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Abstract 

Treatment of mice with rolipram, a phosphodiesterase type 4 inhibitor, selectively modified the acute inflammatory reaction 
elicited by zymosan administration in 6-day-old mouse air-pouches. Rolipram (1-10 mg kg -1, i.p.) prevented the rise of 
endogenous tumor necrosis factor-a (TNF-a) in the lavage fluids (~  60% inhibition) induced by zymosan, with no effect upon 
interleukin-la levels. This action was not accompanied by changes in neutrophil accumulation, but the amount of elastase 
released in the lavage fluids was significantly reduced (~ 50%). Dexamethasone (1.5 mg kg -1, i.v.), used for comparative 
purposes, significantly reduced the release of TNF-a (> 50%), interleukin-la (> 70%) and cellular infiltration (~ 50%), but had 
only a marginal effect on the release of elastase activity. In conclusion, in this murine model of acute inflammation induced by 
zymosan, rolipram inhibited the endogenous TNF-a production at a local site of inflammation, such as the subcutaneous 
air-pouch, and prevented the full activation of migrated cells. 
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I.  Introduct ion  

Endogenous tumor necrosis factor-a (TNF-a)  and 
inter leukin-la  mediate the recruitment of polymor- 
phonuclear leukocytes to tissue sites during the inflam- 
matory host response (Goto et al., 1984; Cybulsky et 
al., 1988; Ulich et al., 1991; Perrett i  et al., 1992). Since 
recognition of this important role in the development 
of acute and chronic inflammatory diseases (Arend and 
Dayer, 1990; Arai et al., 1990), attempts have been 
made either to neutralize the activity of cytokines, both 
circulating (Beutler et al., 1985; Ohlsson et al., 1990) 
and locally formed (Meyers et al., 1993), or to suppress 
their biosynthesis/production (Schade, 1990; Mohler 
et al., 1994; Miller et al., 1993). 

Phosphodiesterase inhibitors elevate intracellular 
cyclic AMP levels and, amongst other actions, inhibit 
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the biosynthesis of certain cytokines (Endres et al., 
1991; Katakami et al., 1988; Semmler et al., 1993a). 
Rolipram, which has a phenylpyrrolidinone structure, 
is a specific inhibitor of the cyclic AMP-selective family 
of phosphodiesterase (Beavo and Reifsnyder, 1990; 
Nicholson et al., 1991), now referred to as phospho- 
diesterase 4 family (Beavo et al., 1994), which is the 
predominant phosphodiesterase isoenzyme in mono- 
cytes (Torphy and Undem, 1991). Interestingly, addi- 
tion of rolipram to human monocytes selectively in- 
hibits the release of TNF-a  stimulated by endotoxin 
(Molnar-Kimber et al., 1992; Semmler et al., 1993b). In 
vivo, treatment of mice with rolipram protects against 
endotoxin-induced liver injury, which is mediated by 
endogenous TNF-a  (Fischer et al., 1993). 

A marked release of pro-inflammatory cytokines 
occurs when zymosan, a non-specific inflammogen 
which acts as a phagocytic stimulus for monomyelocytic 
cells, is added to cells in vitro (Rankin et al., 1990; 
Roberge et al., 1991) or injected into specific tissue 
sites in vivo (Collins et al., 1990; Perretti  et al., 1992; 
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Erd6 et al., 1994). To evaluate the potential effect of 
rolipram on TNF-a  production at the local site of 
acute inflammation, we have used the mouse air-pouch 
inflamed with zymosan. In particular, we have assessed 
the effect of systemic administration of rolipram on the 
local production of TNF-a  in vivo, and on other pa- 
rameters of the acute inflammatory response. For com- 
parative purposes, we have also examined the effect of 
the potent anti-inflammatory corticosteroid, dexa- 
methasone. 

