
CA). Perinuclear stalning was confirmed by coun- 
terstaining with propidium iodide. 

16. Because most cell deaths (109 out of 131) occur 
4 to 8 hours after fertilization (9), a heat shock 
was given to embryos at about 1 hour of devel- 
opment. Early embryos from hsbcl-2 parents 
were collected from adults that had been cut 
open with a needle The embryos were allowed 
to develop until early gastrulation (30 min at 
20°C) and subjected to a heat shock (15 mln for 
33°C). The embryos were allowed to develop 
until the end of morphogenesls (7 to 9 hours at 
20°C) Individual embryos were placed on an 
agar pad and photographed using Nomarskl 
optics microscopy (9). 

17 Only some embryos from hslacZ and hsbcl-2 
parents carry transgenic sequences, correspond- 
ing to the fractlon of progeny inheriting an extra- 
chromosomal array. In these cases, the roi-6 
marker gene was used to determine the genotype 
of each embryo; embryos-that grew into adults 

with a roller phenotype or that segregated prog- 
eny with a roller phenotype were scored as trans- 
genic Some animals died due to the heat shock 
treatment, and the data from these animals were 
not included in this experiment. 

18. M. 0. Hengartner, R.  E. Ellis, H. R.  Horvitz, Nature 
356, 494 (1 992) 

19. J Y Yuan and H. R. Horvitz, Dev. Biol. 138, 33 
(1 990) 

20. We thank E Stringham and P Candido for the 
heat shock vectors, C. Mello for the rol-6 vector, 
M. Cleary for the bcl-2 cDNA, and A. Villeneuve 
for comments. Supported by grants from the 
Lucille P. Markey Charitable Trust, the Searle 
Scholars Programnhe Chlcago Community Trust, 
NIH, and HHMI. D.L.V. is an AustralIan Visitlng 
Fellow of the Lucille P. Markey Charitable Trust 
and S K.K is a Lucille P. Markey Scholar and a 
Searle Scholar. 

16 October 1992; accepted 20 November 1992 

Neutrophil Recruitment by Tumor Necrosis Factor 
from Mast Cells in Immune Complex Peritonitis 

Yan Zhang, Bernard F. Ramos, Barbara A. Jakschik* 
During generalized immune complex-induced inflammation of the peritoneal cavity, two 
peaks of tumor necrosis factor (TNF) were observed in the peritoneal exudate of normal 
mice. In mast cell-deficient mice, the first peak was undetected, and the second peak of 
TNF and neutrophil influx were significantly reduced. Antibody toTNFsignificantly inhibited 
neutrophil infiltration in normal but not in mast cell-deficient mice. Mast cell repletion of the 
latter normalized TNF, neutrophil mobilization, and the effect of the antibody to TNF. Thus, 
in vivo, mast cells produce the TNF that augments neutrophil emigration. 

Leukocyte-endothelial cell interaction is a are correlated in human skin organ cultures 
pivotal event in leukocyte emigration from exposed to morphine (3). Mast cells can 
the intravascular to the interstitial space also generate various other cytokines, in- 
during inflammation. TNF-a enhances cluding IL-1 (4). These cells are strategical- 
neutrophil adhesion to endothelial cells in ly located in high density around blood 
vitro. This is due, in part, to the expression 
of the adhesion proteins E-selectin (ELAM- 
1) and ICAM-1 by endothelial cells. The 
same cytokine also stimulates various cell 
types to release the neutrophil chemotac- 
tant interleukin-8 (IL-8). TNF-a also 
seems to be directlv chemotactic to certain 
leukocytes, producing the up-regulation of 
inteerin ex~ression on the cell surface of - 
leukocytes as well as the activation of these 
cells (1). Macrophages, neutrophils, T lym- 
phocytes, natural killer (NK) cells, and 
mast cells can be stimulated to synthesize 
TNF-a (1). However, only mast cells store 
TNF-a in their granules. Activated mast 
cells. therefore. release TNF-a immediatelv 
from preformed stores and later release new- 
ly synthesized TNF (2). This suggests that 
TNF-a derived from mast cells may partic- 
ipate in the early phase of inflammation. 
Mast cell degranulation, TNF-a, and venu- 
lar endothelial cell expression of E-selectin 
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vessels, especially postcapillary venules, 
which are the principal sites of plasma flux 
and leukocyte transmigration into the in- 
terstitium. Mast cells are involved in neu- 
trophil elicitation, plasma exudation, ede- 
ma and fibrin de~osition in reverse Arthus 
reaction [which is characterized by general- 
ized antigen-antibody complex formation 
(5-7)] and antibody-mediated basement 
membrane injury (8, 9) in the skin, and 
neutrophil influx in thioglycollate- and im- 
mune complex-induced peritonitis (1 0, 
1 1). Mast cells are also involved in inflam- 
mation induced by phorbol myristate ace- 
tate and substance P (12, 13) and in anti- 
gen-induced arthritis ' (1'4). ' The present 
studv shows the significance of mast cell- 
generated TNF-a -in the recruitment of 
neutrophils in immune complex-mediated 
inflammation. 

