IgE-mediated mast cell degranulation
and recovery monitored by time-lapse

photography
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Background: Mast cells are long-lived resident cells that are of
great importance in an allergic reaction. It has previously been
suggested that after IgE-mediated degranulation mast cells can
undergo regranulation. Such a process is probably of great
importance with respect to the severity and perpetuation of the
allergic response.

Objective: Our purpose was to investigate whether mast cells
recover from degranulation and whether they still have the
potential to release a granule-associated mediator and upregu-
late certain cytokine genes.

Methods: Mouse mast cells were repeatedly activated by IgE
and specific antigen with a 24-hour or 48-hour interval. Dur-
ing each of the 2 activation stages, release of 3-hexosaminidase
was measured by means of enzymatic colorimetric analysis,
and IL-13 and IL-6 mRNA was detected by ribonuclease pro-
tection assay. Both scanning electron microscopy and time-
lapse photography were used to reveal the process of mast cell
recovery.

Results: We found that re-activation of degranulated mast cells
in response to high-affinity IgE-receptor cross-linkage triggers
B-hexosaminidase release and upregulation of IL-13 and IL-6
gene expression levels similar to what is seen in the initial acti-
vation. Scanning electron microscopy documented cells at vari-
ous stages during the recovery process 30 minutes after the
activation. With time-lapse photography, a single cell that had
undergone degranulation could be visualized consecutively
during its recovery process.

Conclusion: Mast cells can recover after an IgE-mediated acti-
vation and can repeatedly release 3-hexosaminidase and
express IL-6 and IL-13 mRNA after re-activation. (J Allergy
Clin Immunol 2001;108:116-21.)
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Abbreviations used
BMCMC: Bone marrow—derived cultured mouse mast cell
FceRI: High-affinity IgE-receptor
TNP: Trinitrophenyl

Mast cells synthesize and store inflammatory media-
tors in granules that are the source of anaphylactic
degranulation, by which process mast cells function as
major effector cells in IgE-mediated immune responses
to allergen challenge. As a result of a typical degranula-
tion process, mast cells release large numbers of secreto-
ry granules, which contain a variety of proinflammatory
mediators, chemotactic factors, and immunoregulatory
cytokines, within a couple of minutes. Extrusion of
whole granules and smooth and round bodies, intracellu-
lar dissolution of the granule material,!-2 and shedding of
large amounts of membranes, surface processes, and
cytoplasmic fragments3 can be observed through ultra-
structural studies during this process.

Mast cells are unique among hematopoietic cells in
that they can undergo repeated rounds of degranulation
and regranulation.!:3-5 For example, in cultured human
lung mast cells, IgE-mediated activation triggers a dra-
matic anaphylactic degranulation process, which results
in some small and immature mast cells.3 These small cells
undergo morphologic changes accompanied by nuclear
and cytoplasmic expansions, with the rapid development
of synthetic structures such as Golgi apparatus and ribo-
somes. Eventually, these immature granule-containing
cells further expand into mature mast cells.3

Although observations regarding mast cell degranula-
tion and regranulation were reported decades ago, the
actual recovering processes were mainly investigated
ultrastructurally by means of transmission electron
microscopy on isolated individual cells. The consecutive
morphologic changes of the individual cell, as well as the
cytokine transcript expression during degranulation and
recovery processes, remain largely unclear. In this study,
we reveal that after recovery, the upregulation kinetics of
cytokines IL-13 and IL-6 by mast cells after a second
anaphylactic activation is similar to that seen during the
initial stimulation, thus suggesting recovery of the cell.
We also show by means of time-lapse photography the
consecutive morphologic events after IgE-mediated
degranulation; the recovery of an individual cell is clear-
ly indicated.
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METHODS
Mast cell cultures

Bone marrow-derived cultured mouse mast cells (BMCMCs)
were obtained by culturing mouse (C57BL/6, 3 to 4 months old,
Bommice, Ry, Denmark) bone marrow cells for 6 to 8 weeks in
10% WEHI-3—enriched conditioned RPMI 1640 medium, supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco-BRL,
Eggenstein, Germany), 4 mmol/L L-glutamine, 50 pumol/L 2-mer-
captoethanol, | mmol/L sodium pyruvate, 0.1 mmol/L non-essential
amino acids, 10 mmol/L Hepes, and 100 pg/mL penicillin/strepto-
mycin (Sigma Chemical Co, St Louis, Mo). The growth
factor—-dependent mouse mast cell line MCP5/L6 was maintained in
the same medium.

