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Diamine Oxidase-Gold Ultrastructural Localization of Histamine in Human
Skin Biopsies Containing Mast Cells Stimulated to Degranulate In Vivo by

Exposure to Recombinant Human Stem Cell Factor

By Ann M. Dvorak, John J. Costa, Ellen S. Morgan, Rita A. Monahan-Earley, and Stephen J. Galli

Stem cell factor (SCF) has a major role in hematopoiesis that were obtained within 2 hours and 30 minutes of the
SC injection of rhSCF at that site. The rhSCF-injected sitesand in the regulation of mast cell development and func-

tion. For example, recombinant human SCF (rhSCF) can (which clinically exhibited a wheal-and-flare response),
but not the control sites, contained mast cells undergoinginduce the development of human mast cells from precur-

sor cells in vitro, stimulate mediator release from human regulated secretion by granule extrusion. The DAO-gold-
affinity method detected histamine in electron-denseskin mast cells in vitro, and promote both the develop-

ment and functional activation of human skin mast cells granules of mast cells in control and injected skin biopsies;
however, the altered matrix of membrane-free, extrudedin vivo. In the present study, we used a new ultrastructural

enzyme-affinity method, employing diamine oxidase mast cell granules was largely unreactive with DAO-gold.
Notably, DAO-gold bound strongly to fibrin deposits and(DAO)-conjugated gold particles (DAO-gold), to detect his-

tamine in skin biopsies obtained from patients with breast collagen fibers that were adjacent to degranulated mast
cells. These findings represent the first morphologic evi-carcinomas who were receiving daily subcutaneous (SC)

injections of rhSCF in a phase I study of this cytokine. We dence of histamine secretion by classical granule exo-
cytosis in human mast cells in vivo.examined control biopsies obtained at sites remote from

rhSCF injection as well as biopsies of rhSCF-injected skin q 1997 by The American Society of Hematology.

mast cell degranulation that was present at sites of rhSCFS injection to assess the ultrastructural localization of hista-
TEM CELL FACTOR (SCF), also known as mast cell
growth factor, kit ligand, and Steel factor, is the ligand

mine in human mast cells that are undergoing classical ana-for SCF receptor (SCFR), a member of the receptor tyrosine
phylactic degranulation in vivo. Although there is no ques-kinase III family of receptors that is encoded by the c-kit
tion that mast cells store histamine in their granules and thatproto-oncogene.1-4 SCFR is expressed on mast cells and
this biogenic amine can be released by mast cells in responseSCF is critical for the development and survival of these
to agents that induce the cells to degranulate,15 until recentlycells.1-7 SCF also has major actions in hematopoiesis and in
it has not been possible to study this process morphologicallypromoting the differentiation, proliferation, and survival of
at the ultrastructural level. We therefore developed a diamineearly hematopoietic progenitor cells.1-4,8

oxidase-gold (DAO-gold) ultrastructural enzyme-affinityIn light of the possibility that recombinant human SCF
technique to localize histamine.16 This method, which can(rhSCF) may have clinical utility, for example, in promoting
be used in conventionally prepared ultrastructural samples,hematopoiesis or enhancing the recovery of circulating he-
is based on the affinity of the enzyme, diamine oxidase (his-matopoietic progenitor cells,4,8 phase I studies were con-
taminase), for its substrate, histamine.16 Using this approach,ducted to begin to assess the possible effects of this cytokine
we have previously localized histamine to the secretory gran-in human subjects in vivo. Because it had already been
ules of human16,17 and mouse18 mast cells and human baso-shown that recombinant rat SCF can induce the c-kit–depen-
phils19,20 and examined the distribution of histamine duringdent release of mediators and cytokines from mouse mast
stimulated secretion of human basophils and mast cells excells in vivo9,10 or in vitro10-12 and that rhSCF can promote
vivo.19-21 We have also used the method to characterize themediator release from partially purified populations of hu-
release of histamine by piecemeal degranulation of mastman skin mast cells in vitro,13 one of the objectives of such
cells, during inflammation in the eyelids of interleukin-4studies was to assess whether rhSCF might induce human
transgenic mice18 and in human tissues at sites of inflamma-mast cells to secrete mediators in vivo.
tory bowel disease.22 Yet, until this study, we have not beenWe previously reported that the subcutaneous (SC) adminis-
able to investigate the ultrastructural localization of hista-tration of rhSCF daily for 14 days to patients with breast cancer

