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Abstract. Mast cell activation involves the rapid
release of inflammatory mediators, including hista-
mine, from intracellular granules. The cells are
capable of regranulation and multiple rounds of
activation. The goal of this study was to determine if
there are changes in the content of pre-formed mast
cell mediators after a round of activation. After 24 h,
the histamine content of bone marrow-derived mast
cells (BMMC), but not that of peritoneal mast cells,
exceeded the amount in resting cells. Accumulation of

histamine in BMMC peaked at 72 h of activation, and
returned toward preactivation levels by 96 h. The
increase in histamine content was accompanied by an
increase in the gene expression of histidine decarbox-
ylase. No increases in 3 hexosaminidase or murine
mast cell protease-6 were observed. These findings
indicate that BMMC respond to activation by increas-
ing total cell-associated histamine content. This in-
crease may be important to the response of these cells
upon subsequent exposure to antigens.
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Introduction

Mast cells respond rapidly to activation by releasing
histamine and other pre-formed mediators from gran-
ules, by synthesis of leukotrienes and prostaglandins,
and by induction of cytokine and chemokine gene
transcription [1, 2]. Mast cells are activated by a wide
range of inflammatory stimuli such as bacteria, para-
sites, and multivalent allergens, which bind IgE mole-
cules that are precomplexed to high-affinity IgE
receptors on the mast cell surface. Activation and
degranulation are followed by regranulation, so that
the cells become responsive to rechallenge [3]. Mast
cells are long-lived and therefore it is possible for mast
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cells to undergo multiple activation events, such as
occurs during chronic inflammatory conditions. The
process of mast cell regranulation is not completely
understood. Changes in the total cellular content of
mast cell mediators after activation may affect their
response to sequential activation in a rapid time frame,
such as may occur in an ongoing immune response. To
study this process, total cell-associated histamine was
measured at various times after activation.

Histamine is a 111 Da, multifunctional, basic amine
that is stored in mast cell granules. By binding and
signaling through its four different receptors (H,, H,,
H;, and H,), it induces smooth muscle cell contraction,
increases vascular permeability, stimulates angiogen-
esis, and modulates T cell cytokine production [4-7].
Histamine is synthesized from histidine by a single
intracellular enzyme, histidine decarboxylase (HDC)
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[8-10]. The importance of histamine to mast cell
function is evident from HDC gene deletion experi-
ments. Mice deficient in HDC are unable to produce
histamine and have impaired mast cell development
and function [11, 12].

Histamine regulation in mast cells following their
activation is not well understood. In this study, we
examined changes in histamine content associated
with activation of bone marrow-derived mast cells
(BMMC) and peritoneal mast cells (PMC) following
cross-linking of the high-affinity IgE receptor or
following IgE-independent activation. We found that
BMMC responded to activation by a transient in-
crease in total histamine but no increase in another
granule component, -hexosaminidase. This transient
increase in histamine was preceded by an increase in
HDC gene expression.

Materials and methods

BMMC. Primary mast cells were cultured from
femoral and tibial bone marrow of female 6-8-
week-old C57BL/6J mice (Jackson Laboratories, Bar
Harbor, ME) in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma Chemical Co., St. Louis, MO)
supplemented with 10 % fetal calf serum (JRH Bio-
sciences, Lenexa, KS), 100 U/ml penicillin, 100 ug/ml
streptomycin, 10 mM N-(2-hydroxyethyl)-piperazine-
N’-2-ethanesulfonic acid (HEPES), 2 mM glutamine
(Mediatech, Herndon, Virginia), 50 uM 2-mercaptoe-
thanol (Sigma) (complete DMEM), 20 ng/ml murine
interleukin-3 (IL-3), and 50 ng/ml murine stem cell
factor (SCF) (R&D systems, Minneapolis MN). Non-
adherent cells were passaged every 5-6 days for
4 weeks (10 % CO, at 37°C). After 4 weeks in culture,
the cell population expressed characteristic morphol-
ogy of mast cells, and cultures contained greater than
95% KIT positive and IgE-binding cells as deter-
mined by flow cytometry (data not shown).