2. Materials and methods 

2.1. Mouse air-pouch model 

Male Swiss albino mice (24-26 g; Tuck, Essex, UK) 
were used for all experiments. Dorsal s.c. air-pouches 
were prepared by injection of 2.5 ml of air on day 0 
and day 3 as recently described (Perretti  and Flower, 
1993). Six days after the initial injection of air, mice 
received zymosan (5 mg in 0.5 ml sterile NaC1 0.9%) or 
vehicle alone directly into the pouch. This dose was 
chosen on the basis of preliminary experiments and 
confirmed the findings of a previous study (Erd6 et al., 
1994). At various times (2, 4 and 16 h) after zymosan 
injection, animals were killed by exposure to CO 2 and 
the pouches washed thoroughly with 1-1.5 ml of phos- 
phate-buffered solution containg 50 U ml-1 heparin. 
Lavage fluids were centrifuged at 220 x g for 12 min at 
4°C. Aliquots of the supernatants were stored at 
- 2 0 ° C  for no longer than 1 week prior to determina- 
tion of cytokine and leukocyte elastase activity (see 
below). Cell pellets were resuspended in 2 ml of phos- 
phate-buffered solution containing heparin and differ- 
ential cell counts performed after staining (1:10 dilu- 
tion) in Turk's solution (crystal violet 0.01% in acetic 
acid 3%) in an improved Neubauer hemocytometer.  
Data are reported as  10 6 polymorphonuclear leuko- 
cytes recovered from each mouse. To investigate the 
drug effects mice received either vehicle, rolipram (1-  
10 mg kg -1, i.p., - 3 0  min) or dexamethasone (1.5 mg 
kg -~, i.v., - 6 0  min) prior to the local injection of 
zymosan. 

The doses of rolipram were selected on the basis of 
preliminary experiments when the effect of this drug 
on TNF-a  release during endotoxemia was evaluated 
(data not shown). The dose of dexamethasone has 
previously been reported to inhibit both inter leukin-la  
and interleukin-8-induced neutrophil accumulation into 
a murine air-pouch (Perretti  and Flower, 1993; Perretti  
et al., 1994). 

2.2. Assay of TNF-a and interleuldn-la levels in the 
lavage fluid 

The concentration of immunoreactive TNF-a and 
inter leukin-la  in 50 and 100 Izl aliquots, respectively, 
of lavage fluids were determined by ELISA in 96-well 
plates. Binding was detected by a peroxidase-con- 
jugated polyclonal anti-mouse TNF-a or anti-mouse 
interleukin-la using tetramethylbenzidine as a sub- 
strate. Following acidification (sulphuric acid, 0.5 M 
final concentration) the absorbance of each well was 
measured at 450 nm (Anthos Labtec Instruments). The 
ELISA specific for TNF-a does not cross react with 
murine interleukin-la or interleukin-1/3 up to 1 Izg 
m1-1 and 100 ng ml - t ,  respectively, or with murine 
TNF-fl (up to 1 tzg ml-1). The ELISA specific for 
interleukin-la does not cross react with murine inter- 
leukin-1/~ or murine TNF-a  up to 0.5-1.0 mg m1-1. 
Intra-assay and inter-assay reproducibilities were 2.0- 
2.8% and 8.3-8.7%, or 2.9-3.5% and 5.9-7.3% for the 
TNF-a or interleukin-la ELISA, respectively (data 
furnished by the manufacturer). 

2.3. Assay of leukocyte elastase activity released in lavage 
fluids 

Leukocyte elastase activity released from polymor- 
phonuclear leukocytes (serpin type enzyme) in lavage 
fluids was measured using the modified methodology 
described by Iwamura et al. (1993). Briefly, 50 /xl of 
sample or standard human leukocyte elastase (EC 
3.4.21.37; Calbiochem Novabiochem, UK) was pipetted 
in duplicate to a 96-well plate with 50 /xl TBS (0.2 M 
Tris HCI, 0.15 M NaC1, pH 8.0) and 10 /xl of triton 
X-100 (0.2% in TBS) added. After mixing for 30 s at 
room temperature,  10 Izl of the specific elastase sub- 
strate, methoxy-Suc-Ala-Ala-Pro-Val-p-ni troanil ide 
(17.8 mM in dimethylsulfoxyde (15% v / v  in 0.2 M 
Tris-HC1 pH 8.0) were added. Incubations were carried 
out for a further 120 min. The concentration of p- 
nitroaniline released was measured spectrophotometri- 
cally at 405 nm. Leukocyte elastase activity is reported 
as ng leukocyte elastase equivalent per ml of lavage 
fluid or normalized per 10 6 of polymorphonuclear 
leukocytes. 

