show some red staining, which indicates the
presence of the proteoglycan, heparin.

4. Mast cells within small windows, without a well-developed vasculature, show
more of the red stain than those within the larger windows.

5. Using this staining technique, the mast cells can be classified as intact, moder-
ately degranulated, or extensively degranulated and the major type of granule
constituents can be characterized.

6. A useful way to evaluate the numbers of mast cells in each state of granulation is
to examine the tissue under a ×20 power microscopic objective and count the
number of cells per field of view, using a ×10 power eyepiece. Rows of fields can
be counted systematically from left to right.

3.3. Mucosal Mast Cells
3.3.1. Mast Cell Staining

For light microscopy, thick sections (2-µm thick), cut longitudinally through
the intestinal villi, are stained with 1% Toluidine blue (pH 7.0) for 15 min and
then washed in distilled water. This technique has been modified from Conroy
and Toledo (18).

3.3.2. Mast Cell Observation
1. The mast cells can be visualized easily under low-power (×10 objective) light

microscopy. At this magnification, degranulated mast cells are easy to identify
by the presence of empty vacuoles (Fig. 4).

2. Mucosal villi from unstressed animals rarely show vacuolated mast cells. At
higher power, water-immersion objectives, such as a 340, 0.75 n/a show greater
detail and the intense Toluidine blue-stained granules remaining in the mast cells
can be resolved.

3. Intact mast cells show blue-stained granules in the cytoplasm but no vacuoles.
4. The total numbers of degranulated mast cells per each villus cross-section can be

counted in a chosen number of villi (i.e., 20–30) per animal. If the tissue also is
stained with DAB, eosinophils can be easily differentiated from mast cells because
their peroxidase granules stain brown, in contrast to the mast cell granules that
stain blue. A photograph of part of a villus cross-section containing eosinophils
is shown in Fig. 5.

5. Under electron microscopy, mast cells can be identified by their granules,
made electron dense by staining the sections with uranyl acetate and lead
citrate (Figs. 6 and 7).
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Fig. 3. Photomicrograph of degranulated mesenteric mast cells (DMCs) and exten-
sively degranulated mast cells (EDMCs). Scale bar: 25 µm. The mast cells are often
located near venules (large arrow).

6. Vacuoles are seen in degranulating mast cells (Fig. 6), and some areas of cyto-
plasm appear to be disintegrating, perhaps because a granule has just been released.

7. Figure 7 also shows an eosinophil characterized by the oval shaped granules
bisected by a thin layer of more electron-dense material.

8. Preparing the tissue for both light and electron microscopy gives one the advan-
tage of being able to count cells over a wide area and also to determine the prox-
imity of the mast cells to fine structures, such as peripheral nerves.
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Fig. 4. Photomicrograph of section though intestinal mucosal villus showing
degranulated mesenteric mast cells (DMCs). The mast cells can be visualized easily
under low-power (×10 objective) light microscopy. At this magnification, degranulated
mast cells are easy to identify by the presence of empty vacuoles (arrowheads).

Fig. 5. Photomicrograph of section though intestinal mucosal villus showing eosi-
nophils stained with DAB (arrows).
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Fig. 6. Electron micrograph of section through intestinal mucosal villus showing
degranulated mast cell (arrow).

4. Notes
1. To ensure that the animals have a low baseline level of stress, they should be

housed in open wire cages (39 cm × 30 cm × 30 cm) such as those sold in pet
stores for hamsters. One model that is particularly suitable has two levels linked
by a wire mesh slope. In addition, it is advisable to provide each cage with
woodchip bedding and one black, PVC tunnel (11 cm diameter × 17 cm length).
Such a tunnel is large enough to accommodate both rats when they sleep during
the day. When rats are housed in this way they rarely fight at night, unlike rats
that are housed in standard, institutional cages (polycarbonate, suspended, solid-
bottom cages [40.8 cm × 21.0 cm × 16.8 cm] with woodchip bedding and no
other enrichment). In addition, rats housed in enriched cages as described previ-
ously, spend more than half of their time either in or on the tunnel, or on the shelf
or ramp at night. Rats housed in standard cages fight continually at night and the
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fights usually involve a single “aggressor” and a single “victim.” These rats also
squeak frequently and show significantly more rearing than those in enriched
cages. Thus rats housed in the standard cages do not provide a good, unstressed
control because they are unable to avoid their cagemate if they so desire. In fact,
a previous study stated that one third of bladder mast cells were degranulated in
control animals, probably as a result of the stress of handling the animals and the
mechanical damage during tissue removal (1). It is not necessary, or desirable, to
accept such a high level of mast cell degranulation in control animals. In experi-
ments in which the animals are housed appropriately, as described previously,
mast cell degranulation in control animals varies between 5 and 10%.

2. An effective noise generator consists of an audio CD player with a white noise
recording played in a loop mode and set to 90 dB. One speaker is positioned in
the room equidistant from the animal cages. A water sprinkler timer is connected

Fig. 7. Electron micrograph of section through intestinal villus showing an intact
mast cell (black arrow) and eosinophil (white arrow).
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into the circuit so that the noise is automatically activated every day at a selected
time and stopped 15 min later. The noise level of 90 dB (averaged over frequen-
cies from 10 to 10,000 Hz) is similar to that produced by cage washers and air
conditioners unless adequate care is taken, and is relatively low compared with
the 110-dB tolerance level of rats (13). Thus, rats that are housed in many institu-
tional animal facilities are stressed in an uncontrolled manner just by the envi-
ronmental noise (14,15).

3. DAB is used because it stains peroxidase-containing granules in immune cells,
such as eosinophils, and thus makes the cells easier to distinguish from mast
cells. The DAB is prepared as follows (16): DAB (0.1 g) is added to 50 mL of
0.1 M monobasic phosphate buffer, and the pH is adjusted to 7.2 very gradually
with concentrated NH4OH. The solution becomes a light tannish-pink color.
Next, the tissue squares are rinsed in distilled water. Meanwhile, 25 mL of DAB
solution is added to 1.66 mL of 3% H2O2 to give a final concentration of 0.2%.

4. There is a wide heterogeneity in the structure and function of mast cells that has
been documented both in vitro and in vivo (19). For this reason the Alcian blue–
Safranin method for mast cell staining is used in order to differentiate between
the mast cells containing proteoglycan heparin (red stain) and those with bio-
genic amines (blue stain).

5. To stain mesenteric mast cells more quickly, after fixation suffuse the tissue with
1% Toluidine blue for 20 s, rinse with HEPES-buffered saline (pH 7.4), and
remount. Degranulated mast cells can be recognized by the presence of intra-
cellular granules released into the surrounding tissue. This technique is fast and
simple but it has the disadvantages that the Toluidine blue diffuses from the mast
cells into the tissue very quickly (within 20 min), and that only the histamine is
visualized, not the heparin.
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In Vivo Models for Studying Mast
Cell-Dependent Responses to Bacterial Infection

Christopher P. Shelburne, James B. McLachlan,
 and Soman N. Abraham

Summary
Mast cells are a critical component of host defense against bacterial infections. Acti-

vation of these cells during infection induces both innate and adaptive aspects of protec-
tive immunity needed for the elimination of the bacteria and survival of the host. These
functional roles for the mast cell have been principally characterized using two in vivo
models of acute bacterial infection featuring Gram-negative pathogens such as Escheri-
chia coli. Here, we present basic protocols for the identification of mast cell-dependent
biological functions during bacterial infection. These include the use of mast cell-defi-
cient mice, the identification of mast cells in tissue, the culture of uropathogenic E. coli,
and the basic analysis of mast cell-dependent functions in the peritoneal cavity and foot-
pad models of bacterial pathogenesis.

Key Words: Mast cell; bacteria; E. coli; UPEC; tumor necrosis factor; peritoneal
cavity; footpad; draining popliteal lymph node.

1. Introduction
Mast cells are granulated leukocytes present in most vascularized tissues

but are especially prominent along host–environmental interfaces, such as the
skin, lung, and intestines (1). The activation of these cells is primarily associ-
ated with pathogenic inflammatory reactions such as that found in IgE-depen-
dent hypersensitivity reactions (2,3), autoimmune conditions, or fibrosis (4–7).
However, recent evidence has suggested that mast cells contribute beneficial
functions to both innate and adaptive immunity during infection. For instance,
mast cell activation is required for the clearance of bacteria at the sites of infec-
tion (8,9), as well as for the sequestration of lymphocytes in distal draining
lymph nodes after bacterial infection in tissue (10).
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Here, we present protocols that this laboratory has used to characterize mast
cell-dependent functional responses to infectious challenge by Gram-negative
pathogens such as Escherichia coli. These protocols characterize the use of
genetically mast cell-deficient mice, the detection of mast cells in tissue, the
preparation and injection of pathogenic E. coli, and the analysis of two sepa-
rate mast cell dependent biological functions in two in vivo settings, the perito-
neal cavity and the footpad.

2. Materials
2.1. Studying the Role of Mast Cells in Bacterial Infection
In Vivo and Bone Marrow-Derived Mast Cells

1. Mast cell-deficient WBB6F1-W/Wv mice at 4–6 wk of age (Jackson Laborato-
ries, Bar Harbor, ME).

2. Congenic littermate control WWB6F1-+/+ mice at 4–6 wk of age (Jackson Labo-
ratories).

3. Complete RPMI medium (cRPMI): 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 0.1 mg/mL streptomycin, 25 mM HEPES, 2 mM L-glutamine, 1 mM
sodium pyruvate, 1 mM nonessential amino acids, and 1 mM MEM amino acids
(Invitrogen, Carlsbad, CA). cRPMI should be filter sterilized and stored at 4°C.

4. Recombinant interleukin-3 (R&D Systems, Minneapolis, MN), reconstituted in
cRPMI and stored in 100-µL aliquots at 5 µg/mL at –80°C.

5. Recombinant stem cell factor (R&D Systems) reconstituted in cRPMI and stored
in 100-µL aliquots at 5 µg/mL at –80°C (optional).

6. Sterile Tissue Forceps (Roboz Surgical Instrument, Gaitherburg, MD).
7. Sterile Scissors (Roboz Surgical Instrument).
8. 10-mL syringes (Becton Dickinson, San Diego, CA).
9. 22.5 gage 1.5-cm needles (Becton Dickinson).

10. 50-mL polypropylene tubes.
11. Ethanol 70%.
12. 75-cm3 tissue culture flasks.

2.2. Preparation of E. coli

1. Uropathogenic E. coli strain J96.
2. Luria-Bertani medium.
3. MacConkey agar plates.
4. 10% bleach.

2.3. Identification of Mast Cells in Tissue

1. Prepared tissue sections.
2. Blocking buffer: 1% bovine serum albumin, 10% fetal calf serum (FCS) in 1X

phosphate-buffered saline (PBS), pH 7.2.
3. Alexa-488 labeled avidin (Molecular Probes, Eugene, OR).
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4. ProLong anti-fade reagent (Molecular Probes).
5. Carnoy’s Fixative: 60% ethanol, 30% chloroform, and 10% glacial acetic acid.

This medium should be prepared fresh each time.
6. Toluidine blue-O (EM Science, Gibbstown, NJ).
7. Toludine blue-O Solution: 0.5 g of toluidine blue-O in 99.5 mL in 0.5 N HCl. It

may take a while for the toluidine blue to go into solution. Filter the solution after
preparation and store at room temperature.

8. Xylenes.
9. 100%, 95%, 70%, and 50% ethanol (these should be freshly prepared).

10. Eosin Y.
11. Shandon Cytospin, cytoclips, absorbent pads, and cytofunnels.

2.4. Study of Mast Cell-Dependent Functions
in the Peritoneal Cavity During Bacterial Infection

1. Commercial mouse restraint system (Plas Labs, Lansing MI).
2. 1-mL syringes (Becton Dickinson).
3. 30 gage 0.5-cm needles (Becton Dickinson).
4. Hank’s Balanced Salt Solution (HBSS) without calcium, magnesium, or phenol

Red (Invitrogen).
5. Sterile glass pipets.
6. anti-FcγRII/III (Clone 2.4G2; Becton Dickinson BioSciences).
7. FITC-conjugated Rat IgG2b anti-mouse GR-1 antibody (Clone RB6.8C5; Becton

Dickinson BioSciences).
8. FITC-conjugated Rat IgG2b isotype-matched control (Clone A95-1; Becton

Dickinson BioSciences).
9. PE-conjugated rat IgG2a anti-mouse neutrophil antibody (Clone 7/4; Caltag,

Burlingame, CA).
10. PE-conjugated Rat IgG2a isotype matched control (Clone R35-95; Becton

Dickinson BioSciences).
11. Tumor Necrosis Factor enzyme-linked immunoassay (ELISA) Kit (R&D Systems).

2.5. Studies of Mast Cell-Dependent Functions in the Footpad

1. Microdissecting scissors (Roboz Surgical Instrument Company).
2. Microdissecting tweezers (Roboz Surgical Instrument Company).
3. Collagenase Type IA (Sigma, St. Louis, MO).
4. 70-µM cell straining filter (Becton Dickinson Biosciences).
5. Ethylene diamine tetraacetic acid (EDTA) solution: prepare a 100 mM solution

in 1X PBS and adjust the pH to 7.2.
6. Fluorescein isothiocyanate (FITC)-conjugated hamster anti-mouse CD3e chain

(Clone 17A2; Becton Dickinson Biosciences).
7. FITC-conjugated hamster IgG isotype matched control (Clone A19-3; Becton

Dickinson Biosciences).
8. PE-conjugated rat anti-mouse CD4 (Clone L3T4; Becton Dickinson Biosciences).
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9. PE-conjugated rat IgG2a isotype matched control (Clone R35-95; Becton
Dickinson Biosciences).

10. Biotin-conjugated rat anti-mouse B220 (Clone RA3-6B2; Becton Dickinson Bio-
sciences).

11. Biotin-conjugated rat IgG2a isotype matched control (Clone R35-95; Becton
Dickinson Biosciences).

12. Strepavidin-cychrome (Becton Dickinson Biosciences).
13. 4% paraformaldehyde: mix 4 g of paraformaldehyde (Sigma) into 95 mL of 1X

PBS. This will require heating of the solution and mixing with a stir-bar. Once
the paraformaldehyde has gone into solution, let it cool, and adjust the pH to 7.2.
Add 1X PBS to a total volume of 100 mL. This solution should be freshly pre-
pared prior to use each time or stored at –80°C.

14. Flow Cytometer (FACscan; Becton Dickinson Biosciences).
15. MPER protein extraction buffer (Pierce, Rockford, IL).
16. Complete protease inhibitor tablets (Roche, Indianapolis, IN).
17. TRIzol buffer (Invitrogen).
18. Maxim Biotech Multi-Cytokine reverse transcription polymerase chain reaction

(RT-PCR) Kit (San Francisco, CA).
19. PCR Thermocycler.
20. Agarose and Gel Apparatus Equipment.
21. Ethidum Bromide
22. Eagle Eye II Cabinet (Stratagene, La Jolla, CA) or UV gel box.