Reverse passive Arthus reaction in the 
peritoneal cavity (intravenous injection of 
antigen and intraperitoneal injection of 
antibody) of mast cell-deficient WBB6F,- 
W/Wv (W/Wv) mice and their congenic 
controls, WBB6F1-+I+ (+I+), was cho- 
sen as the model of inflammation for the 
evaluation of the release and role of TNF- 
a, with mast cells as the possible source of 
TNF-a. Neutrophil accumulation was 
time-dependent and reached a maximum at 
6 hours in both sets of mice (Fig. 1). 
However, the leukocyte influx was reduced 
in W/Wv mice, and in +I+ mice significant 
neutrophil infiltration was observed earlier 
(15 min) than in the W/Wv mice (30 min). 
Mast cells seemed to account for at least 
40% of the neutrophil response. Correction 
of the mast cell deficiency of W/Wv mice 

Fig. 1. Neutrophil influx in peritoneal reverse 
passive Arthus reaction in normal and mast 
cell-deficient mice. WBBGF,-WW (0), normal 60 - 

congenic control WBB6F,-+I+ (@) (21), and 
mast cell-reconstituted W W  (A) (11) mice - 
were anesthetized with pentobarbital (40 to 50 
mg per kilogram of body welght, ~ntraperitone- a 
ally) and intravenously injected with chicken @ 

ovalbumin (20 mgikg). The mlce were then 
immediately injected (intraperitoneally) with $ 
rabbit immunoglobulin G (IgG) to chicken oval- ;; - 

bumin (800 k g  per mouse) or phosphate-buff- Y, 
ered saline (PBS). At the times Indicated after 5 
challenge, mice were asphyxiated with CO,, 6 20 and their peritoneal cavity lavaged with 1 ml of a 
PBS containing 0.1% bovine serum albumin. 
The protocol used in the care of the mice was in 
accordance with institutional guidelines. The 
peritoneal fluid was centrifuged at 2009 for 10 
min. Neutrophil influx was evaluated by mea- I \\ I I I 

surement of myeloperoxidase (MPO) actlvity \\ 
1 2 4 6 8 

calorimetrically in the cell lysate (22). The num- Hours 
ber of neutrophils present was determined from 
a standard curve of MPO activity of known numbers of neutrophils (obtained from peritoneal 
exudate after 6 hours of reverse Arthus reaction). MPO activity in peritoneal cells of PBS-treated 
mice was equivalent to 0 7 x l o 6  neutrophils. Data are expressed as mean + SEM (n = 3 to 6); * P  
< 0.01, comparison of +!+ and W W  mlce at the respective time points, as determined by the 
Student's t test. 
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Hours 

Fig. 2. TNF accumulation in the peritoneal 
cavity. Cell-free supernatants of the lavage 
fluid, obtained from +/+ (@) and W W  (0) 
mice treated as ~n Fig. 1, were assayed for TNF 
by a cytotoxicity assay (23), and the units of 
TNF present were determined by comparison 
to the activity of TNF-a standard. The zero time 
point represents measurements from PBS- 
treated mice. Data are represented as mean 2 

SEM (n = 3 to 6); * P  < 0.05 and * * P  < 0.005, 
comparison of +I+ and W W  mice at the 
respective time points, as determined by the 
Student's t test. 

normalized neutrophil recruitment (Fig. 1). 
Adoptive transfer of mast cells corrects only 
the mast cell deficiency and no other ab- 
normality of W/W" mice (1 I ,  15). These 
findings confirm our previous observation 
that mast cells promote neutrophil elicita- 
tion during inflammation induced by im- 
mune complexes (5, 8, 11). Mast cells seem 
to be recruited early in the reaction by 
com~lement (1 6). which is activated dur- 

~ . ,  
ing reverse Arthus reaction (1 7). 