2.4. Materials 

Dexamethasone-21-phosphate was obtained from 
David Ball Laboratories (Warwick, UK) as a sterile 4 
mg ml-1 solution. Zymosan type A and all other chem- 
icals were obtained from Sigma Chemical Company 
(Poole, UK). The specific ELISA for murine TNF-a 
and interleukin-la were purchased from Genzyme 
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(MA, USA.  Ro l ip ram was a generous  gift from Dr. H. 
Wachte l  (Schering AG,  Berl in,  Germany) .  

2.5. Data and statistics 

Data  are repor ted  as means  _+ S.E.M. of n separa te  
de te rmina t ions .  Statistical analysis was pe r fo rmed  us- 
ing one-way analysis of var iance  followed by Bonfer-  
roni  test for in te rgroup  differences or unpa i r ed  Stu- 
dent ' s  t-test when  only two groups were compared.  A 
threshold  P value < 0.05 was t aken  as significant.  

3. Results  

3.1. Time course of zymosan-induced inflammation 

In  vehic le- t rea ted  pouches,  immunoreac t ive  T N F - a  
and  i n t e r l e u k i n - l a  levels were negligible and  only 
marginal ly  exceeded the l imit of de tec t ion  at the 4 h 
t ime-po in t  (Fig. 1A). In  contrast ,  cons iderable  amount s  
of T N F - a  and  i n t e r l e u k i n - l a  were found  in zymosan- 
t rea ted  pouches  th roughout  the ent i re  t ime course 
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Fig. 1. Time course of zymosan-induced inflammation. Animals were 
treated with zymosan (5 mg in 0.5 sterile saline) or saline at time 0 
and air-pouches washed at different times. (A) Time course of 
TNF-a (n = 12-15) and interleukin-la (IL-la; n = 8-13) release in 
the lavage fluids after local injection of zymosan (solid lines) or 
saline (dotted lines). (B) Polymorphonuclear leukocyte (PMN) influx 
into the air-pouches measured 2, 4 and 16 h after local injection of 
zymosan (solid lines, n = 8) or saline (dotted lines, n = 8). Values are 
means_+ S.E.M. of n mice per group. 
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Fig. 2. Effect of rolipram on TNF-a production during zymosan-in- 
duced inflammation. Mice received either saline (10 ml kg -1, -30 
min, i.p.), rolipram (1-10 mg kg-1, _ 30 min, i.p.) or dexamethasone 
(1.5 mg kg-1, _ 60 min, i.v.) prior to local challenge with zymosan (5 
mg in 0.5 ml saline). Air-pouches were washed 2 h later and TNF-a 
levels measured in the lavage fluids by ELISA. Values are means_+ 
S.E.M. of five mice per group. * P < 0.05 vs. saline-treated group. 
# P < 0.05 vs. rolipram 1 mg kg- 1 group. 

examined  (Fig. 1 A). Both T N F - a  and  i n t e r l e u k i n - l a  
peaked  at 2 h after zymosan injection.  T N F - a  con ten t  
steadily decl ined wi thin  16 h whereas  i n t e r l e u k i n - l a  
levels r ema ined  elevated over the ent i re  dura t ion  of 
the exper iments  (Fig. 1A). Local inject ion of zymosan 
caused a rapid influx of po lymorphonuc lea r  leukocytes 
which was maximal  at the 4 h t ime-poin t  and had 
decl ined significantly by 16 h. Saline inject ion caused 
negligible po lymorphonuc lea r  leukocyte inf i l t ra t ion 
(Fig. 1B). Similarly, a low influx of m o n o n u c l e a r  cells 
was observed in zymosan- t rea ted  air-pouches at 16 h 
only, this effect be ing negligible at all o ther  t ime-points .  
Indeed ,  0.18 _+ 0.05 × 106 m o n o n u c l e a r  cells were 
coun ted  in the lavage fluids of un t r e a t e d  air-pouches 
(n  = 4); 0.29 _+ 0.07 × 106 and  0.54 _+ 0.13 × 106 
m o n o n u c l e a r  cells were counted  at the 4 h t ime-poin t  
in saline- and  zymosan- t rea ted  air-pouches,  respec- 
tively (n  = 10 in both  cases, not  significant). At  the 16 
h t ime-point ,  0.30 _+ 0.05 × 106 m o n o n u c l e a r  cells were 
collected from sa l ine- t rea ted  a i r -pouches  (n  = 5), 
whereas  1.28 + 0.31 x 106 m o n o n u c l e a r  cells were 
found  in the a i r -pouches  which had b e e n  chal lenged 
with 5 mg zymosan (n  = 16, P < 0.05 vs. sa l ine- t rea ted  
group). 