3. Methods
3.1. Studying the Role of Mast Cells in Bacterial Infection In Vivo

Characterization of mast cell-dependent processes in vivo has been greatly
aided by the use of mice that are genetically deficient in mast cells. Although
several genetically mast cell-deficient strains of mice exist, the most widely
used is the WBB6F1-KitW/KitW-v (W/Wv) strain, which contains less than 0.1%
of the total number of mast cells found in their congenic littermates (11). The
genetic defect in these mice is intrinsic to the mast cell and does not appear to
affect the tissue environment or the expression of proteins required for mast
cell viability in vivo. Therefore, W/Wv mice may be selectively or systemi-
cally reconstituted with mast cells derived from genetically compatible mice.
This very valuable feature permits confirmation that: (1) any observed func-
tional deficiency in W/Wv mice is in fact caused by the absence of mast cells;
and (2) that the observed functional deficiency is not to the result of any of the
additional system abnormalities present in these mice, which include anemia, a
lack of cutaneous melanocytes, germ cells, and interstitial cells of Cajal (11).

Examination of mast cell-dependent biological functions during bacterial
infection should follow this general protocol. (1) Determine that a functional
deficiency exists between W/Wv mice and wild-type congenic controls after
bacterial challenge. (2) Determine that either local or systemic reconstitution
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of W/Wv mice with mast cells repairs the observed functional deficiency. (3)
Finally, determine the contribution of specific mast cell proteins to the biologi-
cal response in question by reconstituting W/Wv mice with mast cells deficient
in those proteins or containing mutations that alter the function of those pro-
teins (Table 1).

3.2. Bone Marrow-Derived Mast Cells

Mast cells are rather difficult to procure from tissue in the large numbers
required for the reconstitution of W/Wv mice. This problem is circumvented
by the use of mast cells cultured from bone marrow. This procedure involves
obtaining bone marrow from murine femurs, and culturing the cells in the pres-
ence of interleukin (IL)-3 for 4 wk (12). Reintroduction of these cultured mast
cells into W/Wv mice will successfully repopulate most tissues, where they
will adopt phenotypic characteristics of mast cells found in wild-type litter-
mates (12).

IL-3 may be obtained from recombinant sources or from the supernatant of
the WEHI-3 monomyelocytic leukemia cell line (13). In most cases, mast cells
can be successfully generated from bone marrow using this protocol, even when
the mice are genetically deficient in select genes (see Note 1). In cases where
genetically deficient mice are not viable, mast cells may alternatively be cul-
tured from fetal liver (14), or directly from embryonic stem cells as has been
reported (15).

3.2.1. Preparation of Mast Cells From Bone Marrow
1. Sacrifice four mice by CO2 inhalation.
2. Thoroughly soak the mice with 70% ethanol (see Note 2).
3. Remove the femurs and scrape them free of tissue with your scissors, then place

them into a dish containing ice-cold cRPMI.
4. Attach a 10-mL syringe to a 26 gage 1.5 cm needle, and fill it with ice-cold cRPMI.

Table 1
Procedure for the Analysis of Mast Cell-Dependent
Biological Responses During Bacterial Challenge In Vivo

1. Establish that a functional deficiency exists in mast cell-deficient W/Wv mice
relative to congenic wild-type mast cell-sufficient mice after bacterial challenge.

2. Determine whether the biological response can be repaired by reconstitution of
W/Wv mice with mast cells. This repair will determine whether the functional
deficiency is truly mast cell dependent and not the result of other defects present
in W/Wv mice.

3. Determine the mechanism by which mast cells contribute to the biological response
by reconstituting W/Wv mice with mast cells containing gene-specific gene dele-
tions or modifications.
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5. Gently grind the needle into the end of one of the procured femurs.
6. Holding the femur over a tube with forceps, gently push the syringe plunger to

force the cRPMI into the femur. The bone marrow within the femur will be
flushed into the tube. Repeat this for the remaining femurs.

7. Place the tube on ice and let any particulate fragments of bone settle to the bottom.
8. Remove the cell suspension to a fresh tube and centrifuge the cells at 300 RCF

for 10 min at 4°C.
9. Remove the supernatant and slurry the cell pellet.

10. Resuspend the cells in ice cold cRPMI.
11. Count the cells by Trypan blue exclusion. Adjust the cells to 1 million mono-

nuclear cells/mL in cRPMI containing 5 ng/mL IL-3, or 10% WEHI-3 condi-
tioned medium (see Note 3).

12. Culture the bone marrow cells for 4 wk. Every 2–3 d, the nonadherent fraction
should be removed from the adherent fraction and placed into a fresh flask with
fresh medium (see Note 4).

13. After 4 wk, mast cells should comprise nearly 100% of the culture. This should
be confirmed by staining cytospin preparations of the mast cell culture with Tolui-
dine Blue.

14. Cultures can be expanded and maintained in bulk for several months in the pres-
ence of 5 ng/mL IL-3 with or without 10 ng/mL stem cell factor (SCF; see Note 5).

3.3. Preparation of E. coli

Infection of host tissues by Gram-negative opportunistic pathogens such as
E. coli is usually resolved by the host immune response. Therefore, use of
these pathogens, as opposed to more sophisticated immunosuppressive bacte-
rial pathogens such as Salmonella typhimurium, is an opportunity to study what
happens during a successful host immune response to infection. The uropatho-
genic E. coli strain J96 (UPEC) is easily cultured in traditional medium such as
Luria Broth (LB). In our studies, we use log phase UPEC. This ensures that the
injected bacterial suspension is consistently viable and active from experiment
to experiment (see Note 6).

1. Place 5 mL of sterile LB medium into a 50-mL tube.
2. Obtain a small frozen piece of UPEC stock with a sterile pipet tip, and place it

into the sterile LB.
3. Place the culture into a 37ºC incubator and culture overnight.
4. The next morning, transfer 100 µL of the static phase UPEC culture to 6 mL of

fresh sterile LB.
5. Place the culture into a 37°C incubator and shake the culture for 2 h.
6. Wash the culture free of LB by adding 44 mL of 1X PBS to the UPEC culture and

centrifuge the culture at 3000g RCF for 10 min.
7. Drain the pellet by decanting the supernatant into 10% bleach.
8. Slurry the pellet, and resuspend the pellet in 5 mL of sterile saline.
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9. Determine the number of UPEC present by spectrophotometric analysis at
O.D.600. A typical O.D. should be between 0.05 and 0.1.

10. UPEC total numbers can be determined by multiplying the optical density
(OD)600 X 1 × 109 to give you UPEC per milliliter of saline.

3.4. Identification of Mast Cells in Tissue

A requirement for the study of mast cells in vivo is the ability to detect their
presence in the tissue of interest. This may be accomplished by any one of
several histochemical staining techniques that will allow a determination of
the total number of mast cells in a given tissue, the spatial orientation of mast
cells relative to other cells or pertinent structures, and a determination that a
particular tissue in W/Wv mice has been successfully reconstituted with mast cells.

Another useful feature of mast cells that can be assessed by the same stain-
ing techniques used to detect their presence is their granularity. Most mast cell-
dependent functional responses feature a rapid exocytic process termed
degranulation, whereby mast cells release preformed granules containing media-
tors, such as histamine, tumor necrosis factor, serotonin, and numerous proteases.
Therefore, determination that a mast cell has undergone degranulation is a good
indicator that mast cells may participate in a particular biological response (see
Note 7). Most methods used to detect mast cells in tissue rely on techniques
that depend on the presence of mast cell granule constituents such as heparin.
Therefore, the presence of mast cells in tissue and their activation status can be
assessed simultaneously.

3.4.1. Identification of Mast Cells in Frozen Tissue: Avidin

Avidin is a glycoprotein with a specific binding affinity for heparin, a major
constituent of mast cell granules (16). The use of avidin coupled to fluoro-
chromes offers several practical advantages to the routine detection of mast
cells in tissue: (1) it can be used in conjunction with other fluorochrome
coupled antibodies to detect additional cells or epitopes; and (2) it can be used
to detect mast cells in tissues that have undergone extreme fixation treatments
such as when decalcifying tissue to remove bone. Although there are many
avidin–fluorochrome products, we prefer avidin coupled to Alexa-488 from
Molecular Probes, Inc. This is a highly stable and very bright fluorochrome
relative to other fluorochromes such as FITC. Avidin-Alexa-488 will stain
individual granules of mast cells in tissue that can be easily identified as tiny
spherical bodies in the main body of the mast cell (see Note 8). Please note that
strepavidin does not bind to mast cell granules.

1. Rehydrate prepared tissue sections in blocking buffer for 1 h at room temperature.
2. Dilute stock avidin-Alexa-488 1:1000 in blocking buffer.
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3. Remove blocking solution from tissue sections, and add avidin-Alexa-488 solu-
tion to tissue sections for 1 h at room temperature in the dark.

4. Wash the sections three times in room temperature with 1 mL of 1X PBS for 10 min.
5. Cover slip the slide with Molecular Probes anti-fade Pro-long reagent. Be certain

to remove all of the air-bubbles. Let the slide dry.
6. Analyze the tissue sections by fluorescent microscopy. Excitation of Alexa-488

can be achieved by a 488-nm laser and detected by optical filter sets that permit
visualization of green light, around 515 nm (see Note 9).

7. View sections with a ×20 objective to count cells.

3.4.2. Identification of Mast Cells by Toluidine Blue Staining

Toluidine blue is an aniline dye that is widely used to identify mast cells and
to determine the granular status of mast cells. Interaction of toluidine blue with
mast cell granules induces this stain to undergo a metachromatic shift in color
from blue to a deep purple. This staining technique can be done on frozen or
paraffin embedded tissues, as well as cytospin preparations. It may also be
used in conjunction with colorimetric techniques to detect other cells or cell
products in tissue (17,18).

3.4.2.1. STAINING FROZEN TISSUE SECTIONS WITH TOLUIDINE BLUE

1. Cut thin 5-µm sections and place onto slides.
2. Fix tissue sections for 1 h in Carnoy’s fixative.
3. Stain sections for 45 min at room temperature with 0.5% toluidine blue solution.
4. Rinse the slides with distilled water.
5. View sections with a ×20 objective to count mast cells.

3.4.2.2. STAINING OF PARAFFIN-EMBEDDED SECTIONS WITH TOLUIDINE BLUE

1. Fix thinly cut tissue in Carnoy’s fixative for at least 1 h. Carnoy’s fixative must
be present in at least a 10-fold excess volume of the sample. The sample must be
cut thin enough to allow penetration of the fixative.

2. Embed samples in paraffin.
3. Cut paraffin embedded sections to 4–6 µm.
4. Dry slides in 60°C oven for 30 min.
5. Deparaffinize sections by serially transferring slides into xylene twice (5 min

each), 100% ethanol (two changes for 2 min each), 95% ethanol (two changes),
70% ethanol (two changes), 50% ethanol (two changes), followed by transfer to
deionized water.

6. Stain sections in 0.5% toluidine blue solution overnight.
7. Rinse slides three times in deionized water.
8. Counterstain in Eosin Y for 30 s to 1 min.
9. Rinse slides in deionized water.

10. Dehydrate the sections in two changes of 95% and two changes of 100% alcohols.
11. Clear slides in two changes of Xylenes.
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12. Cover slip the slide.
13. View sections with a ×20 objective to count mast cells.

3.4.2.3. STAINING CYTOPSIN PREPARATIONS WITH TOLUIDINE BLUE

This approach should be used when staining cultured mast cells or when
you want to specifically detect mast cells in peritoneal lavage fluid.

1. Using a Shandon cytospin, cytospin 100 µL of cells or 200 µL of peritoneal exu-
dates onto a clean slide at 600 RPM for 6 min. The volume used will ultimately
be dependent upon the cell concentration in the sample. It is important not to
cytospin too many cells onto the slide.

2. Air-dry the cytospin slides.
3. Flood the slide with 0.5% toludine blue solution for 5 min.
4. Rinse the slide three times with distilled water.
5. Cover slip the slide with mounting medium and view with a ×20 objective.

3.4.2.4. DETERMINATION OF MAST CELL DEGRANULATION

Mast cell degranulation is determined by comparing an unchallenged control
sample with the challenged sample. Typically, the granules in a nondegranulated
mast cell are tightly associated with the cellular body with no evidence of dis-
charge. The granules will be purple in color. A degranulated mast cell will
exhibit comparatively fewer granules located within the cell body, with evi-
dence of many exuded granules loosely associated with the outside of the cell.
These released granules will be purple or blue in color (see Note 10).

3.5. Study of Mast Cell-Dependent Functions
in the Peritoneal Cavity During Bacterial Infection

The peritoneal cavity has been widely used as a model site for the study of
mast cell-dependent biological responses during bacterial infection. Infection
models include the cecal ligation and puncture technique (9,19), as well as the
direct injection of bacterial pathogens such as E. coli (8). We favor the latter
approach because the pathogen is defined and the approach is less susceptible
to experimental variations that can occur during the cecal ligation and puncture
surgical procedure. As a model site to study bacterial infection, the peritoneal
cavity is readily accessible to injection and for the extraction of cells or cell
products for analysis. The peritoneal cavity of W/Wv mice is also easily recon-
stituted with mast cells. Here, we will describe the procedures used to study the
mast cell recruitment of neutrophils during bacterial infection.

3.5.1. Reconstitution of Mast Cells
Into the Peritoneal Cavity of W/WV Mice

1. Resuspend cultured mast cells in sterile saline at a concentration of 1 × 108 cells/mL.
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2. Fill a 1-mL syringe with the mast cell preparation, and attached a 27 gage 0.5-cm
needle. Be certain to remove any air bubbles or excess air. Place the syringe to
one side.

3. Firmly grip a W/Wv mouse behind the head and secure the tail so that the mouse
is prostrate in your hand.

4. Flip the mouse over with the abdomen facing upwards and tilt the head slightly
forward towards the ground.

5. Insert the needle of the syringe into the lower right hand quadrant of the abdo-
men, and inject 100 µL of the cells (1 × 107 cells).

6. Mice should be allowed to recover for a minimum of 5 wk.
7. Before experimentation, some mast cell reconstituted W/Wv mice should be

examined after the 5-wk period for the presence of mast cells to demonstrate
that the reconstitution was successful.

8. Subsequent experiments should be performed with age matched wild-type
congenic controls and nonreconstituted W/Wv mice.

3.5.2. Injection of Bacteria Into the Peritoneal Cavity
1. Resuspend UPEC at 1 × 107 bacteria/mL in sterile saline.
2. Fill a 1-mL syringe with the UPEC preparation and attach a 30 gage 0.5-cm

needle. Be certain to remove any bubbles or excess air from the syringe.
3. Firmly grip a mouse behind the head and secure the tail so that the mouse is

prostrate in your hand.
4. Flip the mouse over with the abdomen facing upwards, and tilt the head slightly

forward towards the ground.
5. Insert the needle of the syringe into the lower right hand quadrant of the abdo-

men, and inject 100 µL of the cells (1 × 106 UPEC).
6. The viability and concentration of the UPEC inoculum should be confirmed by

culturing serial dilutions of the inoculum on LB plates, overnight at 37°C.