We evaluated TNF-a release by measur- 
ing TNF activity in the peritoneal fluid. In 
+/+ mice, two peaks of cytotoxic activity 
were observed (Fig. 2). The initial peak (5 
min) declined by 15 min, but TNF activity 
remained elevated. A second peak of great- 
er magnitude than the first one occurred 
between 4 to 8 hours after challenge. In the 
exudate from W/Wv mice, the early peak 
was absent, and the late peak was reduced 
by 60% (Fig. 2). Mast cell reconstitution of 
W/Wv mice restored the cytotoxic activity 
at 5 min and 8 hours after challenge, as 
compared to the activity in +/+ mice (Fig. 
3). The cytotoxic factor in the peritoneal 
exudates of +I+, W N " ,  and mast cell- 
repleted W/Wv mice was confirmed immu- 
nologically to be TNF (Fig. 3). Thus, the 
early peak of TNF in vivo originated from 
mast cells and is ~robablv due to the release 
of the granule-stored cytokine. 

Fig. 3. Confirmat~on of the pres- TNF (units/rnouse) 
ence of TNF. Reverse passive 0 0.2 0.4 0 0.2 0.4 
Arthus reaction was induced as in 
Fig. 1. TNF activity was deter- 
mined 5 min (A) and 8 hours (8) 
after challenge as in Fig. 2, in the 
presence or absence of neutraliz- 
ing hamster MAb to mouse TNF or 
control hamster IgG (MAb to 
mouse IL-Ip or to mouse IL-2) 
(24) (50 pglml). Data are ex- 
pressed as mean -t SEM (n = 3 to 
6). * P  < 0.05 and * * P  < 0 002. 
cbmparlson to samples without MAb to TNF; 'P < 0.05, comparison of W W  to either +I+ or W W  
+ MC ( W W  reconstituted with mast cells) mice (no MAb to TNF in the assay); N D ,  not detected. 
Pvalues were determined by the Student's t test. 

The second peak probably consists of 
newlv svnthesized TNF. the source of , , 

which is not known. Cells such as resident 
macrophages and recruited neutrophils in 
the peritoneal cavity could contribute to 
the late peak. The peritoneal macrophages 
are probably not the major source of this 
TNF, because TNF was substantially re- 
duced in WIWv mice: these mice have 
normal macrophages and monocytes. The 
macrophage count in the peritoneal fluid of 
W/Wv mice was equivalent to that in +/+ 
mice (+I+, 4.06 x lo6; W/Wv, 4.48 x 
lo6, P > 0.05). Monocytes are not recruit- 
ed to the site of inflammation until later 
(> 16 to 24 hours). The lower TNF activity 
of the late peak in W/Wv mice was proba- 
bly not directly related to the mast cell 
deficiency in these mice because mast cells 
constitute <5% of the total resident ~ e r i -  
toneal cells (and even less after neutrophil 
influx). The simultaneous increase in TNF 
and neutrophils, the concomitant reduc- 
tion in both oarameters as a result of mast 
cell deficiency, and the augmentation of 
these parameters with mast cell reconsti- 

tution suggest that neutrophils may be the 
major source of the cytokine of the second 
peak. The greater TNF activity in +I+ 
than in W/Wv mice may be due to the 
higher number of neutrophils present. 
Mast cells may, therefore, indirectly influ- 
ence the peritoneal TNF activity as a 
result of their ability to enhance neutro- 
phi1 influx. 

The interpretation that neutrophils con- 
stitute the major contributors of the second 
TNF peak is further suggested by the effect 
of the leukotriene synthesis inhibitor 
A-63 162 (1 8). This drug produced a com- 
parable suppression of neutrophils and TNF 
activity at 8 hours in +/+ mice (Fig. 4). As 
in our previous observations (5, 8, 19), 
A-63162 had no effect in W/Wv micc.. This 
suggests that mast cells are responsiljle for 
the generation of the chemotactic leukotri- 
enes that mobilize neutro~hils, which in 
turn release the TNF. A-63162 does not 
suppress mast cell degradation (5) and did 
not alter the early (5 min) TNF peak (Fig. 
4B). Mast cell repletion of W/Wv mice 
restored the effect of A-63162 on both the 