Mouse PMC. For experiments with mast cells ob-
tained from the peritoneum, C57BL/6J mice were
killed by inhalation of CO,. Peritoneal lavage was
collected by injecting 5ml 25 mM piperazine-1,4-
bis(2-ethanesulfonic acid) (PIPES) pH 7.2 buffer
containing 0.05 mM ethylenediaminetetraacetic acid
(EDTA) into the peritoneum, and recovering the
resident cells. The mixed peritoneal cells, which
contain mast cells, were cultured overnight in com-
plate DMEM supplemented with IL-3 (20 ng/ml) and
murine IgE (0.1 pg/ml) (clone SP-E/7, Sigma). For
some experiments, the mast cells were enriched from
other peritoneal cells by layering cells over a cushion
of 50% Percoll:PIPES EDTA (Sigma-Aldrich, St.
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Louis MO). After centrifugation (1290 rpm, 20 min),
the mast cells separated to the bottom of the Percoll,
and remaining cells were at the interface between the
Percoll and the PIPES-EDTA. Mast cell-enriched and
-depleted populations were separately cultured over-
night in DMEM as described above.

Mast cell activation. For BMMC experiments,
50 000 cells/well were activated with either 1 pg/ml
ionomycin (Sigma) or various concentrations of
dinitrophenol-bovine serum albumin (DNP-BSA)
added to 10% DMEM in a total volume of 0.2 ml.
Cultures were incubated overnight or for various
times, as indicated in Results, in 10 % CO,, 37°C. To
assess the amount of histamine released after a second
challenge, BMMC were activated for 24 h with murine
IgE directed against DNP (0.1 ug/ml) and DNP-BSA
(10 ng/ml), washed free of the activating agents, rested
overnight without activating agents, then rechallenged
with the IgE and DNP-BSA for 24 h. More than 90 %
of the BMMC were viable throughout the course of
activation as determined by their ability to exclude
trypan blue. For total peritoneal cells and enriched
mast cells from the peritoneum (PMC), 10 000 cells/
well were activated with either various concentrations
of antibody directed against IgE (BD Pharmingen,
San Jose CA) or the polycationic mast cell activator,
compound 48/80 (Sigma). For both BMMC and PMC,
cells were centrifuged (400 g, 10 min) after various
times in culture, and the products of mast cell released
into supernatants were collected. For determination
of total cell-associated histamine, cells were washed
free of supernatant, and total cellular content of
histamine was determined following lysis of the cells
in 200 pl 0.2 % Triton X-100. More than 90% of the
total peritoneal cells and enriched mast cells from the
peritoneum were viable throughout the 48 h of culture
as determined by their ability to exclude trypan blue.

B-hexosaminidase substrate assay. An enzymatic
assay was used to quantitate (3-hexosaminidase in
mast cell supernatants and total cell lysates. The f3-
hexosaminidase substrate, p-nitrophenyl-N-acetyl-f3-
D-glucosaminide (50 pl/well, 1.3 mg/ml in 0.08 M
sodium citrate pH 4.5; Sigma), was added to 10 pl
supernatant or lysate from mast cells and incubated at
37°C overnight. Sodium hydroxide (50 ul/well, 1 N)
was added to stop the reaction, and the absorbance at
405 nM was determined using a Spectramax 190 plate
reader (Molecular Devices, Sunnyvale, CA). Sponta-
neous release was determined by incubating cells with
PACM buffer alone. Percent of maximum release was
calculated compared to the total amount of 3-hexo-
saminidase from control cells lysate after treatment
with 0.2 % Triton X-100 using the following formula:
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Table 1. Primers used for semi quantitative RNA analysis of BMMC

Gene Forward primer Reverse primer probe

GAPDH CGTGTTCCTACCCCCAATGT GTCATCATACTTGGCAGGTTTCTC CGTGGATCTGACGTGCCGCC
B-hexos- TCACTGACCTAGAAAATGCC  TCCACGGCTGACCATTCTG CGACTGGCCGTGCACCGC
aminidase TACAA

mMCP-6 TGGGACCGCACATCAAAAG AGGAGCTGGTCCCCATAGTATAGA ACAGCTCTTCCGGGTGCAGCT
HDC AACCCCATCTACCTCCGACAT AACCCCATCTACCTCCTCCGACAT CCAACTCTGGTGCAGCCACGGAC

% maximal [} hex release = [(sample — background)/
(total cell lysate — background)] x 100.

Histamine detection assay. The histamine concentra-
tion of various samples was determined using a
competition-type enzyme-linked immunosorbent
assay (ELISA) kit purchased from ImmunoTech
(Beckman Coulter, Fullerton, CA), according to the
manufacturer’s instructions. Mast cell supernatant or
lysate samples from various stimulation and incuba-
tion conditions were assayed in replicates of three to
five. Statistical analysis was performed by Student’s ¢-
test. Values of p < 0.05 were considered significant.
The limit of assay detection was 3 nM.