3.5.3. Lavage of the Peritoneal Cavity

One of the principal functional responses to UPEC-induced mast cell activa-
tion in the peritoneal cavity is the rapid recruitment of neutrophils. Neutrophil
recruitment is required to clear the bacterial burden; therefore, determination of
total neutrophil numbers and the total number of UPEC in the peritoneal cavity
are suitable endpoints for determining that mast cells have reacted to the pres-
ence of a pathogen. Determination of the types of cells present in the peritoneal
cavity, as well as the determination of bacterial numbers, can be assessed by
obtaining the components of the peritoneal cavity with a lavage.

1. Fill a 10-mL syringe with ice-cold HBSS and attach a 22 gage 1.5 cm needle.
2. Sacrifice the mice by CO2 inhalation (see Note 11).
3. Turn the mouse over (abdomen side up) and pin the mouse down through the

arm pits.
4. Thoroughly wet the mouse with 70% ethanol.
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5. Using a pair of tissue forceps, gently grab and lift the skin at the base of the
abdomen, and make a midline incision along the abdomen using a pair of sharp
scissors. Be certain to cut only the skin and not the underlying peritoneal membrane.

6. Using the tissue forceps, gently pinch and lift a small portion of the exposed
peritoneal membrane near the base of the mouse. Insert the needle of the syringe
filled with ice-cold HBSS, bevel side up, through the peritoneal membrane held
by the forceps.

7. Inject 5 mL of ice-cold HBSS into the peritoneal cavity taking care not to intro-
duce additional puncture holes into the peritoneal membrane or any or the under-
lying organs. Gently withdraw the needle (see Note 12).

8. Gently massage the inflated peritoneal cavity to induce peritoneal cells to dis-
lodge into the HBSS.

9. To retrieve the peritoneal exudate (the HBSS with cells), begin by placing a ster-
ile glass pipet into a pipetteman and place to one side within easy reach.

10. Gently grab the peritoneal membrane with forceps and pull slightly upwards.
This position will have to be maintained for steps 11–13.

11. Weaken the membrane near the point held by the forceps with a pair of sharp
scissors. Do not cut through the membrane.

12. Gently work the pipet attached to the pipetteman through the weakened membrane.
13. Once the pipet is through the membrane, gently draw the fluid out and place into

a fresh tube on ice. Continue to retrieve the peritoneal exudates until most of the
5-mL volume has been retrieved.

14. Record the total collected volume per mouse.

3.5.4. Detection of Neutrophils in the Peritoneal Cavity

The detection of neutrophils can be performed in several ways, including
myeloperoxidase activity assays (8), or by counting the number of neutrophils
on cytospin preparations of peritoneal exudates stained with the Wright-Giemsa
stain (20). We assess neutrophil numbers by staining peritoneal exudates for two
neutrophil markers using the anti-GR-1 and anti-7/4 antibodies, followed by
analysis by flow cytometry. Very few neutrophils should be detected in the peri-
toneal cavities of saline or unchallenged mice.

1. Inject UPEC or saline into the peritoneal cavity as described.
2. At 1, 3, 6, 12, 24, or 48 h, collect the peritoneal lavage fluid and adjust the cell

suspension to 1 million cells/mL of cRPMI.
3. Add 10 µg/mL anti-FcγRII/III for 30 min on ice.
4. Add 2.5 µg/mL of FITC-labeled anti-GR-1 and 2.5 µg/mL PE-labeled anti-7/4

antibodies or FITC- and PE-labeled isotype matched controls to the appropriate
samples.

5. Incubate samples for 30 min on ice.
6. Wash samples with 10 mL of ice-cold 1X PBS.
7. Decant supernatant, dry the tube, slurry the cells, and add 4% freshly prepared

paraformaldehyde.
8. Analyze the samples by flow cytometry.
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3.5.5. Determination of UPEC Numbers in the Peritoneal Cavity
Total UPEC numbers can be assessed by plating serial dilutions of the perito-

neal lavage fluid on MacConkey agar plates. Plates are incubated at 37°C over-
night, and colonies are counted the next day. A differential in total UPEC numbers
in the peritoneal lavage fluid derived from W/Wv mice, wild-type mice, and mast
cell reconstituted W/Wv mice can be best appreciated several hours after infection.

3.5.6. Detection of Tumor Necrosis Factor in Peritoneal Exudates
Tumor necrosis factor (TNF) is a proinflammatory cytokine made by many

types of cells, including mast cells, macrophages, and neutrophils. Mast cells are
the only cell type known to presynthesize and store this cytokine in its granules
(21). Therefore, mast cells are an important source of this cytokine, especially
during the early stages of bacterial infection. Mast cell-derived TNF is absolutely
required for the recruitment of neutrophils during bacterial infection (8,9). This
protocol also can be used to detect additional mast cell products or additional cyto-
kines.

1. Obtain peritoneal exudates by lavage as described.
2. Centrifuge peritoneal lavage fluid at 300 RCF for 10 min at 4°C to remove cells.
3. Add complete protease inhibitors prepared in HBSS to a final 1X concentration.
4. Perform an ELISA on the samples using an ELISA kit. Typically, TNF levels

derived from wild-type or mast cell reconstituted mice can be maximally de-
tected within 1 h.

3.6. Studies of Mast Cell-Dependent Functions in the Footpad
The footpad represents a tissue site long used by immunologists to study the

effects of pathogens or adjuvants on the recruitment of different cells types and
their organization in the local popliteal draining lymph node (22). We adopted
this model to study the effects of footpad mast cells on the recruitment of T- and
B-lymphocyte populations into the draining lymph node during bacterial infec-
tion. The use of the footpad model is advantageous because the popliteal lymph
node is the sole draining lymph node for this tissue. Furthermore, the footpad is
very accessible and relatively easy to inject. This site also may be a more rel-
evant model for the study of bacterial infection in that the footpad contains sig-
nificant tissue barriers not present in the peritoneal cavity.

3.6.1. Reconstitution of Mast Cells Into the Footpad of W/WV Mice
1. Prepare a 1-mL syringe attached to a 27 gage 0.5-cm needle containing 5 million

bone marrow-derived cells per 20 µL volume of sterile saline. The bone mar-
row derived mast cells should be derived from an autologous donor.

2. Turn the needle so that the bevel side corresponds to the measurement markings
on the side of the syringe.

3. To inject the mast cells into the W/Wv footpad, pull a mouse into a restraint with
the relevant footpad protruding. Push the restraining bolt onto the snout of the
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mouse making certain that the snout is centered in the opening of the bolt. Failure
to do this could cause the mouse to suffocate.

4. Remove the cap from the needle of the syringe. Place the syringe to one side.
5. Tightly grab the toes of the extended foot and pull slightly outward. This should

expose the whole of the footpad. Keep a firm grip, as the mouse may jerk when
the needle is inserted.

6. Gently wipe the footpad with a clean Kimwipe.
7. Subcutaneously insert the needle, bevel side up, into the foot.
8. Gently press the plunger and expel 20 µL of the mast cell suspension into the foot

as determined by the measurement markings.
9. Hold the needle in place for 5–10 s and then gently remove.

10. Release the mouse from the restrainer.
11. Mice should be allowed to recover for at least 5 wk.
12. Before experimentation, some of the mast cell reconstituted W/Wv footpads

should be examined after the 5-wk period for the presence of mast cells to dem-
onstrate that the reconstitution was successful.

13. Experiments should be carried out with age matched congenic wild-type and non-
reconstituted W/Wv mice.

3.6.2. Injection of Bacteria Into Footpad

A key issue to working with the footpad as a model system for bacterial infec-
tion is to make certain that the mice have suitable housing with regular cage
changes. Second, a major objective for the researcher should be to minimize the
degree of collateral damage instigated by the injection. This will significantly
reduce background. This can be accomplished with practice and the use of small
bore needles.

1. Adjust UPEC concentration to 5 million bacteria/mL in normal saline.
2. Fill a 1-mL syringe with the UPEC solution, and attach a 30 gage 0.5-cm needle.

Prepare a similar syringe containing only saline.
3. Turn the needle so that the bevel side corresponds to the measurement markings

on the side of the syringe. Remove the cap from the needle, and press the plunger
to push some of the bacterial suspension through (once again, into bleach).

4. To inject the bacterial solution into the footpad, pull a mouse into the restrainer
with the relevant footpad sticking out. Push the restraining bolt onto the snout of
the mouse making certain that the snout is centered in the opening of the bolt.

5. Remove the cap from the needle of the syringe. Place the syringe to one side.
6. Tightly grab the toes of the extended foot and pull slightly outward. This should

expose the whole of the footpad. Keep a firm grip, as the mouse may jerk when
the needle is inserted.

7. Gently wipe the footpad with a clean Kimwipe.
8. Subcutaneously insert the needle, bevel side up, into the foot (see Note 13).
9. Gently press the plunger and expel 20 µL of the bacterial suspension into the foot

as determined by the measurement markings (see Note 14).
10. Hold the needle in place for 5–10 s and then gently remove.
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11. Release the mouse from the restrainer.
12. Once again, confirm the viability and concentration of the UPEC inoculum by

culturing dilutions of the inoculum on LB plates, overnight, at 37°C.

3.6.3. Obtaining Single Cell Suspensions From Draining Lymph Nodes
1. Add 5 mL of cRPMI to each well of a 12-well plate. There should be one well of

cRPMI per popliteal lymph node.
2. Collect popliteal lymph nodes, and place them individually into wells containing

cRPMI.
3. Cut the popliteal lymphs node into fine pieces using microdissecting scissors and

microdissecting tweezers.
4. Add Collagenase A to each well to a final concentration of 100 U/mL.
5. Incubate for 1 h at 37°C.
6. Add EDTA to the solution to a final concentration of 10 mM and mix. Let the

mixture stand for 5 min.
7. Transfer the tissue suspensions into a 70-µm cell strainer that has been fitted into

a 50-mL test tube. Most of the tissue suspension should pass through the strainer
into the test tube. Be certain to rinse out the 12-well plates with 1X PBS and add
this to your total cell volume.

8. Work the remaining undigested tissue against the cell strainer with a 1-mL
plunger. Very little tissue should remain when you are done. Be sure not to miss
any tissue that may have been caught up on the sides of the strainer.

9. Wash the cell strainer with 45 mL of cold 1X PBS. Draw the flow-through up
into a 25-mL pipet and use it to extensively wash the strainer. Do this twice.
When you are done, siphon any remaining fluid in the cell strainer through the
mesh from the bottom side and add it to the 50-mL tube.

10. Centrifuge the cells at 300g for 10 min at 4°C. Decant the supernatant and slurry
the pellet.

11. Popliteal lymph nodes derived from saline and UPEC treated footpads after 24 h
should yield approx 250,000 and 1 million cells, respectively.

3.6.4. Flow Cytometry of Draining Lymph Node
Preparations for T and B Lymphocytes

One of the earliest mast cell-dependent functional responses to UPEC chal-
lenge in the footpad is the distal sequestration of B and T lymphocytes in the
draining popliteal lymph node. This process can be quantitatively measured by
flow cytometry of single cell suspensions of isolated popliteal draining lymph
nodes for total numbers of B and T lymphocytes.

1. Inject footpads with saline or UPEC as described.
2. Prepare blocking solution containing 1% BSA, 10% FCS with 10 µg/mL of anti-

FcγRII/III in 1X PBS. This solution should be ice cold.
3. Isolate draining popliteal lymph nodes at 24 h and prepare single cell suspen-

sions as described.
4. To each sample, add 0.5 mL of blocking solution to each cell suspension for

30 min at 4°C.
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5. To each sample, add 0.5 mL of blocking solution containing 2.5 µg/mL each of
biotin-conjugated rat anti-mouse B220 (recognizes B-lymphocytes), FITC-con-
jugated hamster anti-mouse CD3e chain, and PE-conjugated rat anti-mouse CD4
(both anti-CD3 and anti-CD4 distinguish T-cells).

6. To a control sample, add 2.5 µg/mL each of biotin-conjugated ratIgG2a, FITC-
conjugated hamster IgG, and phycoerythrin conjugated rat IgG2a isotype controls.

7. Incubate cells for 30 min on ice.
8. Add 10 mL of ice-cold 1X PBS and centrifuge cells at 300g at 4°C.
9. Add 1 mL of a 1:5000 dilution of strepavidin–cychrome in blocking buffer each

sample. Incubate for 30 min on ice.
10. Add 10 mL of ice-cold 1X PBS and centrifuge cells at 300g at 4°C.
11. Decant supernatant, slurry the cells, and add freshly thawed 4% paraformalde-

hyde. Store the samples at 4°C until analysis.

3.6.5. Detection of TNF Protein in the Draining Popliteal Lymph Node

The principal mechanism by which mast cells affect the distal sequestration
of B and Tlymphocytes in draining popliteal lymph nodes is to release TNF.
TNF drains from the footpad into the popliteal lymph node, where it induces an
increase in the expression of adhesion molecules, such as VCAM-1, which are
involved in trapping and attracting lymphocytes into secondary lymphoid tis-
sues (10). TNF derived from mast cells can be detected in the popliteal lymph
node within 1 h. Conversely, TNF mRNA cannot be detected in the popliteal
lymph node at this time, confirming that the TNF is derived from an extra-
nodal source (10).

1. Inject UPEC or saline into footpads as described.
2. Collect popliteal lymph nodes at times of 1, 3, 6, and 12 h after injection.
3. Place the lymph nodes into sterile, protease free Eppendorf tubes containing 100

µL of MPER extraction buffer containing 1X Complete protease inhibitors on ice.
4. Homogenize the popliteal lymph nodes using microcentrifuge pestles.
5. Clarify the solution by centrifuging at 16,000g at 4°C.
6. Assay the supernatant for the presence of TNF by ELISA.
7. TNF can be detected within 1 h in the DLN, where it maximally peaks by 3 h.

3.6.6. Detection of TNF mRNA in the Draining Popliteal Lymph Node
1. Place extracted popliteal lymph nodes into 100 mL TRIzol buffer.
2. Increase the volume to 1 mL and extract RNA according to the manufacturer’s

instructions.
3. Reverse transcribe 1 µg total RNA with one cycle of 42°C for 40 min, 99°C for

5 min, followed by 5°C for 5 min.
4. Perform PCR with an inflammatory cytokine kit from Maxim Biotech. Use the

entire reverse transcription product. Separate products by electrophoresis using a
2% agarose gel. Visualize the RT-PCR products by staining the gel with 0.5 µg/
mL ethidium bromide solution followed by analysis with an Eagle Eye II.
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4. Notes
1. Although IL-3 is the cytokine of choice when culturing mast cells from bone

marrow, some researchers include SCF to augment their cultures. SCF is not very
efficient by itself in generating mast cells from bone marrow. However, it will
greatly enhance the overall numbers of mast cells generated in the cultures. In
some cases, the inclusion of both IL-3 and SCF is required for the generation of
mast cells from bone marrow, as was found in the generation of bone marrow-
derived mast cells from Stat5a/b-deficient mice (23).

2. Spraying the mouse down with 70% ethanol helps to minimize animal dander,
which may contain mold or bacteria that could adversely affect later cell cultures.

3. WEHI-3 myelomonocytic cell lines are notoriously variable in their production
of IL-3. Never assume that a WEHI-3 cell line automatically makes IL-3, and
never assume that a WEHI-3 cell line that makes IL-3 will continue to make
IL-3. Batches of conditioned medium should be routinely analyzed for their
ability to support mast cell cultures in vitro before their use.