induced a modest increase in numbers of dermal mast cells at
sites that had not been directly injected with the cytokine.6 In From the Departments of Pathology, Beth Israel Deaconess Medi-
addition, all of the subjects enrolled in this phase I study devel- cal Center and Harvard Medical School, Boston, MA.
oped a cutaneous wheal-and-flare response at each rhSCF-in- Submitted May 29, 1997; accepted July 21, 1997.
jected site, a reaction that was associated with extensive, anaphy- Supported by National Institutes of Health Grants No. AI-33372

and PO1-HL-56383 (Project 4) and by Amgen Inc.lactic-type mast cell degranulation, as assessed by routine
Address reprint requests to Ann M. Dvorak, MD, Department oftransmission electron microscopy.6,14 Sites that had been directly

Pathology/East Campus, Beth Israel Deaconess Medical Center, 330injected with rhSCF also exhibited extracellular edema, fibrin
Brookline Ave, Boston, MA 02215.deposition, and recruitment of acute inflammatory cells.14 By
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mine in human mast cells that are undergoing classical ana- tracellular extrusion of membrane-free cytoplasmic granules,
was observed only in biopsies from sites that had been di-phylactic degranulation in vivo.
rectly injected with rhSCF. Using the DAO-gold enzyme-
affinity method, reactivity (gold label) was very strong inMATERIALS AND METHODS
the granules of nonsecretory mast cells (in biopsies of either

The skin biopsies were obtained (after receiving signed informed
control or rhSCF-injected sites) as well as in any electron-consent forms which had been approved by the Institutional Review
dense cytoplasmic granules remaining in the cytoplasm ofBoard for Human Studies) from three women with advanced breast
skin mast cells that were undergoing secretion (Figs 1, 2, andcarcinoma (stage IIIB or IV) who had volunteered to participate in
3). Moreover, retention of DAO-gold labeling (indicating thea phase I trial of recombinant methionyl-human SCF (rhSCF).6 The
presence of histamine) was evident in cytoplasmic granulesselection criteria for the subjects and a description of the protocol

for daily subcutaneous dosing with rhSCF are described in detail in that exhibited all of the substructural patterns that can be
Costa et al.6 Briefly, in the subjects studied in this report, rhSCF observed in human skin mast cells (Fig 3). Such patterns
was administered before the initiation of chemotherapy. Also, all of include granules with crystal (Fig 3A), scroll (Fig 3B), or
the subjects were premedicated with H1 (50 mg diphenhydramine mixed patterns.
administered orally every 6 hours) and H2 (150 mg ranitidine admin- Specificity controls for the histaminase-gold-based affinity
istered orally every 12 hours) antihistamines to minimize the pruritus

technique, including absorption of the DAO-gold reagent byassociated with the reactions to subcutaneous rhSCF.6 Two patients
solid-phase histamine before sample staining (Figs 2C and(nos. 1 and 2) received daily SC injections of rhSCF (5 mg/kg/d) in
3C) and digestion of the section with histaminase beforethe anterior thigh over a period of 13 days. One patient (no. 3 in
DAO-gold staining (Figs 1B and 3D), showed a markedthis study and no. 185 in Costa et al6) received only 5 daily SC
reduction of label or a complete absence of reactivity. Ininjections of 25 mg/kg of rhSCF in the abdominal wall; she was then

withdrawn from the study because of the development of a systemic every case tested, there was no staining of sections with
adverse event.6 After local intradermal injection (7E0.5 mL) of a colloidal gold alone (data not shown).
1.0% solution of lidocaine within approximately 1 to 2 cm of the Many of the dermal mast cells in the rhSCF-injected sites
planned biopsy site, punch biopsies (4 to 6 mm) of skin were ob- were undergoing secretion, as indicated by the extrusion of
tained from the indurated wheal and flare lesion that developed membrane-free, altered granules through multiple openings
within approximately 60 minutes of injection of rhSCF at each injec-

in the plasma membrane (Fig 2A through C). Such findingstion site; the biopsies were obtained between 1 hour 40 minutes and
are very similar to those observed in isolated human skin2 hours 30 minutes after administering the rhSCF into the site.
mast cells that had been stimulated with anti-IgE in vitro.24