3.2. Dose-dependent effect of rolipram on TNF-a pro- 
duction 

The  efficacy of ro l ipram in inhibi t ing T N F - a  pro- 
duc t ion  was assessed at the 2 h t ime-point ,  which 
cor responded  to the peak  release of this cytokine. 
Ro l ip ram significantly reduced  the levels of T N F - a  
measu red  in the lavage fluids in a dose -dependen t  
m a n n e r  (Fig. 2). A maximal  inhib i t ion  of ~ 60% was 



72 P. Klemm et al. / European Journal of Pharmacology 281 (1995) 69-74 

obta ined  at the highest  dose tested of 10 mg kg-1.  A 
significant  reduc t ion  was also achieved by t r ea tmen t  of 
mice with dexamethasone  (1.5 mg k g - t )  (Fig. 2). 

3.3. Effects of  rolipram and dexamethasone on TNF-a, 
interleukin-la levels and leukocyte infiltration 

Drug  effects on leukocyte inf i l t ra t ion were assessed 
at 4 h, a t ime-poin t  at which T N F - a  and  i n t e r l e u k i n - l a  
could also be reliably measured .  Rol ip ram (10 mg 
kg -1)  inhibi ted  T N F - a  produc t ion  with no effect on 
i n t e r l e u k i n - l a  levels (Fig. 3A,B). On  the o ther  hand,  
dexamethasone  p roduced  a marked  reduc t ion  of both  
T N F - a  and  i n t e r l e u k i n - l a  p roduc t ion  (Fig. 3A, B). 
Ro l ip ram did not  modify the n u m b e r  of polymor-  

Table 1 
Drug effect on leukocyte elastase activity released in inflammatory 
lavage fluids 

Pretreatment Treatment Leukocyte elastase activity 

ng ml-i  fluid ng per 106 cells 

Vehicle Saline n.d. n.d. 
Vehicle Zymosan 103 + 11 22 + 2 
Rolipram Zymosan 48+ 10 a 10±2 a 
Dexamethasone Zymosan 37 _+ 11 a 17 + 6 

Mice (n = 6 per group) were treated with saline (10 ml kg -1, -30 
min, i.p.), rolipram (10 mg kg -1, -30 min, i.p.), or dexamethasone 
(1.5 mg kg i, -60 min, i.v.) prior to local challenge with saline (0.5 
ml) or zymosan (5 mg in 0.5 ml saline). Air-pouches were washed 4 h 
later and leukocyte elastase activity measured as described in Meth- 
ods. Values (means+ S.E.M.) are reported either as leukocyte elas- 
tase activity per ml of lavage fluid or as leukocyte elastase activity 
per 106 of polymorphonuclear leukocytes counted in the same air- 
pouches, n.d. = not detectable, a p < 0.05 vs. zymosan in vehicle- 
treated mice. 
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phonuc lea r  leukocytes recovered from the air-pouches 
whereas  dexamethasone  substant ial ly affected this pa- 
r amete r  of cell inf i l t ra t ion (Fig. 3C). 

3.4. Effects of  rolipram and dexamethasone on leukocyte 
elastase 

Leukocyte elastase activity was easily detected in 4 h 
lavage fluids following zymosan adminis t ra t ion  (Table  
1). A significant reduct ion  ( ~  50%) in leukocyte elas- 
tase release was observed following t r ea tmen t  of mice 
with ro l ipram (10 mg k g - b .  A similar reduct ion  was 
also observed after dexamethasone ,  a l though the effect 
of the steroid was not  significant any longer  if data 
were normal ized  in re la t ion to the accumula t ion  of 
po lymorphonuc lea r  leukocytes (Table  1). 
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Fig. 3. Effects of systemic administration of rolipram and dexametha- 
sone on TNF-a (A), interleukin-la (IL-la) (B) and polymorphonu- 
clear leukocyte (PMN) infiltration (C) in zymosan-induced inflamma- 
tion. Mice received either saline (hatched columns, 10 ml kg -1, -30 
min, i.p., n = 8) rolipram (solid columns, 10 mg kg -1, -30 min, i.p., 
n = 6-10) or dexamethasone (open columns, 1.5 mg kg -1, -60 rain, 
i.v., n = 4-6) prior to the local injection of zymosan (5 mg in 0.5 ml 
saline). Pouches were washed 4 h later. Values are means ± S.E.M. 
of n mice per group. * P < 0.05 vs. saline-treated group. 