4. The separation of the nonadherent cell fraction from the adherent cell fraction
every few days is absolutely critical to the generation of a pure culture of mast
cells. Separation of these fractions does several things: (1) it prevents the rapid
acidification of the cultures, which will adversely affect cell viability; and (2) it
helps to ensure that non-mast cells are removed from the culture. The addition of
SCF, which promotes the development of all bone marrow-derived lineages, to
these cultures will require that this separation procedure be done more frequently
and for a longer duration of time.

5. Mast cell cultures can be maintained for 3 mo without significant loss of surface
markers, cytokine dependency, or functional phenotypes. However, this is some-
what dependent upon the strain of mice from which the mast cells are derived.
For instance, cultured mast cells derived from Balb/c mice appear will lose respon-
siveness to IL-4 and will acquire factor independent phenotypes after a few weeks
more readily than mast cells derived from C57BL/6 or C57BL/6X129 F1 mice.
Therefore, we recommend that mast cell cultures maintained for more than one
month be routinely assessed for functional differences or factor dependency.

6. The UPEC strain J96 biosafety Level 1 bacteria that can cause serious illness.
Therefore, always wear gloves and suitable lab garments when handling this or-
ganism, and always wash your hands after handling this organism.

7. Not all bacterial products induce mast cells to degranulate. For instance, LPS
does not induce mast cell degranulation, however, LPS will induce mast cells to
secrete TNF (24). Therefore, the presence or absence of mast cell degranulation
during a biological response should only be used as an indicator that mast cells
take part in a particular response.

8. Staining of tissues with avidin-Alexa-488 requires that the appropriate controls
be applied. Other cell types present in tissues may bind avidin. Therefore, the
initial experiment utilizing this stain should include a sample of mast cell defi-
cient W/Wv tissue. Also, although avidin interacts with heparin, a component of
mast cell granules, the stain may be too intense to reliably distinguish between
individual mast cells that have undergone degranulation in tissue. We recom-
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mend that toluidine blue be used to distinguish degranulated mast cells as well as
the extent of degranulation.

9. Alexa-488 is a very bright fluorochrome that will generate spectral overlap with
orange fluorescent dyes, such as Cy3 and Alexa546. Therefore, it is critical to
use the appropriate controls to prevent accidental misinterpretation of the data,
especially when performing dual labeling studies.

10. Distinctions between moderate and extensive mast cell degranulation, based on
the number of granules present in the mast cell body, also may be made. This
process requires embedding the tissue in EPON (3).

11. It is best to sacrifice mice by CO2 inhalation, as opposed to cervical dislocation.
Cervical dislocation, if performed improperly, can lead to bleeding into the peri-
toneal cavity. The presence of red blood cells in peritoneal exudates can interfere
with subsequent flow cytometric analysis.

12. Fat present in the base of the abdominal cavity will plug the hole and prevent
leakage.

13. It is important to ensure that the mouse does not jerk during the injection process,
as this can lead to collateral damage and breakage of the major blood vessels. If
bleeding is observed, be certain to note it. One can utilize an inhaled anesthetic
such as Isofluorane if required to minimize uncontrolled movements by the
mouse.

14. Titration of UPEC concentrations has indicated that this concentration (1 × 105

per footpad) elicits a consistent inflammatory response and lymph node hyper-
trophy.
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Summary
Mast cells often are found in a perivascular location but especially in mucosae, where

they may response to various stimuli. They typically associate with immediate hypersen-
sitive responses and are likely to play a critical role in host defense. In this chapter, a
common airway pathogen, Moraxella catarrhalis, and a commensal bacterium, Neiserria
cinerea, are used to illustrate activation of human mast cells. A human mast cell line
(HMC-1) derived from a patient with mast cell leukemia was activated with varying
concentrations of heat-killed bacteria. Active aggregation of bacteria over mast cell sur-
faces was detected by scanning electron microscopy. The activation of mast cells was
analyzed by nuclear factor-κB (NF-κB) activation and cytokine production in culture
supernatants. Both M. catarrhalis and N. cinerea induce mast cell activation and the
secretion of two key inflammatory cytokines, interleukin-6 and MCP-1. This is accom-
panied by NF-κB activation. Direct bacterial contact with mast cells appears to be essen-
tial for this activation because neither cell-free bacterial supernatants nor bacterial
lipopolysaccharide induce cytokine secretion.

Key Words: Mast cells; Moraxella catarrhalis; Neiserria cinerea; inflammation;
cytokines; interleukin 6; monocyte chemotactic protein-1; nuclear factor-κB (NF-κB);
signaling mechanisms; Bay 11; scanning electron microscopy; bacterial growth.

1. Introduction
Mast cells are multifunctional, tissue-dwelling cells capable of producing

and secreting a wide variety of lipid mediators, histamine, cytokines, and
chemokines (1,2). Although typically associated with immediate hypersensi-
tive responses (3–5), mast cells also are likely to play a critical role in immune
surveillance and contribute to host defense (5), especially in the lung (6). Good
evidence exists to suggest that mast cells are capable of the phagocytosis of a
large range of bacteria (1). Furthermore, it has been shown that in mast cell-
deficient mice, pathogenic bacteria survived 10-fold more than in mice with



384 Chi et al.

mast cells (7). Hence, mast cells are likely to play a crucial role in the innate
immune response to common bacterial pathogens.

In this chapter, an in vitro model for studying the interaction between bacteria
and mast cell is presented. A common airway pathogen, Moraxella catarrhalis,
and a commensal bacterium, Neiserria cinerea, are used to illustrate activation
of human mast cells (see Note 1). The procedure of growing bacteria and the
method of activating HMC-1 with varying concentrations of heat-killed suspen-
sions of bacteria are presented. A scanning electron microscopy protocol used to
demonstrating active aggregation of bacteria over mast cell surfaces also is of-
fered. The activation of mast cells will be analyzed by nuclear factor-κB (NF-
κB) translocation and cytokine production in culture supernatants.

2. Materials
2.1. Preparation and Heat Treatment of Bacteria

1. M. catarrhalis strain ATCC no. 25238 and N. cinerea strain ATCC no. 14685
(American Type Culture Collection; Manassas, VA).

2. Brain Heart Infusion (BHI) Broth (Difco Laboratory; Detroit, MI).
3. BHI Agar (Difco Laboratory).
4. Phosphate-buffered saline (PBS): 150 mM, PH 7.4. Determined to be endotoxin-

free PBS by limulus amebocyte assay (Cambrex Biosciences, Walkersville, MD).
5. Murine-clone medium: RPM1 1640 (Gibco BRL, Frederick, MD) supplemented

with 11.1% heat-inactivated fetal bovine serum (Atlanta Biologicals, Atlanta,
GA), 2 mM HEPES, pKa 7.55 (Gibco BRL), 50 mg/mL gentamicin, 50 mM 2-mer-
captoethanol, 0.09% insulin-transferrin-sodium selenite supplement (Sigma, St.
Louis, MO), and 1.5% sodium bicarbonate.

6. Gram stain reagents (Difco Laboratory).

2.2. Activation of Mast Cells With Heat-Treated Bacteria
1. HMC-1 culture medium: RPMI 1640 media supplemented with 2 × 10–5 M 2-mer-

captoethanol (Sigma), 10 mM HEPES, gentamicin 50 µg/mL, 5 mg/mL insulin-
transferrin-sodium selenite supplement (Sigma), 2 mM L-glutamine, and 5%
heat-inactivated fetal bovine serum.

2. 24-well Costar tissue culture dishes.
3. Phorbol myristate acetate (PMA; 50 ng/mL).
4. Ionomycin (5 µM).
5. An inhibitor of NF-κB activation: Bay-11 (10 µM final concentration; Biomole

Chemicals, Plymouth Meeting, PA).
6. Murine clone medium: see Subheading 2.1.

2.3. Demonstration of Active Aggregation of Bacteria
Over Mast Cell Surfaces by Scanning Electron Microscopy

1. DSM 940 scanning electron microscope (Carl Zeiss SMT, Inc., Thornwood , NY).
2. Desk II Sputter Coater and gold foil cathodes (Denton Vacuum, Cherry Hill, NJ).
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3. Sorvall GLC-4 Centrifuge (Dupont, Newtown, CT).
4. Scanning electron microscope stubs, conducting graphite paint, and 25% glut-

araldehyde in sealed vials (Ladd Research Industries, Burlington, VT).
5. Sodium cacodylate buffer, 0.25 g of crystalline osmium tetroxide in sealed vials,

and paraformaldehyde powder (Electron Microscopy Sciences, Fort Washing-
ton, PA).

6. Kodak Professional Sheet Film 4127, D19 Developer, and Kodak Fixer (Calumet
Photographic, Bensenville, IL).

7. Fixation Solution I: 2.5% glutaraldehyde, 1% paraformaldehyde in 0.1 M cacody-
late-HCl buffer, pH 7.3, containing 0.1% CaCl2.

8. Fixation Solution II: 2% osmium tetroxide in 0.1 M cacodylate-HCl buffer, pH 7.3.
9. Washing buffer: 0.2 M cacodylate-HCl buffer (pH 7.3) containing 0.1% CaCl2.

10. Ethanol.

3. Methods
The methods described in Subheadings 3.1.–3.3. outline: (1) the prepara-

tion and heat treatment of bacteria; (2) activation of mast cells with heat-killed
bacteria; and (3) demonstration of active aggregation of bacteria over mast cell
surfaces by scanning electron microscopy. For the methods of growth of HMC-1
cells and cytokine measurement, please see Chapter 16. For the detection of
NF-κB activation, please see Chapter 11.

3.1. Preparation and Heat Treatment of Bacteria
1. Inoculate M. catarrhalis and N. cinerea on BHI agar. Incubate overnight at 37°C

(see Note 2).
2. Inoculate 10 mL of BHI broth in a 50-mL flask or culture tube with several bac-

terial colonies from fresh overnight growth on agar media. Incubate broth with
shaking overnight at 37°C.

3. Remove and set aside a 1-mL aliquot of broth culture to use in Gram stain and
dilution series.

4. Wash and concentrate bacterial cells as follows: transfer remaining overnight
culture (9 mL) to a sterile disposable centrifuge tube. Centrifuge at 1500g for
5 min. Filter supernatants through 0.2-µm filter and store at –80°C. Resus-
pend bacterial cells in 5 mL of PBS.

5. Centrifuge at 1500g for 5 min. Discard supernatant. Repeat resuspension in 5 mL
of PBS and centrifugation. Resuspend in 1 mL of PBS.

6. Determine wet weight of bacteria (8). Transfer the bacteria suspension to a pre-
weighed microfuge tube. Centrifuge in microfuge for 15 s at 14,000g (see Note
3). Remove supernatant with sterile micropipet. Weigh microfuge tube contain-
ing the bacteria. Subtract the weight of the empty tube from the weight of the
tube containing the bacteria and record the wet weight of the cells in mg.

7. Heat-kill bacterial cells (9). Resuspend bacteria in 1 mL of PBS. Use clamp sys-
tem to keep tube cap sealed. Place at 60°C for 2 h. Gram stain an aliquot of heat-
treated cells. The cells should display normal morphology with no evidence of
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cell lysis. To verify complete killing, plate 10 µL of the heat-killed cell suspen-
sion on the agar plates and incubate at 37°C overnight. If there is no growth of
bacteria, it will indicate that bacteria are completely killed (see Note 4).

8. Centrifuge the heat-treated bacteria in microfuge for 15 s at 14,000g. Remove
supernatant with sterile micropipet. Resuspend to 5 mg/mL (refered to as 100X
bacterial concentration) in murine clone medium. Store in 5-mL aliquots at –80°C.

9. While bacteria are being heat-killed, Gram stain is performed using bacteria from
the reserved overnight culture. If the Gram stain looks like a pure culture (see
Note 5), plate out a 10-fold dilution series of the reserved bacterial broth culture
for determination of the bacterial concentration. Determine the colony-forming
units/milliliter (cfu/mL) in the bacterial broth culture from the dilution series.
Multiply the cfu/mL by nine (the total number of milliliters that were heat-killed)
to derive the total cfu. Divide the total cfu by the wet weight of the bacteria to
obtain cfu/µg. The number of bacterial cells extrapolated from determinations of
cfu/mL to cfu/µg was 3.5 × 104 cfu/µg for M. catarrhalis and 4.2 × 104 cfu/µg for
N. cinerea.

10. The day of the activation assay, thaw one tube of heat-killed bacterial cells.
Reserve an undiluted aliquot for the 100X bacterial concentration, and make a
1:10 dilution (for a 10X bacterial concentration,) and a 1:100 dilution (for a 1X
bacterial concentration) in murine clone medium (see Note 6).

3.2. Activation of Mast Cells With Heat-Killed Bacteria

1. HMC-1 cells, established from a patient with mast cell leukemia, were graciously
provided by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN) and are main-
tained in HMC-1 culture medium at 37°C and in 5% CO2 mixture (10). The cells
are seeded at 2 × 104 cells/mL density and subcultured every 4 d. Mast cells for
this study are seeded at 1.5 × 106 cells/mL in 24-well Costar tissue culture dishes.
Cells in media alone serve as negative controls. Cells treated with PMA (50 ng/mL)
and 5 µM ionomycin served as positive controls reflecting maximal activation.

2. For bacterial activation, mast cells are incubated with varying concentrations of
heat-killed suspensions of M. catarrhalis or N. cinerea (1.75 × 108, 1.75 × 107,
and 1.75 × 106 bacteria/mL for M. catarrhalis; see Notes 7 and 8).

3. To determine a role of NF-κB in mast cell activation by bacteria, Bay-11 (10 µM
final concentration), an inhibitor of NF-κB activation, is added to mast cell cul-
tures in presence or absence of bacteria (see Note 9).

4. HMC-1 cells also are activated with lipopolysaccharide (LPS, 10 ng/mL,
Biomole) to determine whether LPS is capable of inducing secretion of cytokines
in similar magnitudes as bacterial suspensions.

5. In a selected study, filtered supernatants of bacterial suspensions are added to
mast cell cultures to determine whether or not soluble factors are capable of mast
cell activation (11).

6. After 24 h of incubation, mast cell cultures are centrifuged at 250g for 10 min to
remove cell debris, and cell-free supernatants are collected and stored at –70°C
until ready for cytokine assay by ELISA (see Chapters 16 and 17).
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7. The cell pellet is subjected to nuclear protein isolation for NF-κB activation
assay (see Chapter 11).