Proliferation. BMMC (50 000 cells/well) that were
treated under the same FceRI cross-linking or ion-
omycin activation conditions described previously
were assayed for proliferation by two methods. In
the first method, cells were incubated with 0.5 pCi/
well [*H]thymidine (Amersham, Piscataway, NJ) for
6 h. Cells were then washed and cell lysate was
collected on a filterplate. A trilux P plate reader
(PerkinElmer, Boston, MA) was used to quantitate
incorporated [*H]thymidine. In the second method of
proliferation measurement, BMMC from cultures
treated by FceRI cross-linking or ionomycin were
counted daily using a hemocytometer.

Densitometric analysis. The density of mast cell
granule content was evaluated using LaserPix image
analysis software (Bio-Rad, Hercules, CA). Mast cells
were activated by IgE receptor cross-linking, harvest-
ed at various time points post activation, and spun
onto microscope slides using a Cytospin (Thermo
Fisher Scientific, Waltham, MA), and stained with
Wright-Geimsa. Thirty individual cells per time point
were defined as areas of interest, and relative inte-
grated optical density (IOD) was quantitated for each
cell.

Quantitative real-time PCR. Gene expression levels
in various BMMC cultures were measured using
quantitative (q) real-time RT-PCR. Cells (10 ml,
5 x 10° cells/ml) from resting or FceRI cross-linked

BMMC cultures were harvested by centrifugation
(400 g, 10 min). RNA was prepared using an RNeasy
kit, following the manufacturer’s instructions (Qiagen,
Valencia, CA). The GenBank accession numbers for
each gene analyzed by qRT-PCR were: murine glycer-
aldehyde-3-phosphate  dehydrogenase (GAPDH;
AK132984), B-hexosaminidase (NM010422), murine
mast cell protease-6 (mMCP-6; NMO010781), and
HDC (NMO008230). Oligonucleotide primers and
probes were designed using Primer Express software
(Applied Biosystems Division of Perkin-Elmer, Fos-
ter City, CA) and synthesized by Eurogentec (San
Diego, CA). The primer and probe sequences are
shown in Table 1. Probes were labeled on the 5" end
with the reporter dye, 6-carboxyfluorescein (FAM)
and on the 3’ end with the quencher dye 6-carboxy-
tetramethylrhodamine (TAMRA), and HPLC puri-
fied (Eurogentec). A Prism 7000 Sequence Detection
System (Applied Biosystems) thermocycler instru-
ment was used for reverse transcription followed by 40
PCR cycles. Reactions used buffer provided by the
manufacturer (Eurogentec MasterMix buffer) and
contained Thermus aquaticus (Taq) DNA polymerase
with 5" nuclease activity, 0.25 U/uLL. RNase inhibitor,
and 300 nM each of forward primer, reverse primer
and probe. Reporter fluorescence threshold cycle (Ct)
values were plotted versus a sixfold serial dilution of
each RNA sample. The standard curve for each gene
of interest was used to determine the relative amount
of target sequence in the RNA from resting and
activated BMMC and each was normalized to the
relative amount of GAPDH. Relative gene expression
was reported as a fold difference between resting and
degranulated BMMC. The fluorescence signal for
each unknown sample was detected within the sixfold
serial standard range of each gene.

Results

Activation of BMMC increases cell-associated hista-
mine. To examine effects of mast cell activation on
cell-associated histamine content, BMMC were acti-
vated with ionomycin (1 pg/ml). Mast cell degranula-
tion occurs within minutes, but for these experiments,
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to allow for the full extent of degranulation, and to
allow cells to recover from degranulation, the released
histamine was measured 24 h later. As expected,
ionomycin treatment resulted in the release of pre-
formed histamine, whereas only a low amount of
histamine was released from resting cells (Fig. 1A).
The total cellular histamine content was measured
after lysing cells with 0.2 % Triton X-100. Surprisingly,
the amount of cell-associated histamine in the ion-
omycin-treated BMMC was increased 12-fold com-
pared to that in resting BMMC (Fig. 1C). To deter-
mine if other mast cell activation methods also
induced an increase in total cell-associated histamine,
BMMC were subjected to FceRI cross-linking. After
24 h, histamine content in supernatants and cells was
quantitated and compared to that in resting BMMC.
Released histamine increased relative to control cells,
as expected (Fig. 1B) and cell-associated histamine
increased 3-fold (Fig. 1D). Thus, total BMMC hista-
mine content is increased following activation by
FceRI-dependent and -independent methods. This
response to activation was studied in more detail.
Histamine released from BMMC was dependent on
the dose of DNP-BSA added to cross-link FceRI and
showed a characteristic bell-shaped curve (Fig. 2A).
The increase in the total cell-associated histamine that
occurs 24 h following activation of BMMC is also
dependent on the concentration of DNP-BSA added
to cross-link FceRI (Fig. 2B). BMMC treated with the
lowest dose of DNP-BSA tested, 0.3 ng/ml, showed a
small but significant increase in total cell-associated
histamine concentration (1.4-fold increase). The max-
imal histamine accumulation occurred at 3 ng/ml, the
same dose that was optimal for histamine release. The
increase in total cell-associated histamine was dose
dependent, with maximal cell-associated histamine
increased 4.5-fold relative to resting cells.