Identically prepared, lidocaine-injected, contralateral control sites
We found that the extruded, membrane-free mast cell gran-(ie, sites not directly injected with rhSCF) on the opposite thigh or
ules persisted near mast cell surfaces, as well as enmeshedside of the abdomen of the same patients were also biopsied. The

control biopsies for patients no. 1 and 2 were obtained at the same among adjacent collagen fibers, for up to 2.5 hours after
time as the biopsies of the rhSCF injection sites (ie, on rhSCF dosing rhSCF injection (the latest interval after injection that we
days 1 and 13 or 6 and 13, respectively), whereas, for patient no. studied). Notably, these membrane-free, swollen, rounded
3, the rhSCF injection site was biopsied on day 1 of dosing (ie, the granules with altered matrices generally contained merely
first rhSCF injection site in this subject was biopsied) and a control trace amounts of DAO-gold labeling for the presence of
biopsy was obtained 11 days after the cessation of dosing with

histamine (Fig 2A and B). Rarely, we observed mast cellsrhSCF. Biopsies were immediately immersed in a pool of freshly
with intracytoplasmic degranulation channels containing al-prepared fixative (2.0% paraformaldehyde, 2.5% glutaraldehyde, and
tered, swollen granules; these structures and the contained0.025% CaCl2 in 0.1 mol/L sodium cacodylate buffer, pH 7.4) at
membrane-free granules also were generally devoid of hista-room temperature, trimmed into small blocks while immersed, and
mine labeling. The specificity controls resulted in no goldthen fixed and processed for transmission electron microscopy as

previously described.23 labeling of the extruded granules, indicating that the weak
For enzyme-affinity staining to detect histamine, DAO-gold was level of DAO-gold labeling of these structures indeed repre-

prepared as described.16 For cytochemical labeling, section-con- sented residual histamine associated with the matrices of the
taining grids were inverted and floated on drops of phosphate-buf- released granules (Fig 2C).
fered saline for 5 minutes, followed by incubation on drops of DAO- The rhSCF-injected skin sites had extensive deposits of
gold at 377C for 60 minutes. The grids were vigorously washed in

extracellular fibrin. Much of this fibrin was bound to intersti-distilled water and stained with dilute lead citrate for 10 minutes
tial collagen, whereas some fibrin deposits occurred nearbefore viewing in a Philips 300 or 400 electron microscope (Philips
secretory mast cells and their extruded granules. There wasNorth America, Mahwah, NJ). Controls to assess the specificity of
striking labeling of these masses of interstitial fibrin withcytochemical labeling of human mast cell granules with DAO-gold

were performed as described.16 These controls included (1) labeling DAO-gold (Figs 2D and 4A). By contrast, no fibrin was
of grids with DAO-gold that had been passed over Pasteur pipette detectable in the control skin biopsies. Specificity controls
columns packed with histamine-agarose beads; (2) incubation of for the enzyme-affinity method for histamine resulted in no
grids for 60 minutes at 377C in DAO (to oxidize histamine), washing, labeling of fibrin (Fig 4B). Bundles of extracellular intersti-
and labeling with DAO-gold; and (3) staining of grids for 60 minutes tial collagen in rhSCF-injected sites also stained with the
at 377C in colloidal gold alone.