8. Some mast cell cultures are directly subjected to fixation for scanning electron
microscopy.

9. Heat-killed M. catarrhalis and N. cinerea induced a significant secretion of both
IL-6 and MCP-1 from mast cells with maximal levels seen with a 100X bacteria
to HMC-1 ratio (Figs. 1 and 2, respectively [11]). Because both LPS and filtered
cell-free bacterial supernatant did not induced significant secretion of MCP-1
(166 ± 60 and 297 ± 7 pg/mL, respectively, vs 277 ± 18 pg/mL in the media
control group), it suggests that physical contact of bacteria with mast cells appears
to be essential for the activation. Nuclear proteins were extracted from mast cells
activated for 24 h by PMA and ionomycin or heat killed-bacterial suspensions and
assayed for NF-κB nuclear binding activity by electrophoretic mobility shift assay
(see Chapter 11). The results are shown in Fig. 3. In summary, weak activity of
NF-κB is observed in unstimulated control cells (integrated intensity [II] were
6.9 and 0.2 for p65 and p50, respectively). This may represent the leukemic
nature of this cell line. However, a marked increase of NF-κB nuclear binding
activity was observed in samples from cells stimulated with either PMA and
ionomycin (II was 12.3 and 24.9 for p65 and p50, respectively) or with both heat-
killed M. catarrhalis (II was 8.1 and 21.5 for p65 and p50, respectively) and
N. cinerea (II was 26.1 and 50.4 for p65 and p50, respectively). To confirm
the functional significance of NF-kB activation, mast cells were incubated with
the NF-κB inhibitor, Bay-11. Bay-11 caused a statistically significant inhibition
of MCP-1 production induced by M. catarrhalis (382 ± 89 pg/mL vs 828 ± 164
pg/mL in the culture without Bay-11).

3.3. Demonstration of Active Aggregation of Bacteria
Over Mast Cell Surfaces by Scanning Electron Microscopy

1. Mast cells are fixed by adding an equal volume of Fixation Solution I directly
into culture wells containing growing cell suspensions (12). Fixation is the same
for control cultures and for those stimulated with M. catarrhalis.

2. Fixation is continued overnight under refrigeration at 4°C.
3. The supernatant is carefully drawn off the visibly settled cells with a pipet, and

the cells are washed twice by suspension in the washing buffer and gentle cen-
trifugation (208g for 5 min) using a Dupont GLC centrifuge.

4. Cells are subsequently post fixed for 3 h at ambient temperature in Fixation Solu-
tion II.

5. Cells are washed by resuspension and gentle centrifugation in distilled water,
and placed in 50% ethanol overnight at 4°C.

6. Cells are then further dehydrated in a graduated series of ethanol (50, 80, 95, and
100%).

7. A drop of cell suspension is placed on a glass cover slip and allowed to air dry.
8. The cover slips are attached to aluminum stubs with a drop of graphite paint and

air dried under cover overnight.
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Fig. 1. Activation of mast cells by varying concentrations of Moraxella catarrhalis
and Neiserria cinerea produced a dose-dependent secretion of IL-6, with maximal levels
seen with 100X concentrations (1 × 108 bacteria/mL). Cultures with M. catarrhalis
(Morax) at 1X (* p < 0.05), 10X (** p < 0.005), and 100X concentrations (** p < 0.005),
and N. cinerea (Neiss) at 1X (* p < 0.05), 10X (* p = 0.05), and 100X (*** p = 0.0009)
significantly enhanced IL-6 secretion from HMC-1 cells compared with control cells
alone. These experiments were repeated several times and the data shown are represen-
tative of a typical experiment. (Reproduced with permission from ref. 11.)

9. The stubs are sputter coated with gold for a total of 3 min (90 s each at 0° and
180° rotation of the stub) in a Desk II Sputter coater.

10. Samples are viewed and photographed in a Zeiss DSM 940 scanning electron
microscope at an accelerating voltage of 20 kV.

11. Incubation of heat-killed suspensions of bacteria with mast cells resulted in their
aggregation around mast cells. Scanning electron microscopy was performed in
resting and heat-killed M. catarrhalis-treated HMC-1 cells and the results are
shown in Fig. 4A,B, respectively. Control mast cells displayed microvilli-like
processes on their surfaces (Fig. 4A). Treated mast cells had aggregations of
M. catarrhalis on their surfaces (Fig. 4B; see Note 10).

4. Notes
1. M. catarrhalis and N. cinerea are Gram-negative, human nasopharyngeal colo-

nists with pathogenic potential. M. catarrhalis can cause otitis media, sinusitis,
and exacerbation of bronchitis (13) and N. cinerea is occasionally reported as the
causal agent in pediatric ocular infections (14).
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Fig. 2. Activation of mast cells by varying concentrations of Moraxella catarrhalis
and Neiserria cinerea produced a dose-dependent secretion of MCP-1. A dose re-
sponse curve was again seen with varying concentrations of M. catarrhalis and N.
cinerea, with maximal levels with the 100X concentration (1 × 108 bacteria/mL) of the
bacterium. Cultures with M. catarrhalis (Morax) at 1X (** p = 0.007), 10X (*** p =
0.001), and 100X concentrations (*** p = 0.001), and N. cinerea (Neiss) at 1X (* p <
0.05), 10X (* p < 0.05), and 100X (*** p = 0.001) concentrations significantly en-
hanced MCP-1 secretion from HMC-1 cells compared with control cells alone. These
experiments were repeated several times and the data shown is representative of a
typical experiment. (Reproduced with permission from ref. 11.)

2. This procedure is suitable for aerobic bacterial species with optimal culture tem-
perature of 37°C. Recommended culture media for specific bacterial species may
be found in the Manual of Clinical Microbiology (15).

3. The total centrifugation time should not exceed 15 s. It takes a model 5402
Eppendorf centrifuge approx 9 or 10 s to reach 14,000g, and this time is included
in the total run time. Longer centrifugation times will make it difficult to resus-
pend the cell pellet.

4. If there is any growth of heat-treated bacteria, discard the entire preparation and
start the process from Subheading 3.1., step 2.

5. Discard the entire preparation if there are any indications of contamination on the
Gram stain and start the process from Subheading 3.1., step 2.

6. Alternatively, calculate dilutions to fit a desired ratio of bacterial cells:mast cells.
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Fig. 3. Representative electrophoretic mobility shift assay showing nuclear factor-
κB (NF-κB) binding activity in HMC-1 following stimulation. Weak binding activity
of NF-κB is observed in unstimulated cells (Control). However, stimulation with either
PMA and ionomycin (Iono) or with bacterial suspensions (both M. catarrhalis and
N. cinerea) increased nuclear binding activity of NF-κB. (Reproduced with permis-
sion from ref. 11.)

Fig. 4. Scanning electron microscopy of the mast cells. Control mast cells displayed
microvilli-like processes on their surfaces (A, ×4000). Treated mast cells had aggrega-
tions of bacteria (arrow) on their surfaces (B, ×5000). These experiments were repeated
several times and the data shown is representative of typical experiments. (Reproduced
with permission from ref. 11.)

7. Equal volumes of bacterial cells (for M. catarrhalis, concentrations at 5 mg/mL,
500 µg/mL, and 50 µg/mL are equivalent to 1.75 × 108, 1.75 × 107, and 1.75 × 106

bacteria/mL, respectively) were mixed with murine clone media containing 1.5 ×
106 HMC-1 cells/mL.

8. Assay conditions corresponded to 120, 12, or 1.2 M. catarrhalis cells/HMC-1
cells, and the bacterial concentration falls within the range reported in sputum
from patients with bronchiectasis (16).
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9. Live bacteria also have been used for this type of experiments. When live bacte-
ria are used, the incubation time usually is shortened to prevent the bacteria tak-
ing over the culture. Mast cell responses to live bacteria have been tested at initial
ratios of 10 or 100 bacteria to one mast cell, with shortened exposure times (15
min up to 6 h) relative to the time used in this protocol (1,17). Some bacterial
species may multiply rapidly in mammalian cell culture media, resulting in a
much higher ratio of bacteria to mast cell after several hours.
Bay-11 has been shown to inhibit cytokine-induced NF-κB-specific inhibitory
protein IκBα phosphorylation and NF-κB-dependent expression of adhesion
molecules on endothelial cells (18). The concentrations used in studies with BAY-
11 inhibitor have varied between 5–20 µM (product data sheet, BIOMOL corpo-
ration [18]).

10. The attachment of aggregated bacteria onto the surfaces of mast cells appeared to
be quite tight, as the mast cells could not be disengaged from the bacteria even by
brief vortexing or vigorous pipetting. We have not analyzed actual phagocytosis of
bacterial particles by HMC-1 cells because it is beyond the scope of this chapter.
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Activation of Mast Cells by Streptolysin O
and Lipopolysaccharide

Michael Stassen, Angela Valeva, Iwan Walev, and Edgar Schmitt

Summary
This chapter provides protocols to measure the reversible permeabilization of mast

cells by streptolysin O (SLO) and to follow SLO-induced activation of mast cells by
monitoring degranulation, activation of mitogen-activated protein kinases, and produc-
tion of tumor necrosis factor-α. A method that uses SLO to deliver molecules into the
cytosol of living cells also is described. Furthermore, we outline a procedure to measure
the activation of nuclear factor-κB by lipopolysaccharide and ionomycin using transfec-
tion of mast cells with reporter genes by electroporation. These protocols should be
widely applicable in mast cell research.

Key Words: Murine bone marrow-derived mast cells; streptolysin O; lipopolysaccha-
ride; degranulation; MAP kinases; TNF-α; reversible permeabilization; electroporation;
reporter gene.

1. Introduction
A large body of evidence has shed new light on the role of mast cells as

critical effectors of innate immune responses, which is attributable to their abil-
ity to recognize a variety of microbial constituents (reviewed in refs. 1 and  2).
Using murine models, it has been shown that mast cell-derived tumor necrosis
factor (TNF)-α plays a crucial role in mediating the influx of neutrophils at the
very beginning of the inflammatory response against microbial pathogens (3,4).

Streptolysin O (SLO) is a virulence factor produced by pyogenic strepto-
cocci. Upon binding to cholesterol in the membranes of eukaryotic cells, SLO
oligomerizes to form transmembrane pores (5). High doses of the toxin are
rapidly cytocidal, but low doses are tolerated because a limited number of trans-
membrane pores can be resealed (6). This process of reversible permeabiliza-
tion is accompanied by the activation of mast cells as characterized by the
activation of mitogen-activated protein (MAP) kinases, degranulation, and the
production of TNF-α (7). Expression and purification of recombinant SLO
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have been described in detail previously (see Note 1 [8]). Because slight batch-
to-batch variations of different SLO preparations occur, we describe a simple
method to determine SLO concentrations that allow the transient permeabili-
zation of murine bone marrow-derived mast cells (BMDMCs) by monitoring
cellular adenosine triphosphate (ATP) content. Furthermore, techniques to
measure SLO-mediated degranulation and the production of biologically active
TNF-α and MAP kinase activation also are given. Finally, we present a method
for introducing molecules as large as 100 kDa into cells by reversible perme-
abilization with SLO.

Lipopolysaccharide (LPS), a cell wall component of Gram-negative bacte-
ria, has been shown to enhance or induce the production of proinflammatory
(TNF-α, interleukin [IL]-1, IL-6) and Th2-type cytokines (IL-5, IL-9, IL-10,
IL-13) by mast cells (9–12). A distinctive feature of LPS signaling is the acti-
vation of nuclear factor-κB (NF-κB) through a Toll-like receptor 4 pathway.
Activation of NF-κB can be measured using reporter gene assays, and this
example will be used to illustrate the usefulness of introducing plasmids into
mast cells via electroporation (13).

2. Materials

1. Minimal essential medium (MEM).
2. Iscove’s modified Dulbecco‘s medium (IMDM) supplemented with 5% heat-

inactivated fetal calf serum (FCS), 2 mM L-glutamine, 1 mM pyruvate, 100 U
penicillin/mL, and 100 µg/mL streptomycin.

3. 0.55 × 25-mm needles, 1-mL and 5-mL syringes.
4. Gey’s lysis buffer: 150 mM NH4Cl, 1 mM KHCO3, 1 mM ethylene diamine tetra-

acetic acid, pH 7.3.
5. Falcon cell strainer (70-µm nylon, Becton Dickinson, cat. no. 352350).
6. Murine growth factors: IL-3, IL-4, stem cell factor (SCF).
7. SLO.
8. 0.1% and 0.5% Triton X-100 in H2O.
9. ATP Bioluminescence Assay Kit CLS II (Roche).

10. Luminometer.
11. β-hexosaminidase substrate solution: 1.3 mg/mL p-nitrophenyl-N-acetyl-β-D-glu-

cosamine in 0.1 M Na-citrate, pH 4.5.
12. β-hexosaminidase stop solution: 0.2 M glycine, pH 10.7.
13. Actinomycin D.
14. MTT solution: 2.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

bromide in phosphate-buffered saline (PBS), pH 7.4.
15. SDS-DMF solution: 20% sodium dodecyl sulfate (SDS), 33% dimethylformamide

(DMF) in H2O, pH 4.7.
16. Photometer.
17. TNF-α (murine or human).
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18. SDS lysis buffer: 1% SDS, 15% glycerine, 4 M Urea, 50 mM Tris-HCl, pH 6.8.
19. DC protein assay kit (Bio-Rad).
20. Bromophenol blue; β-mercaptoethanol.
21. Protein electrophoresis and blotting equipment.
22. Phospho-MAPK antibody sampler kit (Cell Signaling Technology).
23. ECL chemiluminescence detection kit (Amersham Life Science).
24. Erasure buffer: 2% SDS, 100 mM β-mercaptoethanol, 50 mM Tris-HCl, pH 6.8.
25. Hank’s balanced salt solution (HBSS) without Ca2+.
26. Plasmids: NF-κB-dependent luciferase reporter gene; pRL-TK (Promega).
27. Electroporation device: Gene pulser I or II (Bio-Rad).
28. Dual luciferase reporter assay system (Promega).
29. LPS 055:B5 (Sigma).
30. Ionomycin (IO634; Sigma).

3. Methods
3.1. Generation of Murine Bone Marrow-Derived Mast Cells

1. Kill mice (age 5–10 wk) by cervical dislocation and remove intact femurs and
tibias from the hind legs.

2. Cut off the tips of the tubular bones with a pair of scissors and put them in MEM.
Do not use FCS in the following procedure to avoid foaming.

3. Flush out bone marrow with MEM using a 0.55 × 25-mm needle (24 G × 1 in.)
and 5-mL syringe. Thoroughly resuspend the marrow.

4. Centrifuge suspension (10 min, 500g, 4°C), discard supernatant and resuspend
pellet in 2 mL (for up to five mice) of Gey’s lysis buffer. Incubate 2 min at RT to
lyse erythrocytes. Stop reaction by adding 8 mL of MEM.

5. Apply the cell suspension on a BD Falcon cell strainer (70-µm nylon, cat. no.
352350) to remove aggregates.

6. Centrifuge the flow through (10 min, 500g, 4°C) and resuspend cells in an
appropiate volume of IMDM/5% FCS as culture medium. After counting, estab-
lish bone marrow culture at a density of 2–3 × 106 cells/mL IMDM and growth
factors (see Note 2).

7. Every 2–3 d (for a total of 21–28 d), discard half of the medium, carefully resus-
pend non-adherent cells in the remaining volume, transfer to new culture plates
and add fresh medium.

3.2. Determination of Cellular ATP to Monitor
Reversible Permeabilization of BMDMCs With SLO

Transient permeabilization of BMDMCs can be followed by monitoring
cellular ATP content. At appropriate concentrations of SLO, the ATP levels
drop to 30–40% within 30 min and gradually recover, reaching nearly 100% of
the original value after 4 h.