Activation of mast cells in vitro

MCPS5/L cells or BMCMCs were washed and resuspended at 1
%X 106 cells/mL and sensitized through use of a monoclonal
murine IgE anti—trinitrophenyl (TNP) antibody (IgEl-b4, ATCC,
Manassas, Va) (15% hybridoma supernatant) for 90 minutes. The
cells were washed twice and then challenged with TNP-BSA at 1
png/mL (coupling ratio, 4.8 [kindly provided by Dr Birgitta Hey-
man, Uppsala]) or at 100 ng/mL (coupling ratio, 9 [Biosearch
Technologies, Novato, Calif]) for periods as indicated. The anti-
body sensitization and antigen challenge were carried out in
medium supplemented with 0.5% BSA (Sigma) at 37°C. Thirty
minutes after the addition of TNP-BSA, samples were cen-
trifuged at 4°C and supernatants were collected for further analy-
sis of B-hexosaminidase release from activated mast cells.” To
measure total cellular B-hexosaminidase, cells were centrifuged
and 10% of the supernatant was replaced with an equal volume of
1.2% Triton X-100 (Sigma) and mixed by pipetting. To investi-
gate release after repeated activation, the cells were washed twice
with PBS 6 hours after the initial IgE cross-linkage and main-
tained in normal culture medium, as described above. The previ-
ously stimulated cells were then split into control and activation
groups, and the cells were treated in the same manner as they had
been during the initial activation. The second activation was
approximately 24 hours (for BMCMCs) and 48 hours (for
MCP5/L) after the initial IgE-mediated activation.

Measurement of mediators

The granular enzyme B-hexosaminidase was detected by an
enzymatic colorimetric assay, as described.

Isolation of RNA and ribonuclease protection
assay

Total cellular RNA was isolated through use of the TriPure iso-
lation reagent (Boehringer Mannheim, Mannheim, Germany).
Ribonuclease protection assay was performed with the mCK-1
multiprobe set from the RiboQuant System (PharMingen, San
Diego, Calif) according to the protocol recommended by the sup-
plier, as described.?

Scanning electron microscopy

Mast cells, resting or activated, were attached to cover glasses
and fixed for 3 hours in 2.5% glutaraldehyde in 100-mmol/L phos-
phate buffer at pH 7.4. The specimens were rinsed 3 times by dip-
ping the glasses in 100-mmol/L phosphate buffer. The specimens
were dehydrated in a gradient series of ethanol and then critical-
point dried. After drying, the specimens were mounted on stubs and
coated with gold-palladium in a sputtercoater. The specimens were
examined by means of a Philips XL 30 scanning electron micro-
scope (Eindhoven, The Netherlands) at 20 kV.
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FIG 1. Mast cell activation measured by f-hexosaminidase release.
MCP5/L cells (A) and BMCMCs (B) were activated by IgE-receptor
cross-linkage (IgE CL), and B-hexosaminidase release for both
resting control cells and activated cells was measured as a per-
cent of the total. Forty-eight hours (MCP5/L) or 24 hours (BMCM-
Cs) after the initial activation, cells were activated again and B-
hexosaminidase release was measured.

Time-lapse photography

The video recording was performed basically as described pre-
viously.10 Cultured mast cells were transferred to an inert
anodized aluminum chamber containing 0.45 mL of medium and
covered with a glass plate. The chamber was transferred to a
Labovert inverted microscope (Leitz, Wetzlar, Germany) with an
interference lens giving a 10 X 25-fold magnification at the ocular.
The picture was further enlarged 3 times at the camera lens. The
temperature inside the chamber was maintained at 37°C by circu-
lating water. The image from a Sony 3CCD camera (Tokyo, Japan)
with a resolution of 710 lines was captured by a PC with a 300-
MHz Pentium II processor and a Perception video recorder card
(DPS, Markham, Ontario, Canada). The time-lapse procedure was
controlled by a computer-controlled device (Jorotech, Uppsala,
Sweden), 1 frame being taken every second for 15 minutes. The
same computer controlled an X-Y table so that cells in motion
could be followed. The same cultures and preparations used in the
video recording were fixed for electron microscopy.
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FIG 2. Effects of IgE-receptor cross-linkage (CL) on IL-13 and IL-6 transcript expression levels. A, Cells were
activated through IgE-receptor cross-linkage at various time points, as indicated. Time 0 stands for control
cells without cross-linkage. mRNA transcript levels were measured by ribonuclease protection assay. B and
C, Phosphoimaging signals of IL-13 and IL-6 presented in Fig 2, A are normalized to the housekeeping glyc-
eraldehyde-3-phosphate dehydrogenase gene by densitometric analysis.