To determine the kinetics of cell-associated histamine
accumulation, and to investigate activation effects on
amounts of another granule component, cell-associ-
ated histamine content was measured at several time
points following BMMC activation and compared to
the content of PB-hexosaminidase. The histamine
released from FceRI-activated mast cells was
83 + 14 ng/10° BMMC 15 min after activation and
reached a maximum of 183 + 21 ng/10° BMMC at 48 h
(Fig. 3A). As expected after degranulation, cell-asso-
ciated histamine at 15 min (91 + 15 ng/10°) and 1h
(91 & 11 ng/10°) was decreased compared to resting
BMMC (272 + 38 ng/10°) (Fig. 3B, inset). At 4 h after
activation, the total cell-associated histamine amount
recovered was no different from the amount in resting
cells. After this point, the cell-associated histamine
continued to accumulate in activated cells. At 24 h
after activation, the amount of histamine in activated

BMMC histamine content increases after activation

(] *
£ 20000 o . 200, g T
w
8= 1500 150
£ O 1
3“&_ 1000 100
2 500 50
2\.’
g TP g -
= [ = —
g £ § £
(4 e (4 =
e g
(3]
2
&
L.
Q
£
§ 4000, o . *
2w
T = 3000
Q
T o
2o 2000
s2
8% 1000
g
< -
= £ 'S
3 g £
& g
S

FcgRI crosslinking

Figure 1. Activation increases BMMC total cell-associated hista-
mine content. Histamine released into supernatants was quanti-
tated 24 h after culture in IL-3/SCF plus, either (A) without
(resting), or with 1 pg/ml ionomycin, or (B) with FceRI cross-
linking (100 ng/ml anti-DNP IgE and 3 ng/ml DNP-BSA). Cells
were washed free of supernatant, and total cellular content of
histamine was determined following lysis of the cells with 0.2%
Triton X-100 after 24 h culture with IL-3/SCEF, either (C) without
(resting), or with ionomycin, or with (D) FceRI cross-linking. Data
are shown as mean £ SD of five replicates per point. * p < 0.05.

cells (726 & 19 ng/10° BMMC) exceeded that in rest-
ing cells (258 + 9 ng/10° BMMC) cultured for the
same amount of time (Fig. 3B). At 72 h after activa-
tion, cell-associated histamine reached a peak value
that was 12-fold increased compared to resting
BMMC. By 96 h, the cell-associated histamine had
diminished, but was still significantly higher than
found in the control resting cells (Fig.3B). The
increased histamine remained cell-associated, and
was not released into the supernatant (Fig. 3A). In
contrast to the increased cell-associated histamine
content, there was no significant change in -hexosa-
minidase activity relative to resting cells at any time
point (Fig. 3C). The lack of a parallel increase in the
quantity of the granule enzyme, -hexosaminidase,
suggests that the increased histamine content is not a
consequence of increased granule number or overall
accumulation of granule components.
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Figure 2. Accumulation of histamine in BMMC is dependent on
DNP-BSA concentration. BMMC were cultured in IL-3/SCF alone
(0 DNP-BSA) or presensitized with IgE and cultured 24 h with the
indicated concentrations of DNP-BSA. (A) Histamine released
into supernatants was quantitated over the dose titration of DNP-
BSA. (B) Cells were washed free of supernatant, and total cellular
content of histamine was determined following lysis of the cells
with 0.2% Triton X-100. Data shown are mean + SD of five
replicates per point. * p < 0.05.