4.  D i s c u s s i o n  

Rol ip ram is a selective inhibi tor  of the phospho-  
diesterase 4 family (Torphy et al., 1992) and causes a 
rise in in t racel lu lar  cyclic A M P  after addi t ion  to cells 
in vitro (Schudt  et al., 1991; Endres  et al., 1991). It has 
been  suggested that  as a direct consequence  of this 
(Torphy and  U n d e m ,  1991; Molna r -Kimber  et al., 1992), 
ro l ipram inhibi ted TNF-c~ product ion  by mononuc l ea r  
leukocytes with no  effect on in ter leukin-1 synthesis 
(Semmler  et al., 1993b). In  l ine with these studies we 
have examined  rol ipram as a putat ive selective in- 
hibitor  of T N F - a  produc t ion  in a model  of acute 
in f l ammat ion  in vivo. 

Several characteristics of the acute inf lammatory  
response are reproduced  following adminis t ra t ion  of 
zymosan into specific tissue sites. The  rec ru i tment  of 
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inflammatory cells (polymorphonuclear leukocytes) in- 
duced by zymosan is driven by complement-derived 
factors and leukotriene B 4 during the initial phases (up 
to 2 h) (Forrest et al., 1986; Collins et al., 1990), 
whereas at later time-points their role is sustained by 
pro-inflammatory cytokines such as interleukin-1 and 
interleukin-8 (Collins et al., 1990; Perretti  et al., 1992; 
Erd6 et al., 1994). In particular, t reatment of mice with 
anti-interleukin-1 monoclonal antibody significantly at- 
tenuated the accumulation of polymorphonuclear 
leukocytes into mouse peritoneal cavities 4 h after 
challenge with this inflammogen (Perretti  et al., 1992). 
We have used the mouse air-pouch model because 
detectable quantities of TNF-a  were found in the 
lavage fluids after injection with zymosan. Therefore  
this model appeared to satisfy the major aim of the 
study, i.e. to evaluate the effect of rolipram on TNF-a  
production at a local site of inflammation. Using the 
zymosan air-pouch model we could reliably measure 
both humoral and cellular parameters,  with the only 
exception of the infux  of mononuclear leukocytes 
which was particularly modest. This lack of monocyte 
infiltration may be related to the site injected (air-pouch 
vs. peritoneal cavity), or to the time-points investigated, 
i.e. possibly these cells could have appeared at later 
time-points, as reported by Erd6 et al. (1994). How- 
ever, intense accumulation of highly specialized cells, 
such as polymorphonuclear leukocytes, was easily de- 
tected in the lavage fluids after challenge with zy- 
mosan. The state of activation of migrated cells could 
also be assessed by measuring a detectable elastase 
activity released in these fluids. It is noteworthy that 
the peak of polymorphonuclear leukocyte accumula- 
tion coincided with high levels of pro-inflammatory 
cytokines, such as TNF-a  and interleukin-1. For all 
these reasons, the effect of rolipram was then investi- 
gated at these time-points (2 h and 4 h). Systemic 
treatment of mice with rolipram resulted in a dose-de- 
pendent  reduction of TNF-a  levels without significant 
changes in polymorphonuclear leukocyte infiltration. 
In contrast, dexamethasone markedly reduced TNF-a  
and inter leukin- la  levels and this was accompanied by 
a significant reduction in cell migration. Therefore  we 
suggest that endogenous interleukin-1 plays a more 
important role than TNF-a  for cell recruitment to the 
inflammatory site after zymosan administration, this 
essentially being in agreement with the studies cited 
above. It should also be noted that systemic treatment 
with rolipram has been reported to inhibit the modest 
(less than 0.5 X 10 6 cells) recruitment of polymor- 
phonuclear leukocytes induced by leukotriene B 4 in 
the mouse peritoneal cavity (Griswold et al., 1993), 
whereas we were unable to see any effect on the much 
greater cell accumulation induced by zymosan. How- 
ever, our data are in agreement with those of Teixeira 
et al. (1994), who reported that systemic treatment with 

rolipram did not modify neutrophil accumulation in 
the guinea pig skin, though inhibiting the accumulation 
of eosinophils. 