DAO-gold reagent (Fig 5A). Again, specificity controls re-
sulted in no labeling of the collagen at such sites (Fig 4B). In

RESULTS AND DISCUSSION many areas, secretory mast cells, with DAO-gold-negative,
extruded, membrane-free granules attached to their surfaces,As noted in our previous reports,6,14 ultrastructural evi-

dence of anaphylactic-type degranulation, including the ex- were intimately associated with gold-labeled collagen fibrils
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HUMAN MAST CELL HISTAMINE SECRETION IN VIVO 2895

Fig 1. Mast cells in skin biopsies obtained 1 hour 40 minutes (A) or 2 hours (B) after the SC injection of 25 or 5 mg/kg rhSCF, respectively,
in patients no. 3 (A) and no. 1 (B), who had received daily SC injections of rhSCF for 13 days. Reactivity for histamine is indicated by DAO-
gold labeling in the cytoplasmic granules of a mast cell that exhibits no morphologic evidence of secretory activity (A); DAO-gold label is
absent when the grid containing a section of the specimen was digested with DAO before staining with DAO-gold (B). Original magnifications:
(A) Ì67,500; and (B) Ì75,000.

(Fig 2A). However, collagen in the basal lamina (whether In summary, we have used a DAO-gold enzyme-affinity
method to show (1) intracellular cytoplasmic granule storespresent beneath the basal layer of the epidermis and skin

adnexae, surrounding Schwann cells in dermal nerves, or of histamine in human skin mast cells, (2) the depletion of
these stores in association with rhSCF-induced anaphylacticunderlying vascular endothelial cells and pericytes) did not

stain with the DAO-gold enzyme-affinity method (data not degranulation, and (3) potential extracellular histamine bind-
ing sites in the vicinity of degranulated mast cells. Thisshown).
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Fig 2. Skin biopsies from sites that had been injected with rhSCF, obtained from patients no. 2 and no. 3 who had received rhSCF for 13
days (A) or 1 day (B through D), respectively. The biopsy in (A) was obtained 1 hour 45 minutes after the SC injection of 5 mg/kg of rhSCF,
whereas the biopsy in (B), (C), and (D) was obtained 1 hour 40 minutes after the SC injection of 25 mg/kg of rhSCF. A large amount of DAO-
gold label is present on the electron-dense contents of cytoplasmic granules in the mast cell in (A; solid arrowhead); the cell exhibits evidence
of secretory activity, and an extruded, non–membrane-bound granule with altered matrix (which is located external to the plasma membrane)
retains very little DAO-gold label for histamine (open arrowhead). However, DAO-gold heavily labels adjacent collagen fibers, which are seen
in cross-section (arrows). In (B), multiple extruded, membrane-free mast cell granules (G), which exhibit altered matrix materials, are present
in the interstitium near the degranulating mast cell; these extruded granules exhibit relatively little DAO-gold labeling for histamine, except
in regions of the granules that contain the most electron-dense matrix material (solid arrowheads). In (C), the DAO-gold was absorbed with
solid-phase histamine before being used to stain the specimen. Nearly all DAO-gold staining of intracellular mast cell granules (arrowhead),
as well as of the extruded, membrane-free granules (G), was abolished by this specificity control. (D) shows that the extensive fibrin deposits
in the extracellular space in this biopsy are heavily labeled with DAO-gold. Original magnifications: (A) Ì52,500; (B) Ì28,000; (C) Ì46,500; and
(D) Ì45,000.
R

represents the first demonstration of histamine secretion by lular surfaces of cells or enmeshed among interstitial colla-
gen fibers and/or fibrin deposits, showed a marked reductionregulated granule extrusion in vivo in mast cells of any

species. in, or a complete absence of, DAO-gold reactivity; (3) DAO-
gold labeled interstitial collagen fibers and fibrin deposits inThe principal findings of this study are as follows: (1) all

electron-dense secretory granules in mast cells, of whatever areas adjacent to actively secreting mast cells; (4) basal lam-
ina collagen and areas of interstitial edema were devoid ofsubstructural types and within either secretory or nonsecre-

tory mast cells, contained histamine; (2i) non–membrane- DAO-gold label; and (5) specificity controls for histamine-
labeled mast cell granules, as well as DAO-gold reactivitybound mast cell granules with altered matrices, whether pres-

ent within intracellular degranulation channels (a rare event associated with interstitial collagen fibers or fibrin, were neg-
ative.in stimulated human skin mast cells24), in the process of

being extruded to the cells’ exterior, or bound to the extracel- The most straightforward interpretation of these findings