1. In a 96-well plate, incubate 105 BMDMCs/well with various SLO concentrations
(4 µg/mL to 250 ng/mL) in a total volume of 100 µL IMDM/5% FCS. Untreated
cells serve as reference. The assay should be performed in triplicates.
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2. After t = 0, 0.5, 1, 2, 3, and 4 h in an incubator, spin down cells (5 min, 500g),
discard supernatant and lyse cell pellet in 100 µL of ice-cold 0.1% Triton X-100
solution.

3. Add 200 µL of luciferase reagent included in the ATP Bioluminescence Assay
Kit CLS II (Roche) and measure bioluminescence in a luminometer.

4. Set luminescence of the untreated control as 100% cellular ATP and plot cellular
ATP content against time. Optimal reversible permeabilization is characterized
by a drop of cellular ATP followed by a gradual recovery, reaching nearly 100%
of the initial value after 3–4 h (see Fig. 1).

3.3. Determination of β-Hexosaminidase Release
to Measure SLO-Induced Degranulation

The enzyme β-hexosaminidase is stored in secretory granules and released
upon degranulation of BMDMCs.

1. Activate 105 cells in a volume of 200 µL (96-well plate) with SLO for 30 min
at 37°C.

2. Resuspend cells and transfer to 1.5-mL caps. Spin down cells, carefully remove
supernatant, and save it. Lyse cell pellet in 200 µL of 0.5% Triton X-100 by
resuspending thoroughly.

Fig. 1. Reversible permeabilization of bone marrow-derived mast cells (BMDMCs)
with streptolysin O (SLO). BMDMCs were treated with SLO as indicated and cellular
adenosine triphosphate was measured with luciferase.
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3. Transfer 20 µL of supernatant and 20 µL of the corresponding lysate to a fresh
96-well plate seperately and add 50 µL of β-hexosaminidase substrate solution.
20 µL of 0.5% Triton X-100 solution and 20 µL of fresh culture medium should
be included as references/blanks. To achieve greatest accuracy, the test should be
performed in triplicates. Incubate for 1.5 h at 37°C.

4. Stop enzyme reaction by adding 150 µL of 0.2 M Glycine, pH 10.7, and measure
optical density (OD) at 405 nm.

5. Substract the values measured using only 0.5% Triton X-100 and fresh culture
medium from the corresponding sample values. Add the background-corrected
OD values of cell lysate and supernatant to obtain a measure for the total enzyme
activity (100%). Calculate % degranulation = ODsupernatant × 100% / (ODsupernatant

+ ODlysate).
Degranulation in the range of 20–30% can be expected.

3.4. Detection of Biologically Active TNF-α
After Treatment of BMDMCs With SLO

This assay is based on the apoptosis-inducing ability of TNF-α on target cells.

1. Incubate mast cells in prewarmed IMDM/5% FCS with SLO at a concentration
that allows optimal transient permeabilization (see Figs. 1 and 2A). Use untreated
mast cells as reference. After 0.5, 1, 2, and 4 h (see Fig. 2B) spin down cells and
collect supernatants.

2. Serially dilute (12 steps) culture supernatants in 96-well plates, 50 µL/well. Serial
dilutions of TNF-α are used as reference beginning with 10–20 ng/mL.

3. To each well add 40,000 WEHI-164 target cells in 50 µL of IMDM/5% FCS
containing 4 µg/mL actinomycin D. Incubate at 37°C for 24 h (see Note 3).

4. Add 50 µL of MTT solution and incubate at 37°C for 2 h.
5. Add 100 µL of SDS–DMF solution. Mix well and incubate for 3 h at 37°C.
6. Mix well and determine OD at 570 nm; use 690 nm as reference.
7. Plot known TNF-α concentrations of the standard against OD. Determine unknown

TNF-α concentrations of samples by using the linear range of the standard curve
only.

3.5. Assay of SLO-Induced MAP Kinase Activation

Activation of MAP kinases can be monitored by using antibodies specific
for the phosphorylated proteins.

1. To reduce background phosphorylation of MAP kinases, incubate BMDMCs
without growth factors in IMDM/5% FCS for 4 h.

2. Stimulate cells with SLO at a concentration that allows optimal reversible
permeabilisation for 5, 15, 30, and 60 min. Include an unstimulated control. Use
1.5 to 2 × 106 cells per sample.

3. Harvest cells and spin down briefly. Lyse pellet in 100–150 µL of SDS–lysis
buffer and heat samples immediately for 3 min at 100°C.

4. To reduce viscosity, pass solution through a 1-mL syringe six to eight times.
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Fig. 2. SLO-induced production of tumor necrosis factor (TNF)-α. (A) Bone mar-
row-derived mast cells (BMDMCs) were treated for 4 h with variable amounts of SLO
and biologically active TNF-α was determined in the supernatants. (B) Kinetics of
SLO-induced secretion of TNF-α using 500 ng/mL SLO.

5. Determine protein concentration using the DC protein assay kit (Bio-Rad) accord-
ing to the instructions of the manufacturer (see Note 4).

6. Add bromophenol blue and β-mercaptoethanol to final concentrations of 100 ng/
µL and 1%, respectively. Heat samples again at 100°C for 2 min and spin down
briefly. Apply 10–15 µg of protein to a 12% SDS polyacrylamide gel electro-
phoresis (mini gel). Perform electrophoresis and western blotting according to
standard procedures.

7. Use reagents delivered with the Phospho-MAPK Antibody Sampler Kit (Cell
Signaling Technology) to assay phosphorylated ERK, JNK and p38 in combina-
tion with chemiluminescence detection (ECL, Amersham Life Science).

8. After the first round of detection, blots can be stripped and reused. For this, incubate
blots for 2 × 10 min at 60°C in erasure buffer (2% SDS, 100 mM β-mercaptoethanol,
50 mM Tris, pH 6.8; see Note 5 and Fig. 3).
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3.6. Delivery of Molecules Into BMDMCs
by Reversible Permeabilization With SLO

It has been shown for several cell lines, that membrane pores formend by
SLO allow the entry of molecules up to 100-kDa mass to the cytosol. Because
the repair of such pores requires the presence of Ca2+, the agent to be delivered
to the cytosol is included at the permeabilization step with SLO in HBSS with-
out Ca2+. Resealing occurs after the addition of medium containing 1–2 mM
Ca2+ (see Fig. 4 [6]).

1. Suspend 1–2 × 106 cells in 500 µL of HBSS without Ca2+ for 15 min.
2. Centrifuge cells (5 min, 500g), discard supernatant and suspend cells in 500 µL

of buffer described above. Add SLO and the agent to be delivered into the cyto-
sol at appropriate concentrations (see Note 6). Incubate at 37°C for 10 min (per-
meabilization step).

3. Add 1.5 mL of IMDM/5% FCS and incubate for at least 1 h at 37°C (resealing step).

3.7. Transfection of Mast Cells Via Electroporation
to Monitor the Activation of NF-κB by LPS

Activation of NF-κB can be measured using a plasmid encoding the luciferase
gene whose expression is driven by multiple copies of an NF-κB binding site
(GGC CTC TGG AAA GTA CCT TAA ACA TA [14]). The promoterless vec-
tor pTATALUC+ has been designed for the characterization of cis-regulatory
elements and can be used for the insertion of NF-κB binding sites by common
cloning procedures (see Note 7 [15]). As an internal standard for the procedure
outlined in steps 1–6, a second reporter, pRL-TK (Promega), is used, which
contains the constitutively expressed thymidine kinase promoter upstream of
the Renilla reniformis gene. After cotransfection, activities of both luciferases

Fig. 3. Streptolysin O- (SLO)-induced phosphorylation of p38 MAP kinase. Bone
marrow-derived mast cells (BMDMCs) were treated with 500 ng/mL of SLO and
samples were taken at the indicated time points. After detection of phosphorylated p38
using anti phosho-p38 specific antibody, the blot was stripped and probed for total p38.
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Fig. 4. Flow cytometric determination of FITC–dextran uptake. Bone marrow-derived
mast cells (BMDMCs) were permeabilized using 75 ng/mL of streptolysin O (SLO) in the
presence of 2.2 µg/mL FITC–dextran (4400 Da; Sigma). After resealing for 1 h in
IMDM+5% fetal calf serum (FCS), FACS analysis was performed. Dead cells (25%)
were excluded by propidium iodide staining.

can be determined one after the other in the same sample using the dual luciferase
reporter assay system (Promega). Parameters for electroporation using two dif-
ferent models of Gene pulser (Bio-Rad) are summarized in Table 1.

1. Transfer each 1–2 × 106 BMDMC in 0.2 mL of IMDM (without FCS) into
electroporation cuvets. Perform all of the following steps at RT.

2. Add plasmids in an additional volume of 10 µL to the following final concentra-
tions: NF-κB reporter or empty vector (50 µg/mL); pRL-TK (1–2 µg/mL; to each
sample).

3. Pulse cells in electroporation device. Carefully recover cells by adding 0.8 mL of
IMDM/5% FCS.

4. Allow cells to recover for 2 h in an incubator.
5. Spin down cells (10 min, 500g).
6. Count viable cells, stimulate cells (1 × 106/mL IMDM/5% FCS) as depicted in

Fig. 5.
7. Harvest cells after 8–16 h and determine luciferase activity using the dual luciferase

reporter assay system (Promega) according to the instructions of the manufacturer
(see Fig. 5).

4. Notes
1. Highly purified SLO can also be obtained from the Institute of Medical Microbiol-

ogy, Mainz (makowiec@mail.uni-mainz.de). Store SLO in small aliquots at –20°C
and thaw only once.

2. For the generation of murine BMDMCs from their bone marrow precursors, it is
obligatory to use IL-3 in the culture medium. We use IL-3 purified from WEHI-
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Table 1
Parameters for Electroporation of BMDMCs
Using Bio-Rad Devices

Gene pulser I Gene pulser II

Cuvets (width) 0.2 cm 0.4 cm
Volume of cells 0.2 mL 0.2 mL
Time constant app. 30 ms app. 30 ms
Voltage 350 V 290 V
Capacity 960 µF 600 µF
Resistance ∞ –

Fig. 5. Expression of an NF-κB-dependent luciferase gene after activation with
ionomycin and LPS. Transfected bone marrow-derived mast cells (BMDMCs) were
stimulated with ionomycin (0.5 µM) and/or LPS (200 ng/mL). The activity of the
pTATALUC+ control vector was substracted from the indicated values, and data
were standardized according to the Renilla luciferase activity.

3B supernatant at a concentration of 20 U/mL. 1 U refers to an amount of IL-3,
which allows for half-maximum proliferation of the IL-3-dependent cell line
DA-1. In addition to IL-3, IL-4, and SCF also can be added.

3. The sensitivity of this assay, if necessary, can be improved by including a final
concentration of 20 mM LiCl. The cell line L929 can be used instead of WEHI-
164 with equal results.

4. Because samples contain high amounts of SDS, coomassie-based procedures can-
not be used.
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5. After stripping of the antibodies, start with blocking of the membrane before
adding the next antibody. For this procedure, it is essential that the blots do not
become dry. As a control, chemiluminescence detection can be performed after
stripping. Also include an equal loading control (e.g., an antibody directed against
total p38 or β-actin). Using this protocol, four rounds of detection can be performed.

6. The required toxin concentration varies depending on the cell type and density
and must be determined empirically. Measuring cellular ATP content is a suit-
able method. Alternatively, resealing is also evidenced by the reduction in num-
bers of cells staining positive with Trypan blue. Typically, approx 25% of the
cells remain nonpermeabilized, 25% are dead, and approx 50% are resealed (see
Fig. 4). In general, permeabilization in HBSS requires less SLO compared with
permeabilization in IMDM/5% FCS.

7. Stratagene offers several PathDetect cis-reporting systems, including one for NF-κB.
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Mast Cell Apoptosis

Alexander Gerbaulet, Karin Hartmann, and Yoseph A. Mekori

Summary
Apoptosis is a physiological form of cell death. Cells undergoing apoptosis execute a

genetically controlled program that leads to organized breakdown of cellular structures
and ends in phagocytosis of their remains. In mast cells, several mechanisms regulating
apoptosis have been identified including growth factors, tumor necrosis factor-α recep-
tors, monomeric IgE, Toll-like receptors, and proteins of the bcl-2 family. Methods used
to characterize apoptosis of mast cells are reviewed, with special attention to flow
cytometric analysis of annexin V staining, analysis of deoxyribonucleic acid fragmenta-
tion by gel electrophoresis and end-labeling techniques, measurement of caspase activ-
ity by enzymatic assays, and characterization of pro- and anti-apoptotic proteins by
immunoblotting.

Key Words: Annexin V; apoptosis; caspases; DNA fragmentation; flow cytometry;
mast cells; mastocytosis; TUNEL; Western blotting.

1. Introduction
There are two major forms of cell death: apoptosis, which is the physiologic

form of cell death, and necrosis, an accidental form of cell death. Apoptosis
occurs naturally at the end of a cell’s life span, during tissue regulation, and in
response to events that induce an irreparable damage of cellular structures (1).
The process of apoptosis is highly complex and resembles a well-organized
retreat. Characteristic morphological features of apoptotic cells include cell
shrinkage, condensation of chromatin, fragmentation of DNA, and formation
of apoptotic bodies (Fig. 1). Because of phagocytosis of the apoptotic bod-
ies, there is no inflammation after apoptosis. In contrast, necrosis is provoked
by intense stimuli, leading to loss of essential cellular properties, such as the
integrity of the cell membrane or maintenance of homeostasis. Necrotic cells
show a breakdown of their DNA, destruction of intracellular organelles, and
attraction of inflammatory cells. In this technical review, we will focus on char-
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acterization of mast cell apoptosis using biochemical properties of apoptotic
cells (2). Apoptosis is induced either by an extrinsic pathway triggered by
stimulation of specific surface receptors such as CD95 (Fas, APO-1) and TNF-
related apoptosis-inducing ligand (TRAIL) receptors or by an intrinsic path-
way mediated through intracellular proteins leading to release of cytochrome c
from mitochondria (3). Both signaling pathways share a common end, a cas-
cade of proteases, referred to as caspases (4). Molecules that are referred to by
methods reviewed in this chapter include proteins like the bcl-2 family and
p53, extracellular expression of phosphatidylserine (PS), and activation of
caspases.

1.1. Effect of Growth Factors on Apoptosis of Mast Cells

Mast cells are long-lived cells that derive from CD34-positive hematopoi-
etic progenitor cells (5,6). Growth factors, receptor signaling, antibodies, and
lipopolysaccharides tightly regulate their maturation, differentiation, and sur-
vival. Stem cell factor (SCF) has been identified as the most important regula-

Fig. 1. Ultrastructure of (A) an untreated, viable murine bone marrow-cultured mast
cell (BMCMC) compared with (B) an apoptotic BMCMC. Apoptosis was induced by
incubation with anti-CD95 mAb (1 mg/mL) and actinomycin D (40 ng/mL) for 48 h.
Control cells (A) exhibit a corrugated cell surface and regularly distributed nuclear
chromatin. In contrast, apoptotic cells (B) show membrane blebbing and formation of
apoptotic bodies (electron microscopy, magnification: ×800).
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tor of mast cell maturation and differentiation in vivo and in vitro (7,8). Injec-
tion of SCF into mouse skin and spleen induces an increase of mast cells (9). In
response to deprivation of SCF, mast cells show signs of apoptosis, and num-
bers of cells return to baseline (9,10). SCF binds to the receptor KIT, which in
turn signals to a series of pathways including phosphatidylinositol 3' kinase,
phospholipase C, protein kinase C, the Ras-mitogen activated protein kinase
(MAPK) cascade, and Janus tyrosine kinases/signal transducers and activators
of transcription (JAK/STAT pathway [11]). Stimulation of mast cells with SCF
has been shown to induce upregulation of the antiapoptotic proteins bcl-2 and
bcl-xL (12,13).