Since cells must be recruited to the site of inflam- 
mation and became activated in order to effectively 
remove the inflammatory stimulus, we used the mea- 
surement of leukocyte elastase released in the lavage 
fluid as an indicator of polymorphonuclear leukocyte 
activation. By using a selective substrate for leukocyte 
elastase (Nakajima et al., 1979) we measured a reliable 
release of this enzyme in the inflammatory fluid at the 
peak of cell infiltration. This type of elastase is re- 
leased from the azurophil granules of neutrophils and 
is a serpin type of enzyme, different from that found 
and released by monocytes (Nakajima et al., 1979; 
Sandborg and Smolen, 1988). Lower leukocyte elastase 
activity levels were measured not only in the lavage 
fluids collected from dexamethasone-treated mice but 
also in those harvested from rolipram-treated animals. 
This is indicative of an anti-inflammatory action of 
rolipram, especially if considering that significant re- 
duction in enzymatic activity was maintained when the 
data were expressed per cell as well as per ml of lavage 
fluid, i.e. differentially from dexamethasone, rolipram 
may interfere with the neutrophil degranulation pro- 
cess. 

From a mechanistic point of view, our data do not 
distinguish between a direct effect of rolipram on poly- 
morphonuclear  leukocyte degranulation or an indirect 
effect via reduction of the release of TNF-a.  However, 
increased levels of intracellular cyclic AMP impair the 
degranulation process of leukocytes (Sandborg and 
Smolen, 1988) and indeed, rolipram is able to reduce 
leukocyte activation in vitro (Schudt et al., 1991). Al- 
though these observations would suggest a direct effect 
upon the polymorphonuclear leukocyte rather than an 
indirect inhibition of leukocyte elastase activity sec- 
ondary to inhibition of TNF-o~ release, further investi- 
gations are necessary to confirm whether this also 
applies to the inflammatory model described here. 

Based upon the data presented in this study, we 
propose that rolipram may have a beneficial anti-in- 
flammatory action not only in those conditions where a 
pronounced systemic release of endogenous TNF-a 
occurs (e.g. endotoxemia), but also in cases where the 
production of TNF-a  is more localized (e.g. the joint 
during acute episodes of rheumatoid arthritis) or where 
release of proteolytic enzymes appears to play a pivotal 
role (e.g. adult respiratory distress syndrome and joint 
erosion). 

Acknowledgements 

This work was supported by the Ono Pharmaceuti- 
cal Company (Osaka, Japan). H.J.H. is funded by the 
British Pharmacological Society as an A.J. Clark 



74 P. Klemm et al. / European Journal of Pharmacology 281 (1995) 69-74 

scholar, and by the British Federation of University 
Women (Kathleen Hall Memorial Fund). 

References 

Arai, K., F. Lee, A. Miyajima, S. Miyatake, N. Arai and T. Yokota, 
1990, Cytokines: coordinators of immune and inflammatory re- 
sponses, Ann. Rev. Biochem. 59, 783. 

Arend, W. and J.-M. Dayer, 1990, Cytokines and cytokine inhibitors 
or antagonists in rheumatoid arthritis, Arthritis Rheum. 33, 305. 

Beavo, J.A. and D.H. Reifsnyder, 1990, Primary sequence of cyclic 
nucleotide phosphodiesterase isoenzymes and the design of selec- 
tive inhibitors, Trends Pharmacol Sci. 11, 150. 

Beavo, J.A., M. Conti and R.J. Heaslip, 1994, Multiple cyclic nu- 
cleotide phosphodiesterase, Mol. Pharmacol. 46, 399. 

Beutler, B., I.W. Milsark and A. Cerami, 1985, Passive immunization 
against cachectin/tumor necrosis factor protects mice from lethal 
effect of endotoxin, Science 229, 869. 