Increased cell-associated histamine is not due to mast
cell proliferation or granule accumulation. Several
experiments were done to further investigate the
increase in BMMC histamine content that occurred
24-96 h after activation. We considered that an
apparent accumulation of cell-associated histamine
after BMMC activation could be secondary to pro-
liferation. Within the 96-h time frame of these experi-
ments, however, there was no evidence that activation
of mast cells induced their proliferation. Consistent
with previous reports [13, 14], there was only minimal
incorporation of [*H]thymidine in cultured cells and
no differences between resting and activated cells
(data not shown). In addition, there was no difference
in cell number between cultures of resting BMMC and
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Figure 3. Time course of histamine accumulation after activation;
total cell-associated amounts of histamine and -hexosaminidase.
BMMC were cultured with IL-3/SCF and activated by FceRI cross-
linking (100 ng/ml anti-DNP IgE and 3 ng/ml DNP-BSA) (A) or
not activated () for the times indicated. (A) Histamine released
into supernatants was quantitated at each time point. Cells were
washed free of supernatant, and total cellular content of histamine
(B) or p-hexosaminidase (C) was measured following lysis of the
cells with 0.2% Triton X-100. (B, inset) Total cell-associated
amounts of histamine after 15 min, and 1 and 4 h after activation
(&) compared to the same culture times for unactivated BMMC
(H). Data shown are mean + SD of five replicates. * p < 0.05
compared to resting.

activated BMMC, up to 96 h after activation (data not
shown). The lack of a proliferative response by
BMMC following activation suggests that the increase
in histamine content measured in these cultures is not
due to an increase in the number of mast cells.

Histamine accumulation following activation might
also be secondary to an accumulation of mast cell
granules. To test this possibility, we visualized BMMC
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granules by staining with Wright-Geimsa dye. Nearly
all cells in the resting cultures contained granules,
comparable in size and density per cell (Fig.4A).
Hours after FceRI cross-linking, BMMC had granule
content that appeared sparser and lighter in staining
than those of resting cells, consistent with mast cell
degranulation. Densitometric analysis showed a sig-
nificant decrease in granule density at 1, 3, and 24 h,
and no difference compared to resting cells at 48 h
(Fig. 4B). Even though total cell-associated histamine
was increased 8-12 fold by 48 h post activation,
granule content was not increased relative to that
found in resting cells.
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Figure 4. (A) Light microscopic photos of BMMC at time 0, and at
1, 3,24, and 48 h post activation by IgE receptor cross-linking. Cells
were centrifuged onto a slide and stained with Wright-Giemsa dye.
(B) Densitometric analysis of mast cell granule content, measured
as integrated optical density (IOD), for 30 individual cells per time
point, using LaserPix software. Median values for the 1-, 3-, and 24-
h time points were significantly different than time 0 (p < 0.005 by
t-test).

Increased cell-associated histamine correlates with
HDC induction. Histamine is synthesized by HDC,
which is associated with mast cell granules [15]. The
relative gene expression of HDC and two other
granule components, -hexosaminidase, and murine

BMMC histamine content increases after activation

mast cell protease-6 (mMCP-6), was compared be-
tween resting and activated BMMC. Since gene
induction is expected to precede protein expression,
RNA was prepared from cells 1.5 h following FceRI
cross-linking and compared to RNA prepared from
BMMC that were incubated with IgE but no DNP-
BSA. The relative gene expression was measured by
gRT-PCR and normalized to GAPDH. The relative
gene expression for f-hexosaminidase was not differ-
ent between resting and activated BMMC (Fig. 5).
This finding is consistent with the lack of difference in
the enzymatic activity of f-hexosaminidase between
resting and FceRI cross-linked BMMC (Fig. 3C).
Similarly, there was no change in gene expression of
another predominant granule enzyme, mMCP-6
(Fig. 5). In contrast, there was a significant increase
in HDC gene expression in FceRI-cross-linked
BMMC compared to resting cells, indicating that the
mechanism for an increase in cell-associated hista-
mine after mast cell degranulation may involve a rapid
increase in HDC transcription (Fig. 5).

B-hexosaminidase mMCP-6 HDC
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Figure 5. BMMC activation increases expression of HDC but not
other granule components. Relative mRNA expression is shown
for resting BMMC (open bar) and for BMMC activated for 1.5 h by
FceRI cross-linking (100 ng/ml anti-DNP IgE and 3 ng/ml DNP-
BSA) (filled bars). RT-PCR measurements were normalized to
GAPDH for: -hexosaminidase, nMCP-6, and HDC, as indicated.
Data are shown as mean + SD of three replicates.