Fig. 4. Effect of TNF, IL-1 P, Neutrophils x 106/mouse TNF (unitslmouse) 
and leukotrienes on neu- Anti- Anti- 0 10 20 30 40 50 60 0 0.1 0.2 0.3 0.4 0.5 
trophil ellcitation and T N F  IL-ip TNFA63 

activity. W W ,  +/+, and 8 hours 

W W  + MC ( W W  recon- 
- - 

stituted with mast cells) +I+ [; 1 
mlce were intraperitoneally - + -  

- + + 
lniected with neutralizing 
 MA^ to TNF or IL-I@ (250 
pg per mouse, 18 hours - + -  
before challenge) (24) or 
leukotrlene synthesis inhib- 
itor A-63162 (79). This 
dose of A-63162 effect~vely 5 rnin 
blocked leukotriene forma- 
tion bv 90% in both +I+ +,+ [I : ; 
and w'W mice (79) At the I I I 

times indicated after the initlation of the Arthus reaction, neutrophil influx (A) was evaluated as in Fig. 
1 and TNF activity (B) as in Fig. 2 Control mice that did not receive any antlbody or A-63162 were 
given PBS intraperltoneally or 0.2% methylenclulose orally. Data are expressed as mean ? SEM (n 
= 3 to 6); *P < 0.05 and * *P < 0.001, comparison to challenged +/+ mice with placebo 
pretreatment; ' P  < 0.002, comparison to challenged +/+ mice w~th placebo pretreatment, and P < 
0.02, comparison to +I+ mice treated with MAb to TNF. Pvalues were determined by the Student's 
t test. 
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neutrophil response and peritoneal TNF 
activity (Fig. 4). 

We studied the functional significance 
of mast cell-derived TNF on neutrophil 
mobilization by first treating mice with a 
neutralizing monoclonal antibody (MAb) 
to TNF. At 8 hours after stimulation, the 
concentration of neutrophils in +/+ mice, 
but not W/Wv mice, treated with this 
antibody had decreased by 40% (Fig. 4A). 
Local repletion of W/Wv mice with mast 
cells restored the effect of MAb to TNF 
(Fig. 4). This observation implies that 
TNF-a is involved in the elicitation of 
neutrophils and that mast cells are a critical 
source of this TNF-a. The location of mast 
cells near the microvasculature may be cru- 
cial for this effect. The increase in the 
expression of inflammation correlates with 
the migration of adoptively transferred mast 
cells into the tissue of W/Wv mice over 
time (1 0, 1 1 ) .  In the skin of W/Wv mice, a 
large number of the intradermally injected 
mast cells were later found around small 
blood vessels (5). The W/Wv mice gener- 
ated a significant amount of TNF at 4 to 8 
hours, comparable to that in the first peak 
of +/+ mice (5 min); nevertheless, MAb 
to TNF did not attenuate the neutrophil 
response in W/Wv mice (Fig. 4). This 
observation suggests that the second TNF 
peak is not critical for the recruitment of 
neutrophils. Only the preformed TNF-a 
released from mast cells early in the reac- 
tion produces neutrophil infiltration. MAb 
to TNF, in combination with A63162, 
further reduced neutrophil influx. Howev- 
er, the difference was significant only as 
compared to treatment with MAb to TNF 
and not to treatment with A63162 alone 

(Fig. 4). It appears that both the chemo- 
tactic leukotriene and TNF-a, which may 
cause the expression of E-selectin, are re- 
quired simultaneously for neutrophil emi- 
gration. The present findings in mice are 
probably also important for inflammation in 
humans. Stimulation of mast cells in hu- 
man skin organ culture resulted in the 
expression of E-selectin and neutrophil in- 
flux that was TNF-a-dependent (3). 

Adhesion of neutrophils to endothelial 
cells in vitro is also enhanced by IL-1P 
(20). However, the neutralizing MAb to 
IL- 1 P did not block the neutrophil response 
(Fig. 4). This indicates that IL-1P does not 
have a detectable role in neutrophil influx 
in the oresent model. This confirms a sim- 
ilar observation made in skin organ cul- 
tures. TNF-a, but not IL-1P, from degran- 
ulated mast cells seemed to be the main 
cytokine responsible for inducing E-selectin 
expression on the venular endothelium (3). 
Mast cells and other cells release IL-1 after 
stimulation. However. unlike TNF. IL-1 is 
not known to be stored. It is newly synthe- 
sized and released onlv a few hours after 
challenge. Therefore, the time of its release 
would probably coincide with the second 
TNF peak. 

The experiments described in the pres- 
ent study show that mast cells participate in 
vivo in neutrophil recruitment by releasing 
stored TNF early during the immune com- 
plex-induced inflammatory reaction. The 
late release of this cytokine appears to be 
produced mainly by the activity of neutro- 
phils. Mast cells have a significant impact 
on peritoneal TNF concentrations not only 
by releasing TNF but also by their ability to 
enhance neutrophil mobilization. 
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