Collins, P.D., P.J. Jose and T.J. Williams, 1990, The sequential 
generation of neutrophil chemoattractant proteins in acute in- 
flammation in the rabbit in vivo-relationship between C5a and 
proteins with the characteristics of IL-8/neutrophil-activating 
protein 1, J. Immunol. 146, 677. 

Cybulsky, M., D.J. McComb and H. Movat, 1988, Neutrophil leuko- 
cyte emigration induced by endotoxin-mediator roles of inter- 
leukin 1 and tumor necrosis factor a, J. Immunol. 140, 3144. 

Endres, S., H.-J. FiJlle, B. Sinha, D. Stoll, C.A. Dinarello, R. Gerzer 
and P.C. Weber, 1991, Cyclic nucleotides differentially reduce the 
synthesis of tumor necrosis factor a and interleukin 1/3 by human 
mononuclear cells, Immunology 72, 56. 

ErdS, F., K. T6rSk and J.I. Sz~kely, 1994, Measurement of inter- 
leukin-1 liberation in zymosan air-pouch exudate in mice, Agents 
Actions 41, 93. 

Fischer, W., Ch. Schudt and A. Wendel, 1993, Protection by 
phosphodiesterase inhibitors against endotoxin-induced liver in- 
jury in galactosamine-sensitized mice, Biochem. Pharmacol. 45, 
2399. 

Forrest, M.J., P.J. Jose and T.J. Williams, 1986, Kinetics of the 
generation and action of chemical mediators in zymosan-induced 
inflammation in the rabbit peritoneal cavity, Br. J. Pharmacol. 89, 
719. 

Goto, K., S. Nakamura, F. Goto and M. Yoshinaga, 1984, Genera- 
tion of an interleukin-1 like lymphocyte stimulating factor at 
inflammatory sites: correlation with the infiltration of polymor- 
phonuclear leukocytes, Br. J. Exp. Pathol. 65, 521. 

Griswold, D.E., E.F. Webb, J. Breton, J.R. White, P.J. Marshall and 
T.J. Thorphy, 1993, Effect of selective phosphodiesterase type IV 
inhibitor, rolipram, on fluid and cellular phases of inflammatory 
responses, Inflammation 17, 333. 

Iwamura, H., A. Moore and D.A. Willoughby, 1993, Interaction 
between neutrophil-derived elastase and reactive oxygen species 
in cartillage degradation, Biochim. Biophys. Acta 1156, 295. 

Katakami, Y., Y. Nakao, T. Koizumi, N. Katakami, R. Ogawa and T. 
Fujita, 1988, Regulation of tumor necrosis factor production by 
mouse peritoneal macrophages: the role of cellular cyclic AMP, 
Immunology 64, 719. 

Meyers, K.P., C. Czachowski and J.W. Coffey, 1993, Effect of treat- 
ment with interleukin-1 receptor antagonist on the development 
of carrageenan-induced pleurisy in the rat, Inflammation 17, 121. 

Miller, D.K., J.R. Calaycay, K.T. Chapman, A.D. Howard, M.J. 
Kostura, S.M. Molineaux and N.A. Thornberry, 1993, The IL-1 
beta converting enzyme as a therapeutic target, Ann. NY Acad. 
Sci. 696, 133. 

Mohler, K.M., P.R. Sleath, J.N. Fitzner, D.P. Cerretti, M. Alderson, 
S.S. Kerwar, D.S. Torrance, C. Otten-Evans, T. Greenstreet, K. 

Weerawarna, S.R. Kronheim, M. Petersen, M. Gerhart, C.J. 
Kozlosky, C.J. March and R.A. Black, 1994, Protection against 
lethal dose of endotoxin by an inhibitor of tumour necrosis factor 
processing, Nature 370, 218 

Molnar-Kimber, K.L., L. Yonno, R.J. Heaslip and B.M. Weichman, 
1992, Differential regulation of TNF-a and IL-1/3 production 
from endotoxin-stimulated human monocytes by phospho- 
diesterase inhibitors, Med. Inflamm. 1,411. 

Nakajima, K., J.C. Powers, B.M. Ashe and M. Zimmerman, 1979, 
Mapping the extended substrate binding site of cathepsin G and 
human leukocyte elastase, J. Biol. Chem. 254, 4027. 