Fig 3. Mast cell granules in skin biopsies of
rhSCF-injected sites from patients who had received
rhSCF for 6 days (A and B; obtained 2.5 hours after
the SC injection of 5 mg/kg of rhSCF in patient no.
2) or 13 days (C and D, obtained 2 hours after the SC
injection of 5 mg/kg of rhSCF in patient no. 1). The
photomicrographs illustrate the ultrastructure of
electron-dense granules in nonsecretory mast cells.
Parallel crystalline arrays, oriented either in several
directions (A) or all in one direction (C), are typical
for the cytoplasmic granules of human skin mast
cells. The DAO-gold staining (A) was largely abro-
gated by absorption of the DAO-gold with solid-
phase histamine before staining (C). The granule in
(B) is filled with a membranous scroll pattern that is
also heavily labeled with the DAO-gold. The DAO-
gold staining is not seen in the scroll granule in (D)
from a section that was digested on the grid with
DAO before DAO-gold staining. Original magnifica-
tions: (A) Ì110,000; (B) Ì136,500; (C) Ì93,000; and
(D) Ì72,000.

AID Blood 0047 / 5h3f$$$921 09-11-97 17:36:14 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/8/2893/1415015/2893.pdf by guest on 08 June 2024



DVORAK ET AL2898

Fig 4. A skin biopsy from an rhSCF-injected test site (obtained 1 hour 40 minutes after the SC injection of 25 mg/kg of rhSCF) from patient
no. 3, who had received a single dose of rhSCF (day 1 of dosing), shows extensive DAO-gold-labeled fibrin (A) that is not seen if the section
was digested with DAO before staining with DAO-gold (B). Original magnifications: (A) Ì56,000; and (B) Ì52,000.

is that the electron-dense granules of human skin mast cells cellular sites of DAO-gold label reported here were associ-
ated with active secretion of mast cell granule histaminein vivo contain histamine and that rhSCF induced anaphylac-

tic degranulation, leading to an exteriorization of the granule stores, and mast cell granules are not known to contain poly-
amines.matrices and resulting in the rapid loss of histamine from

these non–membrane-bound granules; some of the histamine However, we do not know whether the DAO-gold reactiv-
ity associated with fibrin deposits or collagen represents his-then became associated with interstitial collagen fibrils or

fibrin deposits. We previously noted a similar binding of the tamine that has been noncovalently associated with these
structures or the product of the covalent attachment of hista-DAO-gold reagent to collagen fibrils in gut biopsies of pa-

tients with inflammatory bowel disease.22 However, the mast mine to these substrates by transglutaminases.26-30 Transglu-
taminases are calcium ion-dependent enzymes that catalyzecells in these gut biopsies typically exhibited piecemeal de-

granulation, not anaphylactic degranulation, and these speci- an acyl transfer reaction via a protein-protein cross-linkage,
resulting in e-(g-glutamyl)-lysine bonds.30 Alternatively, themens did not contain fibrin deposits.

We believe that the various ultrastructural localizations of primary amino group of histamine (or a polyamine) can form
an e-(g-glutamyl)-lysine or (g-glutamyl) bond to proteins.31the DAO-gold label in this study, other than nuclear localiza-

tion, reflect the presence of histamine and not polyamines Transglutaminases are involved in a variety of biologic
events associated with tissue stabilization,32-35 such as clot(other substrates of DAO). Because cellular polyamines are

generally present within nuclei, it is most likely that the stabilization by circulating factor XIIIa.29,32 Moreover, im-
munohistochemical studies have colocalized both serumnuclear label that we noted in these and similar preparations

reflects the presence of polyamines.16 However, extracellular (factor XIIIa) and tissue transglutaminases to the extracellu-
lar matrix of damaged tissues in Crohn’s disease,36 a site atlevels of polyamines are thought to be quite low.25 The extra-

AID Blood 0047 / 5h3f$$$921 09-11-97 17:36:14 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/8/2893/1415015/2893.pdf by guest on 08 June 2024



HUMAN MAST CELL HISTAMINE SECRETION IN VIVO 2899

REFERENCES

1. Besmer P: The kit ligand encoded at the murine Steel locus:
A pleiotropic growth and differentiation factor. Curr Opin Cell Biol
3:939, 1991