Histamine release after BMMC rechallenge.
Throughout the time course of the experiments
described previously, BMMC were continuously ex-
posed to activating agents. To address whether
BMMC are capable of releasing additional histamine
under conditions of increased cell-associated hista-
mine, BMMC were challenged with DNP-BSA for
24 h, washed free of the activating agents, rested
overnight, and then rechallenged for 24 h. Resting
BMMC (buffer, Table 2) had 190 4 16 ng/10° cells of
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Table 2. Released and cell-associated histamine in BMMC after one or two rounds of challenge.

Treatment for 24 h Histamine (ng/10° cells) Rechallenge for 24 h Histamine (ng/10° cells)
Released Cell associated Released Cell associated
Buffer 14 +4 190 + 16 Buffer 12.8 £ 8.4 258 +£9.1
DNP-BSA 106 + 61 534 +189
DNP-BSA 125 +£24 494 + 214 Buffer 35+12 523 + 106
DNP-BSA 126 £+ 30 1154 + 181

Histamine was measured 24 h after BMMC were activated with either buffer or 10 ng/ml DNP-BSA on day 0. Cells were washed free of the
DNP-BSA, rested overnight, and released and cell-associated histamine was measured 24 h after rechallenging the cells with a buffer

control or DNP-BSA. Data shown are mean + SD of four replicates.

cell-associated histamine. Cells activated for 24 h had
494 4214 ng/10° cells of cell-associated histamine
(Table 2). BMMC that were challenged for 24 h,
rested overnight after washing away excess DNP-
BSA, and then rechallenged with DNP-BSA for 24 h
had 1154 + 181 ng/10° cells of cell-associated hista-
mine. This was about the same amount as BMMC with
continuous challenge for 48 h (Fig. 2B). Although the
cell-associated histamine in activated BMMC was
increased, there was no increase in the amount of
histamine that was released from the rechallenged
cells (126 4 30 ng/10° cells) compared to cells activat-
ed for the first time (125 4 24 ng/10° cells) (Table 2).

Total cell-associated histamine of PMC does not
increase in response to activation. BMMC are an in
vitro model of what may be considered an immature or
mucosal mast cell phenotype, whereas mast cells
located in the mouse peritoneum (PMC) have features
of mature connective tissue mast cells. PMC store
more histamine in their granules than BMMC [16].
Having observed increased histamine content in
BMMC following activation, we asked whether the
same phenomenon occurred in PMC. Unfractionated
mouse peritoneal cells were activated by cross-linking
the FceRI with anti-IgE, or activated in an IgE-
independent manner with compound 48/80. Released
and total cell-associated histamine was quantitated
24 h later. As expected, histamine was released from
the peritoneal cell population following activation
with FceRI cross-linking or compound 48/80
(Fig. 6A). In contrast to BMMC activation, neither
FceRlI-cross-linking nor compound 48/80 treatment
induced an increase in the total cell-associated hista-
mine content of the peritoneal cell population
(Fig. 6B). The lack of increase in cell-associated
histamine following PMC activation is consistent
with previous studies [17, 18].

To investigate this response to activation more fully,
and to address whether the lack of increased total cell-
associated histamine in peritoneal cells was due to the
presence of other cell types, mast cells were enriched
over a cushion of Percoll and examined for released
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Figure 6. PMC do not accumulate total cell-associated histamine
following activation. (A) A mixed cell population of PMC were
cultured for 24 h in IL-3/SCF, (resting), or with FceRI cross-linking
(100 ng/ml anti-IgE and 1 pg/ml IgE) or with 90 pg/ml compound
48/80. Histamine released into supernatants. (B) Cells were washed
free of supernatant, and total cellular content of histamine was
measured following lysis of the cells with 0.2 % Triton X-100. Light
microscopic photos of total cells from (C) mouse peritoneum and
(D) enriched PMC. Cells were centrifuged onto a slide and stained
with Wright-Giemsa dye. The PMC enriched to >98 % mast cells
were cultured for 24 h in IL-3/SCEF, plus (E, F) 100 ng/ml IgE and
increasing concentrations of anti-IgE to cross-link FceRI (0-10 pg/
ml anti-IgE) or (G, H) increasing concentrations of compound 48/
80 (0-810 ug/ml). (E, G) Histamine released into supernatants. (F,
H) Cells were washed free of supernatant, and total cellular content
of histamine was measured following lysis of the cells with 0.2%
Triton X-100. Data shown are means £ SD of triplicates.
*p < 0.05.
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and total cell-associated histamine following activa-
tion. Total cells in the peritoneum contain approx-
imately 5% mast cells (Fig. 6C) and PMC recovered
from a Percoll cushion were enriched to >98%
(Fig. 6D). The mast cell-depleted fraction did not
release histamine in response to activation and no
histamine was detected in the total cell population
(datanot shown). The enriched PMC responded in the
same way to activation as mast cells in unfractionated
peritoneal cells. The enriched PMC released hista-
mine after FceRI cross-linking in a dose-dependent
manner, and maximal release of histamine occurred at
0.1 pg/ml anti-IgE antibody (Fig. 6E). No concentra-
tion of anti-IgE induced an increase of cell-associated
histamine from the enriched PMC (Fig. 6F). Instead,
the doses of anti-IgE that stimulated histamine
release, starting at 0.1 pg/ml, produced a correspond-
ing significant decrease in total cell-associated hista-
mine content. The amount of histamine released plus
the total intracellular amount of histamine in the
mixed peritoneal cell population following activation
was approximately equivalent to the total histamine
content in resting cultures, indicating that no addi-
tional histamine appeared to be induced. To further
characterize histamine amounts in PMC, cells were
activated in an FceRI-independent manner using the
polyamine compound 48/80. As expected, treatment
with increasing concentrations of compound 48/80
from 0 to 810 pg/ml resulted in a dose-dependent
release of histamine into the supernatant (Fig. 6G).
Similar to FceRI-dependent activation, no concen-
tration of compound 48/80 induced an increase in the
total cell-associated histamine amounts (Fig. 6H).
Thus, unlike BMMC, PMC do not respond to activa-
tion by increasing the amount of cell-associated
histamine.