Nicholson, C.D., R.A. Challis and M. Shahid, 1991, Differential 
modulation of tissue function and therapeutic potential of selec- 
tive inhibitors of cyclic nucleotide phosphodiesterase isoenzymes, 
Trends Biochem. Sci. 12, 19. 

Ohlsson, K., P. Bj6rk, M. Bergenfeldt, R. Hagemann and R.C. 
Thompson, 1990, Interleukin-1 receptor antagonist reduces mor- 
tality from endotoxin shock, Nature 348, 550. 

Perretti, M. and R.J. Flower, 1993, Modulation of IL-I induced 
neutrophil migration by dexamethasone and lipocortin 1, J. Im- 
munol. 150, 992. 

Perretti, M., E. Solito and L. Parente, 1992, Evidence that endoge- 
nous interleukin-1 is involved in leukocyte migration in acute 
experimental inflammation in rats and mice, Agents Actions 35, 
71. 

Perretti, M., J.G., Harris and R.J. Flower, 1994, A role for endoge- 
nous histamine in interleukin-8-induced neutrophil infiltration 
into mouse air-pouch: investigation of the modulatory action of 
systemic and local dexamethasone, Br. J. Pharmacol. 112, 801. 

Rankin, J.A., I. Sylvester, S. Smith, T. Yoshimura and E. Leonard, 
1990, Macrophages cultured in vitro release leukotriene B 4 and 
neutrophil attractant/activation protein (interleukin 8) sequen- 
tially in response to stimulation with lipopolysaccharide and 
zymosan, J. Clin. Invest. 86, 1556. 

Roberge, C.J., J. Grassi, R. De Mfidicis, Y. Frobert, A. Lussier, P.H. 
Naccache and P.E. Poubelle, 1991, Crystal-neutrophil interac- 
tions lead to interleukin-1 synthesis, Agents Actions 34, 38. 

Sandborg, R.R. and J.E. Smolen, 1988, Biology of disease - early 
biochemical events in leukocyte activation, Lab. Invest. 59, 300. 

Schade, U.F., 1990, Pentoxifylline increases survival in endotoxin 
shock and decreases TNF formation, Circ. Shock 31, 171. 

Schudt, C., S. Winder, S. Forderkunz, A. Hatzelmann and V. Ullrich, 
1991, Influence of selective phosphodiesterase inhibitors on hu- 
man neutrophil functions and levels of cAMP and Cai, Naunyn- 
Schmied. Arch. Pharmacol. 344, 682. 

Semmler, J., U. Gebert, T. Eisenhut, J. Moeller, M.M. Sch6nharting, 
A. All6ra and S. Endres, 1993a, Xanthine derivatives: comparison 
between suppression of tumor necrosis factor production and 
inhibition of cAMP phosphodiesterase activity, Immunology 78, 
520. 

Semmler, J., H. Wachtel and S. Endres, 1993b, The specific type IV 
phosphodiesterase inhibitor rolipram suppresses tumor necrosis 
factor production by human mononuclear cells, Int. J. Im- 
munopharmaeol. 15,409. 

Teixeira, M., A.G. Rossi, T.J. Williams and P.G. Hellewell, 1994, 
Effects of phosphodiesterase isoenzyme inhibitor on cutaneous 
inflammation in the guine-pig, Br. J. Pharmacol. 112, 332. 

Torphy, T.J. and B.J. Undem, 1991, Phosphodiesterase inhibitors: 
new opportunities for the treatment of asthma, Thorax 46, 512. 

Torphy, T.J., J.M. Stadel, M. Burman, L.B. Cieslinski, M.M. 
McLaughlin, J.R. White and G.P. Livi, 1992, Coexpression of 
human cAMP-specific phosphodiesterase activity and high affin- 
ity rolipram binding in yeast, J. Biol. Chem. 267, 1798. 

Ulich, T., L.R. Watson, S. Yin, K. Guo, P. Weng, H. Thang and J. 
del Castillo, 1991, The intratracheal administration of endotoxin 
and cytokines; Characterization of LPS-induced IL-1 and TNF 
mRNA expression and the LPS-, IL-1, and TNF-induced inflam- 
matory infiltrate, Am. J. Pathol. 138, 1485. 