RESULTS

Re-activation as evidenced by
B-hexosaminidase release and cytokine
transcript expression

Mast cells contain many preformed mediators that are
released on IgE-mediated activation. Here we used f-
hexosaminidase as an indicator of proper mast cell acti-
vation.” For MCP5/L cells sensitized with specific IgE,
addition of the antigen caused an increase of -
hexosaminidase release over time in comparison with the
control. At 30 minutes after addition of the stimuli,
release of B-hexosaminidase increased to 12.2%; this
was in contrast to the spontaneous release of 5.9% (Fig
1, A). The cells that had been activated were washed and
maintained under normal culture conditions. Forty-eight
hours after the initial stimulation, these cells were acti-
vated again through cross-linkage of the high-affinity
IgE-receptor (FceRI). Like the initial stimulation, the
second activation triggered the cells to increase release of
B-hexosaminidase to 8.2% in comparison with 3.4% for
the control (Fig 1, A).

MCP5/L is a mast cell line that actively proliferates in
WEHI-conditioned medium, and a 2.8-fold increase in
the number of cells was noted during the 48-hour inter-
val between the 2 rounds of activation. To avoid the pos-
sibility that our data from the MCP5/L cells did not
reflect recovery of the same cells as a result of prolifera-
tion, we used BMCMCs that maintained a constant cell
number over the experimental period. As shown in Fig 1,
B, a pronounced increase in -hexosaminidase—from
22.3% to 89.3%—could be observed on activation. Re-
activation after 24 hours stimulated the cells again, as
evidenced by an increase in [-hexosaminidase release
from 11.4% to 72.9%.

To further demonstrate that the cells could be repeat-
edly activated in the same manner, we performed an anti-
gen dose response at 1, 10, 100, and 1000 ng/mL. The
dose-response pattern for B-hexosaminidase release from
BMCMCs was similar for the initial and second activa-
tions. An antigen concentration of 1 ng/mL gave a mea-
surable release of B-hexosaminidase both at the initial
activation and the second activation (33% and 27%,
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FIG 3. Scanning electron micrographs of control and IgE-receptor activated mouse MCP5/L mast cells. A, A
resting cell. B through H, 30 minutes after FceRI cross-linkage, cells with various morphologic appearances
can be identified.
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FIG 4. Mast cell degranulation and recovery visualized by means of time-lapse photography. Photos were
taken in chronologic order (A through H) during 15 minutes. The activated cell is the cell on top of another
cell with extensive membranous activity. D, The cell has formed an intact cell membrane. (To view a com-
plete videographic file of this figure, go to the JACI website (www.mosby.com/jaci), access this article, and

click on the video icon within the article.)

respectively). An optimal effect was achieved at 10
ng/mL with releases of 94% and 72%, respectively.

To assess the cytokine induction at gene transcript
levels after mast cell recovery, we undertook to analyze
IL-13 and IL-6 mRNA transcript expression during
both the initial and the second IgE-mediated activa-
tions. IL-13 and IL-6 are well characterized cytokines
that are upregulated at both the gene transcription level
and the protein release level in mast cells after IgE-
mediated activation.!1.12 As previously described, we
could detect IgE-dependent upregulation of steady-
state levels of IL-13 and IL-6 transcripts in MCP5/L
cells after FceRI cross-linkage. The peak induction was
observed at 2 hours after activation for both cytokines;
the induction then returned to basal levels after 12
hours (Fig 2). Re-activation 48 hours after the initial
activation led to upregulation of IL-13 and IL-6 tran-
scripts (Fig 2), with exactly the same kinetics shown
for the initial activation.