In murine mast cells, interleukin (IL)-3 is able to prevent apoptosis in re-
sponse to deprivation of SCF within one hour of growth factor withdrawal
(10). Vice versa, SCF also inhibits apoptosis of murine mast cells following
IL-3 deprivation (9,10,14). IL-3 shares with SCF parts of its signaling path-
ways, mainly phosphatidylinositol 3' kinase, MAPK, and STAT-5, and also
exhibits its antiapoptotic effects via upregulation of bcl-2 (11,14). In contrast
to murine mast cells, human mature mast cells derived from lung, uterus, kid-
ney, tonsils, and liver fail to express the IL-3 receptor and are not susceptible
to an anti-apoptotic effect of IL-3 (15). However, human immature mast cells,
cultured cells, and mature intestinal cells have been shown to express the IL-3
receptor (16).

IL-4 has been reported to exhibit proapoptotic as well as antiapoptotic
effects depending on maturation of mast cells, tissue subtype, and organism
from which mast cells are derived (17–19). In the presence of SCF, IL-4 has
been shown to induce apoptosis in human cord blood-derived mast cells
(CBMCs), whereas human fetal liver- and lung-derived mast cells are pro-
tected from IL-4-induced apoptosis by endogenous production of IL-6 (17).
In contrast, skin-derived mast cells are resistant to IL-4-mediated apoptosis,
probably as a result of the lack of IL-4 receptors on mast cells of the MC(TC)
subtype (mast cells expressing tryptase and chymase [20]). However,
coculture with IL-4 and SCF has been found to significantly enhance prolif-
eration and mediator release in mature human intestinal mast cells (18). IL-4
thus suppresses the maturation of progenitor cells but leads to the expansion
of certain mature mast cells. It has been speculated that IL-4 exerts its apop-
totic effects via downregulation of KIT, whereas its proliferative capabilities
are mediated by shifting mature mast cells to the IL-3 receptor-positive
MC(T) phenotype (mast cells expressing tryptase only). In murine mast cells,
IL-4 has been demonstrated to induce apoptosis through mitochondrial dam-
age and activation of STAT-6 (19).

Transforming growth factor (TGF)-β has been shown to prevent the rescue
effect of SCF in murine IL-3-deprived mast cells, probably via downregulation
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of KIT (21,22). In addition, nerve growth factor has been found to increase
mast cell numbers by preventing apoptosis of human CBMC (23) and rat peri-
toneal mast cells (24).

1.2. Regulation of Mast Cell Apoptosis by TNF Receptors

The expression of the surface receptor CD95 (Fas, APO-1), belonging to the
family of death or TNF-α receptors, has been reported on different mast cell
types, including murine bone marrow-cultured mast cells (BMCMCs); the
murine cell lines C57, MCP-5, and P815; and HMC-1 cells (25,26). Stimula-
tion with CD95 ligand (CD95L) or specific anti-CD95 antibodies has been
demonstrated to induce apoptosis in C57 and P815 cells, whereas BMCMC
and MCP-5 cells are resistant to anti-CD95-induced apoptosis (25). Thus, sus-
ceptibility of mast cells to apoptosis mediated by CD95 appears to be associ-
ated not only with expression of CD95 but also with intracellular control of
signaling pathways. In accordance, the addition of the transcription inhibitor
actinomycin D has been shown to render BMCMCs susceptible to anti-CD95-
induced apoptosis (25). Murine mast cells have additionally been reported to
express CD95L intracellularly; however, a functional expression in mast cells
has not been proven (27).

1.3. Effect of Monomeric IgE on Mast Cell Apoptosis

Two independent studies have shown recently that the sensitization of murine
mast cells by monomeric IgE, which does not lead to crosslinking of the high-
affinity IgE receptor FcεRI, induces prolonged survival (28,29). Kalesnikoff
et al. (28) showed, in addition to the antiapoptotic effect, marked induction of
various proinflammatory cytokines, such as IL-4, IL-6, IL-13, and TNF-α;
phosphorylation of MAPK like ERK1/2, JNK; and upregulation of bcl-xL

mRNA upon exposure with monomeric IgE (28). These results suggested that
prolonged survival, at least in part, resulted from autocrine stimulation. In con-
trast, Asai et al. (29) failed to detect release of mediators or activation of MAPK
in response to monomeric IgE, but also observed inhibition of apoptosis.
Kitaura et al. (30) were then able to demonstrate that only a subgroup of mono-
meric IgE antibodies exhibits the cytokinergic effect; however, all monomeric
IgEs tested were associated with an antiapoptotic activity (31).

1.4. Regulation of Mast Cell Apoptosis by Toll-Like Receptors

Toll-like receptors (TLRs), which belong to a receptor family sharing homol-
ogy with the Toll receptor found in drosophila, play an important role in the
innate recognition of bacterial infections. TLRs recognize lipopolysaccharides
(LPS) and peptidoglycans from bacterial walls. Murine mast cells recently have
been reported to express TLR-2, TLR-4, and TLR-6 (32,33). Human mast cells
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showed expression of TLR-1, TLR-2, and TLR-6 (34). Stimulation of TLRs by
LPS has been found to inhibit apoptosis of IL-3-deprived murine BMCMC by
upregulating bcl-xL protein (35). Prolonged survival induced by LPS also was
enhanced by costimulation with interferon-γ, which leads to an increased expres-
sion of TLR-4.

1.5. Altered Expression of Apoptosis Molecules in Mastocytosis

Several studies demonstrated an altered expression of apoptosis molecules
in mastocytosis, a rare disease characterized by accumulation of mast cells in
tissues (13,36–39). In adults, mastocytosis usually is caused by activating KIT
mutations (40). Bone marrow mast cells of patients with systemic mastocyto-
sis have been shown to strongly express bcl-xL (13,37,39). In contrast, expres-
sion of bcl-2 was absent or low, with the exception of patients with mast cell
leukemia that exhibited enhanced levels of bcl-2 in their bone marrow
(13,36,37,39). In addition, the cell cycle-regulating protein p21 was
overexpressed in bone marrow lesions, whereas the expression of Ki67 and
p53 as well as the percentage of apoptotic mast cells was comparable between
mastocytosis and controls (39). In contrast to infiltrates of the bone marrow,
skin lesions of patients with mastocytosis have been found to be associated
with an increased expression of bcl-2 but not bcl-xL (13,38). Thus, an altered
rate of apoptosis and cell cycling may also contribute to the pathogenesis of
mast cell diseases.

2. Materials
2.1. Flow Cytometric Analysis
of Propidium Iodide and Annexin V Staining

1. Phosphate-buffered saline (PBS): 137 mM NaCl, pH 7.4, 2.7 mM KCl, 8 mM
Na2HPO4, and 1.5 mM KH2PO4.

2. Binding buffer: 10 mM HEPES, 140 mM NaCl, 2.5mM CaCl2, pH 7.4.
3. Fluorescein isothiocyanate (FITC)-labeled annexin V (BD Pharmingen, San Diego,

CA).
4. Propidium iodide (PI), 50 µg/mL in PBS.

2.2. Analysis of DNA Fragmentation by Gel Electrophoresis

1. PBS: 137 mM NaCl, pH 7.4, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4.
2. Lysis buffer: 5 mM Tris-HCl, pH 8.0, 5 mM ethylene diamine tetraacetic acid

(EDTA), 0.5% Triton X-100.
3. TE buffer: 10 mM Tris-HCl, pH 7.4, 1 mM EDTA.
4. Phenol chloroform solution, phenol:chloroform 3:4 (v/v) water-saturated.
5. Proteinase K, 20 mg/mL in PBS.
6. RNase A, 20 mg/mL in PBS (DNase-free).
7. Electrophoresis equipment.
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8. TAE buffer: 40 mM Tris, pH 8.0, 20 mM acetic acid, 50 mM EDTA.
9. 10X loading buffer: 30% (v/v) glycerol, 1% (w/v) sodium dodecyl sulfate (SDS),

0.25% (w/v) bromophenol blue.
10. Agarose gel (see Note 1).

2.3. Analysis of DNA Fragmentation by End-Labeling Techniques
2.3.1. Histochemical Staining

1. PBS: 137 mM NaCl, pH 7.4, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4.
2. Formaldehyde solution, 3.7% (w/v) in PBS.
3. Cacodylate buffer: 30 mM Tris-HCl, pH 7.2, 1 mM CoCl2, 10 mM sodium cacody-

late.
4. Reaction buffer: cacodylate buffer containing 20 mM dUTP, 4 mM biotin-16-dUTP,

250 U/mL TdT (freshly prepared).
5. Termination buffer: 300 mM NaCl, 30 mM sodium citrate.
6. Acetate buffer: 50 mM CH3COOH-NaOH, pH 5.0.
7. Horseradish peroxidase-labeled streptavidin, 10 mg/mL in PBS.
8. AEC reagent: dissolve 20 mg of 3-amino-9-ethylcarbazole in 2.5 mL of N,N-

dimethylformamide and add acetate buffer to a final volume of 50 mL. Before
use, add 25 mL of 30% (w/w) H2O2.

2.3.2. Flow Cytometry
1. 1% formaldehyde: 1% (w/v) formaldehyde in PBS. Prepare fresh from paraform-

aldehyde.
2. 70% ethanol.
3. 5X reaction buffer: 1 M sodium cacodylate; 125 mM Tris-HCl, pH 6.6, bovine

serum albumin (BSA) 1.25 mg/mL.
4. 10 mM CoCl2 solution in H2O.
5. TdT 25 U/µL.
6. BrdUTP solution: 2 mM BrdUTP, 50 mM Tris-HCl, pH 7.5.
7. FITC-conjugated anti-BrdU monoclonal antibody solution: 0.3 (m/v) % in PBS,

0.3% (v/v) Triton X-100, 5 mg/mL BSA.
8. Rinsing buffer: 0.1% Triton X-100, 5 mg/mL BSA in PBS.
9. PI solution: 5 µg/mL PI, 200 µg/mL DNase-free RNase A in PBS.

10. Flow cytometer.

2.4. Analysis of Caspase Activation
1. Z-DEVD-7-amino-4-methylcoumarin, 10 mM in dimethyl sulfoxide (DMSO).
2. 7-amino-4-methylcoumarin, 10 mM in DMSO as reference standard.
3. Ac-DEVD-CHO, 1 mM in DMSO as specific caspase inhibitor.
4. 20X lysis buffer: 200 mM Tris-HCl, 2 M NaCl, 20 mM EDTA, 0.2% Triton X-

100, pH 7.5.
5. 5X reaction buffer: 50 mM PIPES, 10 mM EDTA, 0.5% CHAPS, pH 7.4.
6. Dithiothreitol, 1 M in H2O.
7. PBS: 137 mM NaCl, pH 7.4, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4.
8. ELISA microreader (342 nm excitation/441 nm emission).
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2.5. Analysis of Protein Expression by Immunoblotting
1. TBS buffer: 50 mM Tris-HCl, pH 7.6, 1% (m/v) BSA, 0.1% (v/v) Tween-20.
2. Blocking solution: 10% (m/v) nonfat dry milk in TBS buffer.
3. Lysis buffer: PBS, pH 7.4; 1% (v/v) nonidet P-40, 0.5% sodium desoxycholate,

0.1% (m/v) SDS, 0.0005% (m/v) aprotinin, 0.0005% (m/v) leupeptin, 0.1% (m/v)
phenylmethylsulfonylfluoride.

4. Incubation buffer: 5% (m/v) nonfat dry milk in TBS.
5. 4X loading buffer: 250 mM Tris-HCl, pH 6.8, 40% (v/v) glycerol, 8% (m/v)

SDS, 0.001% (m/v) bromophenol blue.
6. Electrophoresis buffer: 25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1% SDS.
7. Electrophoresis stacking gel: 4.85% (m/v) acrylamide, 0.15% (m/v) bisacryl-

amide, 125 mM Tris-HCl, pH 6.8, 0.1% (m/v) SDS, 0.1% (m/v) ammonium per-
sulfate, 0.01% (m/v) TEMED.

8. Electrophoresis separating gel: 14.6% (m/v) acrylamide, 0.4% (m/v) bisacryl-
amide, 375 mM Tris-HCl, pH 8.8; 0.1% (m/v) SDS, 0.1% (m/v) ammonium per-
sulfate, 0.01% (m/v) TEMED.

9. Electrophoresis equipment.
10. Anode buffer I: 300 mM Tris-HCl, pH 11.0, 20% (v/v) methanol.
11. Anode buffer II: 25 mM Tris-HCl, pH 10.4, 20% (v/v) methanol.
12. Cathode buffer: 40 mM 6-aminocaproic acid, pH 7.6, 20% (v/v) methanol.
13. Nitrocellulose membrane (e.g., Hybond C, Amersham Biosciences, Amersham, UK).
14. Semi-dry blotting equipment.
15. Primary antibody (e.g., anti-bcl-2 mouse monoclonal IgG1, c = 1.5 µg/mL; cat.

no. sc-509, Santa Cruz Biotechnology Inc, Santa Cruz, CA); anti-bcl-xL mouse
monoclonal IgG1, c = 1.5 µg/mL (cat. no. sc-8392, Santa Cruz Biotechnology);
anti-bax mouse monoclonal IgG1, c = 2 µg/mL (clone YTH-2D2, Trevigen,
Gaithersburg, MD); anti-p53 mouse monoclonal IgG2a, c = 0.25 µg/mL (clone
DO1, BD Pharmingen, San Diego, CA).

16. Horseradish peroxidase-conjugated secondary antibody.
17. Anti-beta-actin antibody.
18. Strip buffer: 62.5 mM Tris-HCl, pH 6.8, 100 mM β-mercaptoethanol, 2% (m/v) SDS.

3. Methods
The methods described in Subheadings 3.1.–3.5. outline analysis of: (1)

propidium iodide and annexin V staining by flow cytometry; (2) DNA frag-
mentation by gel electrophoresis; (3) end-labeling techniques; (4) caspase acti-
vation; and (5) protein expression by immunoblotting.

3.1. Flow Cytometric Analysis of Propidium Iodide and Annexin V Staining

Propidium iodide (PI) intercalates (inserts between adjacent bases) the DNA.
Together with DNA, PI forms a fluorescent charge transfer complex. Because
PI is unable to cross the intact cell membrane, only necrotic and late apoptotic
cells with a defective membrane will show an increased fluorescence after
incubation with PI (41). Annexin V, a human protein with anticoagulant,
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antiphospholipase, and antikinase activities, binds to extracellularly exposed
PS in the presence of Ca2+. The lipid double-layer membrane of viable cells is
characterized by an asymmetric distribution of phospholipid compounds, with
phosphatidylcholine and sphingomyelin being expressed on the outer surface
and PS on the cytoplasmatic face. Enzymes called flippases control the asym-
metric distribution. Loss of asymmetry, while the membrane remains intact, is
an early event during apoptosis (42). Combined staining with fluorochrome-
labeled Annexin V that only binds to extracellular PS and PI allows to dis-
criminate between viable (Annexin V-negative/PI-negative), apoptotic
(Annexin V-positive/PI-negative), and necrotic (Annexin V-positive/PI-posi-
tive) cells (see Note 2, Fig. 2).