Discussion

In this study, we show that between 24 and 96 h after
activation, the histamine content of BMMC is replen-
ished to an amount exceeding that in preactivated
cells. Histamine is a basic amine that is stored in
basophil and mast cell cytoplasmic granules and is
released from these intracellular stores upon activa-
tion by a number of inflammatory stimuli, including
agents that cross-link the high-affinity IgE receptor.
Histamine contributes to symptoms of atopic diseases,
anaphylaxis, and urticaria, has T cell immunomodu-
latory activity, and may support immune responses
against bacteria [5, 6, 19]. The extent to which
histamine is replenished in mast cells following a
round of activation and degranulation provides insight
into the functional capacity of a mast cell in an

BMMC histamine content increases after activation

environment supporting sequential rounds of activa-
tion. The increase in total cell-associated histamine
content suggests enhanced functional capabilities for
mast cells in an ongoing immune response. Following
the initial release of histamine that occurs within
15 min after activation, a further increase of histamine
was released and reached a plateau 48 h after activa-
tion.

The direct correlation between the dose response of
DNP-BSA required for both histamine release and an
accumulation of cell-associated histamine suggests the
increase in cell-associated histamine is due to activa-
tion. BMMC activation induces expression of HDC,
the rate-limiting enzyme for histamine production.
The magnitude of this increase in HDC transcription
is comparable to that of histamine production. Tanaka
et al. [20, 21] previously demonstrated a transient
increase in HDC transcript and protein content
following activation of BMMC with monomeric IgE,
in the absence of IgE receptor cross-linking. Although
the effect of this treatment on total cell-associated
histamine content was not reported, the observation
that cross-linking and thus degranulation were not
required raises the possibility that ‘stored’ and ‘indu-
cible’ histamine may have distinct biological roles
[22]. The short-term increase in histamine may be due
to a transient increase in HDC, leading to a transient
increase in histamine. A transient increase in cell-
associated histamine may allow mast cells to respond
to multiple immunological challenges such as occur
under conditions of inflammation. Because the nature
of the increased cell-associated histamine is transient,
the heightened response by mast cells resolves and
these long-lived cells do not remain in a heightened
response state.