Scanning electron microscopy of activated
mast cells

A resting mast cell exhibited a heterogeneous display of
membranous ridges (Fig 3, A). When the cells are sensi-
tized with IgE and exposed to specific antigen, they are not
activated in a synchronized manner—ie, the amounts of
time that it takes for the individual cells to undergo exocy-
tosis and recovery differ. Therefore, 30 minutes after the
addition of cross-linking stimuli we could identify cells at
different degranulation and recovery stages (Fig 3, B-H).
In Fig 3, B, a mast cell that had lost almost all of its sur-
face protrusions is shown. These protrusions could contain
its intracellular granules, inasmuch as it has been suggest-
ed that granule-plasma membrane fusions can be observed
during exocytosis.!3 In Fig 3, H, 2 cells that are probably
close to the completion of recovery are shown; membra-
nous ridges are present. Other photographs show interme-
diate stages of mast cell degranulation (Fig 3, C-F).
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Time-lapse analysis of mast cell recovery

To confirm that a single cell can recover from degran-
ulation, we used the technique of time-lapse photography
to follow 1 cell after its activation by IgE cross-linkage.
As shown in Fig 4, a degranulated cell with many mem-
branous activities (the cell at 2 o’clock in Fig 4, A and B)
becomes rounded and recovered. The process presented
in Fig 4 took 15 minutes.

DISCUSSION

In this report, we have demonstrated that mast cells can
repeatedly be activated to release B-hexosaminidase and
express cytokines. Furthermore, for the first time we demon-
strated, using time-lapse photography, mast cell degranula-
tion and recovery processes monitored consecutively in the
same cell. Through use of this technique we have provided a
direct proof that a mast cell can recover after the dynamic
process of degranulation; such a proof is not possible with
the technique of ordinary electron microscopy.

Mast cells are generally regarded as important effector
cells in inflammatory and allergic reactions, because
inflammation is characterized mainly by an influx of
leukocytes, edema, and higher permeability of the
microvasculature; this reflects at least partially the release
of chemical mediators derived from injured tissues in
which mast cells usually accumulate as a result of active
migration.!415 To regulate such inflammatory processes,
mast cells need to repeatedly release their cellular con-
tents, and this cannot be achieved without recovery and
regranulation. This process is thus one of the most impor-
tant features that mast cells possess pertaining to the reg-
ulation of the allergic and inflammatory processes.

In this report, we examined -hexosaminidase release
as well as mRNA expression kinetics of IL-13 and IL-6
during the initial and second activations to indicate that
mast cells really can upregulate the production of the
aforementioned mediators during their degranulation,
which can be triggered repeatedly after regranulation. Pre-
viously, it was reported that BMCMCs upregulate 1L-6
transcript levels as well as increase IL-6 and IL-13 release
after FceRI cross-linkage.!!:12 Here, we have shown that
both IL-13 and IL-6 gene expression levels were upregu-
lated in MCPS5/L cells on repeated bouts of IgE-mediated
activation. When cells are activated by IgE cross-linkage
for a second time, both B-hexosaminidase release and the
kinetics of IL-13 and IL-6 upregulation showed the same
pattern as in the initial activation (Figs 1 and 2), suggest-
ing that cells have undergone recovery and regranulation.

The mast cell line MCP5/L does not respond and release
as readily as BMCMC:s (Fig 1). One could argue that if
only 12% of the B-hexosaminidase release is achieved at
the initial activation of MCP5/L cells, it could be a differ-
ent cell population that is activated in the second round.
However, our data for BMCMC:s strongly suggest that the
same cell can be activated and release B-hexosaminidase
repeatedly. Because BMCMCs are not undergoing mitosis
and release approximately 75% to 80% on both rounds, it
is most likely that the same cells are involved.
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Mast cell degranulation is a tough and very dynamic
process that causes extensive morphologic changes in the
cell.34 The present study was intended to clarify whether
an individual mast cell, after cross-linkage of the high
affinity IgE-receptor, degranulates and then recovers.
Previously published studies using light and electron
microscopy have not been able to confirm this. By using
time-lapse photography we were able to study an indi-
vidual mast cell that had been activated and to document
that this cell recovered afterwards.

In conclusion, we have provided evidence that a mast
cell can be morphologically recovered, which is support-
ed by protein release as well as kinetics of cytokine tran-
script expression. The capacity of mast cells to undergo
several cycles of degranulation and regranulation is an
important feature of these cells in the induction and per-
petuation of an allergic reaction.
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