2. Williams DE, de Vries P, Namen AE, Widmer MB, Lyman
SD: The Steel factor. Dev Biol 151:368, 1992

3. Galli SJ, Zsebo KM, Geissler EN: The kit ligand, stem cell
factor. Adv Immunol 55:1, 1994

4. Broudy VC: Stem cell factor and hematopoiesis. Blood
90:1345, 1997

5. Galli SJ, Tsai M, Wershil BK, Tam S-Y, Costa JJ: The regula-
tion of mouse and human mast cell development, survival and func-
tion by stem cell factor, the ligand for the c-kit receptor. Int Arch
Allergy Immunol 107:51, 1995

6. Costa JJ, Demetri GD, Harrist TJ, Dvorak AM, Hayes DF,
Merica EA, Menchaca DM, Gringeri AJ, Schwartz LB, Galli SJ:
Recombinant human stem cell factor (kit ligand) promotes human
mast cell and melanocyte hyperplasia and functional activation in
vivo. J Exp Med 183:2681, 1996

7. Dvorak AM, Ishizaka T: Ultrastructural analysis of the devel-
opment of human basophils and mast cells in vitro. Int J Clin Lab
Res 25:7, 1995

8. Morstyn G, Brown S, Gordon M, Crawford J, Demetri G, Rich
W, McGuire B, Foote M, McNiece I: Stem cell factor is a potent
synergistic factor in hematopoiesis. Oncology 51:205, 1994

9. Wershil BK, Tsai M, Geissler EN, Zsebo KM, Galli SJ: The
rat c-kit ligand, stem cell factor, induces c-kit receptor-dependent
mouse mast cell activation in vivo. Evidence that signaling through
the c-kit receptor can induce expression of cellular function. J Exp
Med 175:245, 1992

10. Gagari E, Tsai M, Lantz CS, Fox LG, Galli SJ: Differential
release of mast cell interleukin-6 via c-kit. Blood 89:2654, 1997

11. Coleman JW, Holliday MR, Kimber I, Zsebo KM, Galli SJ:
Regulation of mouse peritoneal mast cell secretory function by stem
cell factor, IL-3 or IL-4. J Immunol 150:556, 1993

12. Murakami M, Austen KF, Arm JP: The immediate phase of
c-kit ligand stimulation of mouse bone marrow-derived mast cells
elicits rapid leukotriene C4 generation through posttranslational acti-
vation of cytosolic phospholipase A2 and 5-lipoxygenase. J Exp
Med 182:197, 1995

13. Columbo M, Horowitz EM, Botana LM, MacGlashan DW
Jr, Bochner BS, Gillis S, Zsebo KM, Galli SJ, Lichtenstein LM: TheFig 5. Skin biopsies of rhSCF-injected test sites from patients who
human recombinant c-kit receptor ligand, rhSCF, induces mediatorhad received rhSCF for 1 day (A; obtained 1 hour 40 minutes after
release from human cutaneous mast cells and enhances IgE-depen-the SC injection of 5 mg/kg of rhSCF in patient no. 2) or 6 days (B;

obtained 2.5 hours after the SC injection of 25 mg/kg of rhSCF in dent mediator release from both skin mast cells and peripheral blood
patient no. 3) show DAO-gold staining of collagen (A) that is largely basophils. J Immunol 149:599, 1992
abrogated by absorption of the DAO-gold with histamine before 14. Dvorak AM, Costa JJ, Monahan-Earley RA, Fox P, Galli
staining (B). Original magnifications (A) Ì31,000; and (B) Ì38,500. SJ: Ultrastructural analysis of human skin biopsies from patients

receiving recombinant human stem cell factor (rhSCF): Subcutane-
ous injection of rhSCF induces dermal mast cell degranulation and

which we have identified collagen fibril-associated DAO- acute inflammation at the injection site, as well as systemic effects
on mast cell development. (submitted)gold reactivity and piecemeal degranulation of mast cells,22