1. Wash cells twice with cold PBS and resuspend pellet in binding buffer yielding a
concentration of 106 cells/mL.

2. Transfer 100 µL of the cell suspension to each round-bottom tube, add 5 µL of
annexin V-FITC and 2–10 µL of PI (start with 2 µL, optimal amount should be
titrated) per tube, and incubate for 15 min in the dark on ice.

3. Add 400 µL of binding buffer per tube without washing. Analyze with flow cytom-
eter within 1 h.

4. For adjustment and compensation, the following controls should be prepared:

a. Unstained cells.
b. Cells incubated with PI only.
c. Cells incubated with annexin V-FITC only.

5. Before analyzing PI- and annexin V-FITC-stained cells, compensate between FL1
(green fluorescence, FITC) and FL2 (red fluorescence, PI). PI can be detected in
FL2 and FL3.

3.2. Analysis of DNA Fragmentation by Gel Electrophoresis
A typical feature of apoptotic cells is the occurrence of DNA fragments with

a length of 180–200 bp (which is the size of DNA comprising a nucleosome)
and multiples. DNA fragments are generated by an endonuclease, called
caspase-activated DNase (CAD), which is set free by cleavage of its inhibitor,
ICAD, through activated caspase-3 (43). Fragments can be detected by con-
ventional agarose gel electrophoresis, showing a characteristic “DNA ladder”
(see Note 3, Fig. 3).

1. Wash apoptotic cells with cold PBS; lyse the cells with 500 µL of lysis buffer for
1 h at 4°C.

2. Centrifuge at 27,000g for 30 min to pellet the high molecular fraction of the
lysate.

3. Separate the supernatant and add proteinase K to yield a final concentration of
0.5 mg/mL and incubate for 30 min at 4°C.

4. Protein contaminants are removed by two extractions with phenol chloroform. Phe-
nol is removed by extraction with chloroform; DNA stays in the aqueous phase.
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Fig. 2. Flow cytometric staining of apoptotic (C,D) and control (A,B) HMC-1
cells with PI and FITC-labeled annexin V. Apoptosis (C,D) was induced by incuba-
tion with rhTRAIL (100 ng/mL) and actinomycin D (20 ng/mL) for 48 h. Cells were
either stained with PI only (A,C) or double-stained with annexin V and PI (B,D).
Dot plots showing FCS (cell size) vs FL-3 (A,C) allow to discriminate between two
cell populations. Viable, intact cells are shown at low FL-3 fluorescence, whereas
necrotic or late apoptotic cells are characterized by high uptake of FL-3. Dot plots
analysing FL-1 vs FL-2 (B,D) allow to discriminate between viable (FL-1-low/FL-
2-low), early apoptotic (FL-1-high/FL-2-low), and late apoptotic or necrotic (FL-1-
high/FL-2-high) cells.

5. Precipitate DNA by adding ethanol to 70% (v/v) and NaCl to 0.1 M final concen-
tration (see Note 4).

6. Resuspend DNA in TE buffer yielding approximately 100 ng/µL and digest with
RNase A (final concentration: 0.5 mg/mL) for 30 min at 37°C.

7. Subject DNA to gel electrophoresis and stain with ethidium bromide at 0.1 µg/mL
(see Note 5).
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3.3. Analysis of DNA Fragmentation by End-Labeling Techniques

End-labeling techniques are based on the detection of free 3'-hydroxyl ter-
mini, generated by DNA cleavage (43), with marked nucleotides. Examples
for marked nucleoside triphosphates (dNTPs) are biotinylated dUTP or 5-
bromo-dUTP (BrdUTP). The TUNEL (terminal desoxynucleotidyl transferase
dUTP nick end labeling) method uses terminal desoxynucleotidyl transferase
(TdT) to append tagged dUTP to free 3'-OH ends of double-stranded DNA
fragments (44). Visualization of marked complexes can be performed using
FITC-conjugated streptavidin, horseradish peroxidase-conjugated streptavidin,
or FITC-labeled anti-BrdU antibodies. Techniques used for the detection and
quantification of TUNEL staining include light or fluorescence microscopy
and flow cytometry (see Note 6 [41]).

3.3.1. Histochemical Staining
1. Spin cells on a slide (cytospin). Fix with fresh formaldehyde solution for 10 min;

wash three times in PBS for 5 min (see Note 7).
2. Quench endogenous peroxidase with 3% (v/v) H2O2 for 5 min, followed by two

5-min washes in PBS.
3. Equilibrate in cacodylate buffer for 10 min. Once treated with cacodylate buffer

do not allow to dry.

Fig. 3. DNA fragmentation of apoptotic C57 cells demonstrated by gel electro-
phoresis. M, DNA molecular weight marker; Control, untreated C57 cells; Apoptosis,
C57 cells incubated with anti-CD95 MAb (1 mg/mL) and actinomycin D (10 ng/mL)
for 12 h.
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4. Immerse slide in reaction buffer and incubate for 1 h in a humidified chamber
at 37°C.

5. Stop the labeling reaction by immersion into termination buffer. Wash slide with
PBS for 10 min.

6. Add a small volume of peroxidase-labeled streptavidin. Incubate for 30 min in a
humidified chamber at 37°C. Afterwards wash several times with PBS.

7. Immerse slide for 10 min in AEC reagent at room temperature. After washing twice
for 5 min with PBS and once with water, subject samples to light microscopy.

3.3.2. Flow Cytometry
1. Fix cells (106cells) in 1% formaldehyde for 15 min on ice (see Note 8).
2. Wash with PBS (centrifuge at 300g, 5 min, 5 mL PBS), resuspend in PBS, yield-

ing 106 cells/0.5 mL.
3. Add 5 mL of ice-cold 70% ethanol (see Note 9). Centrifuge at 200g for 3 min,

remove the supernatant, wash with PBS.
4. Resuspend cells in a solution containing 10-µL reaction buffer, 2 µL of BrdUTP,

0.5 µL of (12,5 U) TdT, 5 µL of CoCl2, 33.5 µL H2O. Incubate for 40 min at 37°C.
5. Add 1.5 mL of rinsing buffer and centrifuge (300g, 5 min).
6. Resuspend cells in 100 µL of FITC-conjugated anti-BrdU MAb solution and

incubate for 1 h at room temperature.
7. Add 2 mL of rinsing buffer and centrifuge (300g, 5 min).
8. Resuspend cell pellet in 1 mL of PI solution. Incubate for 15 min in the dark.
9. Analyze cells by flow cytometry. The following samples should be prepared for

compensation, positive and negative control:
a. Unstained cells.
b. Cells stained with FITC-anti-BrdU MAb only.
c. Cells stained with PI only.
d. Negative control: cells treated according to the protocol, but with exclusion

of TdT in the BrdUTP/TdT incubation step.
e. Positive control: cells that are known to be apoptotic treated according to the

protocol.
10. Compensate between FL1 (green fluorescence, FITC) and FL2 (red fluorescence,

PI). PI can be detected in FL2 and FL3.

3.4. Analysis of Caspase Activation

The protease family of caspases (aspartate-specific cysteine proteases) plays
a central role in the initiation and execution of apoptosis (4). Both, the extrin-
sic and intrinsic apoptotic pathways lead to activation of a cascade of caspases.
Initiator caspases (caspase-2, -8, -9, and -10) autocatalytically initiate the cas-
cade and transmit the apoptotic signal by cleavage and activation of effector
caspases (caspase-3, -6, and -7) that in turn mediate DNA fragmentation, chro-
matin condensation, and membrane blebbing. Caspase-3 appears to be the key
effector, which cleaves different other intracellular substrates such as inhibitor
of caspase-activated DNase (ICAD), poly-ADP-ribosepolymerase, actin,
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fodrin, and lamin. Therefore, caspase-3 is the main target for the assessment of
apoptosis. Methods to detect activation of caspases include immunoblotting of
activated caspases or caspase substrates, enzymatic assays (cleavage of syn-
thetic substrates, specific caspase inhibitors), and measurement of fluorogenic
caspase substrates by flow cytometry (45). An enzymatic assay uses a fluoro-
chrome-conjugated tetrapeptide bearing the consensus sequence Asp-Glu-Val-
Asp (DEVD) that is recognized by effector caspases. Upon cleavage of the
tetrapeptide, fluorescence is enhanced. The enzymatic assay described below
is available as a commercial kit from Molecular Probes (Leiden, The Nether-
lands; see Note 10).

1. Induce apoptosis in cells, also prepare a control of untreated cells (106 cells/sample).
2. Harvest cells and wash with PBS.
3. Dilute the 20X lysis buffer to a 1X working solution (1 mL is sufficient for 20

assays). Resuspend cells in 50 µL of 1X lysis buffer, lyse by subjecting cells to
a freeze-thaw cycle (freeze cells in a dry ice/ethanol bath for 5 min, then thaw).

4. Prepare a solution of 2X reaction buffer: Add 400 µL of 5X reaction buffer and
10 µL of 1 M dithiothreitol to 590 µL of H2O. Mix well, precipitation and coales-
cence of the reagents may be observed (1 mL is sufficient for 20 samples).

5. Centrifuge the lysate at 1000g to spin down cellular debris. Transfer 50 µL of the
supernatant to individual microplate wells. Use 50 µL of 1X lysis buffer as nega-
tive control to determine background fluorescence. As an additional control, the
inhibitor Ac-DEVD-CHO can be incubated with caspase-containing samples.
Add 1 µL of 1 mM Ac-DEVD-CHO and keep for 10 min at room temperature,
while the other samples are stored on ice. 1 µL of DMSO can be added to the
remaining no-inhibitor samples as a control for DMSO.

6. Prepare a 2X substrate working solution by adding 20 µL of 10 mM Z-DEVD-
AMC to 980 µL of 2X reaction buffer (see Note 11).

7. Add 50 µL of 2X substrate working solution to each sample and control wells.
Cover the microplate and incubate at room temperature for 30 min.

8. Measure the plate using 342 nm for excitation and 441 nm for emission. Mea-
surements can be performed at several time points.

3.5. Analysis of Protein Expression by Immunoblotting
Immunoblotting is an immunochemical technique based on separating pro-

teins by polyacrylamide gel electrophoresis according to size. Proteins are
then immobilized by transferring them to a membrane and finally probing
them with a specific antibody. The expression rate of a protein is measured
by the optical density of its band compared to beta-actin or other reference
proteins (2).

1. Lyse cells using 200 µL of lysis buffer. For cultured human mast cell line-1
(HMC-1) cells, we use 107 cells, yielding an average of 1 mg total protein. Total
protein can be measured using a Bradford assay.

2. Add 4X loading buffer to the lysate containing 50 µg of protein.
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3. Samples are subjected to SDS discontinuous polyacrylamide gel electrophoresis
according to Laemmli using electrophoresis buffer and a 15% (m/v) polyacryla-
mide separating gel.

4. Cut nitrocellulose membrane to the size of the gel. Equilibrate gel in cathode
buffer, the membrane in anode buffer II. Cut 10 pieces of filter paper to the size
of the gel. Soak four papers in cathode buffer, four papers in anode buffer I, and
two papers in anode buffer II. Starting from the anode of the semi-dry blotting
chamber, pile four anode buffer I papers, followed by two papers of anode buffer
II, the membrane, the PA gel, four cathode buffer papers, and finish with the
cathode of the blotting chamber.

5. Apply a current of 1 mA/cm2 for 1 h. When desired, membrane can be stained
with Ponceaux red, gel with Coomassie blue.

6. Wash membrane in dematerialized water.
7. Wash membrane in TBS.
8. Block with blocking solution for 1 h.
9. Incubate with primary antibody in incubation buffer at 4°C overnight.

10. Wash three times for 10 min with TBS.
11. Block with blocking solution for 1 h.
12. Incubate with secondary antibody for 1 h and develop.
13. Shake blot in strip buffer for half an hour at 50°C. Wash twice with TBS buffer.

Reblock with blocking solution and reprobe with anti-beta-actin antibody (or
other reference antibody) and develop.

14. Expression of the protein is quantified by its optical density using beta-actin as
an internal standard.

4. Notes

1. Agarose concentration can vary between 1% and 2% (w/v), according to the sepa-
ration properties needed. A total of 1.2% (w/v) agarose in TAE buffer is recom-
mended for the start.

2. The major advantage of flow cytometric methods is that they allow to rapidly
analyzing large quantities of cells. Because of the large cell numbers measured,
quantification of apoptotic cells by flow cytometry is highly reproducible. Com-
bining annexin V staining with other markers also allows calculating the rate of
apoptosis of a certain subpopulation of cells.

3. The occurrence of a “DNA ladder” is a characteristic sign of late stages of
apoptosis, making it a robust, but not very sensitive (requires an apoptotic rate of
at least 20%) method.

4. If samples are lysed in a small volume (e.g., 20 µL per 106 cells), precipitation is
not obligatory.

5. A standard protocol for agarose gel electrophoresis can be applied: add 1 µL of
10X loading buffer to 9 µL of sample DNA (100 ng/µL). Load samples, positive
control, and molecular weight marker into gel pockets; cover gel with TAE
buffer; and set voltage to 5 V/cm. Turn off when bromophenol blue has almost
reached the anode.
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6. Histochemical methods allow localization and morphological evaluation of apop-
totic cells. By using TdT, the sensitivity for detection of DNA fragments is in-
creased compared to the analysis using gel electrophoresis. Apoptosis is detected at
an earlier stage, because 3'-OH strand breaks occur before complete DNA frag-
mentation. For flow cytometry, above discussed advantages apply (see Note 2).
False-positive results have been reported, probably due to the occurrence of free
3'-OH ends that are not related to apoptosis.

7. Paraffin-embedded tissue sections are deparaffinized by washing with xylene,
ethanol 100%, 95%, 70% (for each step, wash 5 min twice), followed by two
10-min PBS washing steps, treated with proteinase K (20 mg/mL), and finally
washed twice with PBS for 5 min.

8. Proper fixation is mandatory to avoid depletion of DNA fragments. Use metha-
nol-free formaldehyde derived from paraformaldehyde.

9. Cells can be stored in ethanol at −20°C for several weeks.
10. Caspase activity is a specific sign of apoptosis. During necrosis, activation of

caspases has not been detected so far. However, there are also caspase-independent
pathways of apoptosis like the perforin/granzyme pathway. Because different apop-
totic pathways are associated with activation of specific caspase subfamilies, analy-
sis of caspase activity allows to differentiate between in- and extrinsic apoptotic
pathways.

11. An AMC standard reference curve can be created by diluting the 10 mM AMC
with 1X reaction buffer (made from 5X) to solutions ranging from 0 to 100 µM
AMC. Apply 100 µL of each standard per well before measuring the plate.
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