The transient increase in cell-associated histamine
following activation is consistent with an earlier
observation showing no difference in cell-associated
histamine 12 days after BMMC activation compared
to unactivated cells [13]. The reduction in cell-
associated histamine 72-96 hours post activation
was not due to histamine release from the cell during
this time frame. One possibility for the decrease is that
the cell-associated histamine in BMMC is metabo-
lized by the same cytoplasmic enzymes that metabo-
lize histamine in tissues, histamine-N-methyl trans-
ferase (HMT) and diamine oxidase (DAO) [23, 24].
Mast cells and basophils are the only cell types that
store histamine; however, other cell types can be
induced to produce histamine. Neutrophils produce
histamine in response to Mycoplasma [25]. In bone
marrow progenitor cells [26] and macrophages [27],
histamine is synthesized and stored in the cytoplasm
and not in granules. Although cytoplasmic histamine
has not been reported in mast cells, it is possible that
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the increased histamine observed in the BMMC
examined in the present study is not stored in granules,
but may be cytosolic. This is consistent with our
findings that higher amounts of histamine were not
released upon rechallenge, that BMMC granule
number did not increase, and that other granule
constituents (§ hexosaminidase and mMCP-6) did not
accumulate under conditions associated with in-
creased histamine. Accumulation of cytosolic hista-
mine may give the cells additional effector capability
against intracellular pathogens such as Mycoplasma.
Mast cells directly recognize mycobacteria and are
required for protection against these intracellular
pathogens [28]. Cytosolic histamine in neutrophils has
been shown to be important for innate immunity
against Mycoplasma, and cytosolic histamine could
play a similar role in mast cells [25]. Further experi-
ments are needed to confirm if the high quantity of
histamine observed in the present study includes
histamine stored in the cytoplasm or in granules, or if it
is associated with the cell surface.

Mast cell activation is associated with the release of an
array of mediators, including histamine, proteolytic
enzymes, leukotrienes, prostaglandins, cytokines, and
chemokines, within a rapid time frame [1, 29]. The
histamine accumulation response that we observed
became apparent as early as 24 h post activation, and
peaked at approximately 72 h post activation. This
suggests the possibility that released mediators acting
back on the mast cell could drive the histamine
accumulation response. For example, GM-CSF, which
may be produced by BMMC, has been reported to
induce HDC gene transcription in U937 human
monocytes [30]. An alternative possibility is that a
signaling pathway triggered by the initial cell surface
activation event leads to histamine accumulation. This
interpretation would be consistent with the induction
of HDC following stimulation of BMMC with mono-
meric IgE [20, 21], which would be expected to
activate signaling pathways but would not trigger
release of the full complement of mast cell mediators.
Because of the complexity of mediator release asso-
ciated with mast cell activation, as well as the
complexity of signaling responses triggered down-
stream of IgE receptor cross-linking [29, 31], precise
identification of the mechanism responsible for this
phenomenon must await further study.

The increase in total cell-associated histamine ob-
served in BMMC does not occur in PMC. All mast
cells are derived from a common progenitor in the
bone marrow [32]. They circulate to tissues where
they undergo maturation and take on different
characteristics, dependent on the surrounding tissue
environment [33]. Mast cells derived from bone
marrow in vitro have features of mucosal or immature
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connective tissue-type mast cells (CTMC) and PMC
have features of mature CTMC [34-38]. BMMC and
PMC differ in the composition of their granule
constituents. PMC store more histamine in their
granules than BMMC, and they contain higher
amounts of heparan sulfate proteoglycan in their
granules compared to BMMC [16], whereas BMMC
granules are abundant in chondroitin sulfate proteo-
glycan [2]. Differences have been noted between
BMMC and PMC in other phenotypic and activation
responses. CTMC but not BMMC respond to the
polybasic amine-activating agent, compound 48/80.
The amount of histamine in resting PMC in the
present study was about four times greater than the
amount in resting BMMC, consistent with previous
reports [16, 38]. The total amount of histamine
released from the enriched PMC under maximal
activation conditions was greater than the total
amount released after maximal activation of
BMMC, comparable to the greater histamine content
of resting PMC. However, unlike the response in
BMMC, activation of PMC did not induce an increase
in the total amount of cell-associated histamine from
either FceRI-dependent or -independent activation.
The lack of an increase in the total cell-associated
histamine of mouse PMC 24 h after activation is
consistent with previous reports that also show no
increase in the total cell-associated histamine content
of PMC co-cultured with 3T3 fibroblasts and activated
between 1 and 14 days [17, 18]. Although PMC do not
respond to activation by increasing their total cell-
associated histamine content, the cells remain respon-
sive to rechallenge [17, 18]. The differences in total
histamine content following activation observed be-
tween PMC and BMMC may be related to differences
in the functional capacities of these mast cell types.
In support of our observations with BMMC, Castella-
ni et al. [39, 40] have recently reported that human
umbilical cord blood-derived mast cells have in-
creased levels of HDC transcript following IgE
receptor cross-linking. One advantage of producing
more histamine following activation may be to
prepare for subsequent rounds of activation. One
round of activation may serve as an inflammatory
sensor so that the cells escalate their response upon
reactivation. The increase in mast cell histamine
content following a round of activation may yield
new insights into mast cell functions during allergic
reactions, wound healing, and host defense against
pathogens, under conditions in which multiple rounds
of mast cell activation are expected to occur.
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