15. Schwartz L, Huff T: Biology of mast cells and basophils, inand, in mouse mast cells, degranulation is associated with the
Middleton E, Jr, Reed CE, Ellis EF, Adkinson NF Jr, Yungingeractivation of transglutaminase and the production of protein-
JW, Busse WW (eds): Allergy: Principles and Practice (ed 4). Stbound g-glutamyl histamine.37 Taken together, these find-
Louis, MO, Mosby, 1993, p 135ings raise the possibility that either tissue or mast cell-de-

16. Dvorak AM, Morgan ES, Schleimer RP, Lichtenstein LM:
rived transglutaminases can catalyze the covalent attachment

Diamine oxidase-gold labels histamine in human mast-cell granules:
of histamine to collagen or fibrin at sites of mast cell degran- A new enzyme-affinity ultrastructural method. J Histochem Cyto-
ulation. chem 41:787, 1993

17. Dvorak AM, Morgan ES: Ultrastructural detection of hista-
ACKNOWLEDGMENT mine in human mast cells developing from cord blood cells cultured

with human or murine recombinant c-kit ligands. Int Arch AllergyThe authors thank Peter K. Gardner for editorial assistance in the
preparation of the manuscript. Immunol 111:238, 1996

AID Blood 0047 / 5h3f$$$921 09-11-97 17:36:14 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/8/2893/1415015/2893.pdf by guest on 08 June 2024



DVORAK ET AL2900

18. Dvorak AM, Tepper RI, Weller PF, Morgan ES, Estrella P, 27. Pincus JH, Waelsch H: The specificity of transglutaminase:
II. Structural requirements of the amine substrate. Arch BiochemMonahan-Earley RA, Galli SJ: Piecemeal degranulation of mast cells

in the inflammatory eyelid lesions of interleukin-4 transgenic mice. Biophys 126:44, 1968
28. Schrode J, Folk JE: Transglutaminase-catalyzed cross-linkingEvidence of mast cell histamine release in vivo by diamine oxidase-

gold enzyme-affinity ultrastructural cytochemistry. Blood 83:3600, through diamines and polyamines. J Biol Chem 253:4837, 1978
29. Aeschlimann D, Paulsson M: Transglutaminases: Protein1994

19. Dvorak AM, MacGlashan DW Jr, Morgan ES, Lichtenstein cross-linking enzymes in tissues and body fluids. Thromb Haemost
71:402, 1994LM: Histamine distribution in human basophil secretory granules

undergoing FMLP-stimulated secretion and recovery. Blood 30. Folk JE: Transglutaminases. Annu Rev Biochem 49:517,
198086:3560, 1995

20. Dvorak AM, MacGlashan DW Jr, Morgan ES, Lichtenstein 31. Folk JE, Finlayson JS: The e-(g-glutamyl) lysine crosslink
and the catalytic role of transglutaminases. Adv Protein Chem 31:1,LM: Vesicular transport of histamine in stimulated human basophils.

Blood 88:4090, 1996 1977
32. Greenberg CS, Birckbichler PJ, Rice RH: Transglutaminases:21. Dvorak AM, Morgan ES, Schleimer RP, Lichtenstein LM:

Diamine oxidase-gold ultrastructural localization of histamine in iso- Multifunctional cross-linking enzymes that stabilize tissues. FASEB
J 5:3071, 1991lated human lung mast cells stimulated to undergo anaphylactic

degranulation and recovery in vitro. J Leukoc Biol 59:824, 1996 33. Aeschlimann D, Kaupp O, Paulsson M: Transglutaminase-
catalyzed matrix cross-linking in differentiating cartilage: Identifica-22. Dvorak AM, Morgan ES: Diamine oxidase-gold enzyme-af-

finity ultrastructural demonstration that human gut mucosal mast tion of osteonectin as a major glutaminyl substrate. J Cell Biol
129:881, 1995cells secrete histamine by piecemeal degranulation in vivo. J Allergy

Clin Immunol 99:812, 1997 34. Prince CW, Dickie D, Krumdieck CL: Osteopontin, a sub-
strate for transglutaminase and factor XIII activity. Biochem Biophys23. Dvorak AM: Monograph — Procedural guide to specimen

handling for the ultrastructural pathology service laboratory. J Elec- Res Commun 177:1205, 1991
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