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Abstract-The effects of various pharmacologic agents on the capacity of guinea pig neutrophils to 
phagocytize serum-treated zymosan particles and release lysosomal enzymes were determined. Neutro- 
phils (10’) and zymosan were incubated in Krebs-Ringer phosphate (KRP) medium containing 7.5 mM 
glucose, pH 7.4, at 37” in the absence and presence of corticosteroids, cyclic nucleotides, and adrenomi- 
metic and cholinomimetic agents. Methylprednisolone hemisuccinate, triamcinolone acetonide, dexa- 
methasone acetate, paramethasone acetate and hydrocortisone hemisuccinate reduced particle uptake 
by and discharge of lysosomal enzymes from guinea pig neutrophils. Aldosterone hemisuccinate and 
deoxycorticosterone acetate were inactive. Adrenomimetic (e.g. epinephrine) agents inhibited particle 
uptake by and lysosomal enzyme secretion from neutrophils, and cholinomimetic (e.g. acetylcholine) 
agents accelerated lysosomal enzyme release but had no effect on phagocytosis. Cyclic 3’,5’-adenosine 
monophosphate (cyclic AMP) and one of its analogs inhibited particle ingestion by and lysosomal 
enzyme release from neutrophils; and this jnhibition was potentiated by theophylline. Cyclic 3’,5’-guano- 
sine monophosphate (cyclic GMP), in contrast to the actions of corticosteroids, adrenomimetic agents 
and cycfic AMP, accelerated iysosomal enzyme secretion but had no effect on particle uptake. Cyclic 
GMP did not affect release of cytoplasmic lactate dehydrogenase, thus indicating maintenance of cell 
viability during release of lysosomal enzymes. Cytochalasin B, an agent which blocked phagocytic 
uptake of zymosan, did not interfere with inhibition of lysosomal enzyme secretion by corticosteroids, 
adrenomimetic agents and cyclic AMP or acceleration of this event by cholinomimetic agents or cyclic 
GMP. These studies indicate that guinea pig neutrophils are capable of releasing lysosomal enzymes 
during phagocytosis of zymosan and that certain 
and/or phagocytosis. 

agents can modulate lysosomal enzyme secretion 

The pathogenesis of many inflammatory reactions is 
characterized by the accumulation of polymor- 
phonuclear (PMN) leukocytes and the phagocytosis 
of immune complexes by these cells [l-S]. Certain 
phagocytic cells such as the PMN have the capacity 
to selectively discharge lysosome granule-associated 
enzymes during phagocytosis of particulate material 
[6-113. Quite often, tissue injury occurs in regions 
where phagocytic leukocytes are secreting lysosomal 
hydrolases [12,13]. The role of lysosomal enzymes 
as mediators of acute [14-161 and chronic [17,18] 
inflammation is well documented. Thomas [19] 
observed that local injection of granules obtained 
from rabbit PMN produced a Shwartzman-like reac- 
tion and enhanced the Arthus reaction. 

Corticosteroids have been employed for many years 
in the treatment of various inflammatory conditions. 
However, aside from their metabolic activities, there 
are many possible mechanisms by which these agents 
might exert their anti-in~~matory effects. Drugs 
such as hydrocortisone have been demonstrated to 
inhibit the release of hydrolases from isolated lyso- 
somes by stabilizing Iysosomal membranes [20-231. 
Quite recently Smith et al. [24] demonstrated the 

* A preliminary report was presented at the Spring 
Meeting of the Federation of American Societies for Ex- 
perimental Biology, April 11-16, 1976. 
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capacity of such anti-infl~matory corticosteroids as 
dexamethasone and paramethasone to inhibit directly 
the activity of the lysosome granule-associated 
enzyme, aryl sulfatase. 

Several models of inflammation have been 
employed to demonstrate the anti-inflammatory ac- 
tivity of certain adrenomimetic agents [25-281. In 
addition, certain autonomic neurohormones have 
been reported to inhibit the immunological discharge 
of mediators of infl~mation from various cehs 
[29,30]. The actions of these neurohormones are 
thought to be mediated by cyclic AMP. Furthermore, 
agents such as theophylline, cyclic AMP and epineph- 
rine have been reported to block the release of 
enzymes from isolated lysosomes [31,32]. 

The objective of this study was to evaluate the 
effects of anti-inflammatory corticosteroids as well as 
adrenomimetic and cholinomimetic agents on phago- 
cytosis by and lysosomal enzyme secretion from 
guinea pig neutrophils. In addition, cyclic AMP and 
cyclic GMP, which are thought to mediate the cellu- 
lar responses to adrenomimetic and chohnomimetic 
agents [29,30,33-371, respectively, were investigated 
for their effects on phagocytosis by and release of 
lysosomal enzymes from neutrophils. 

METHODS 

~~~atio~ of guinea pig n~trop~ils. Male Hartley 
albino guinea pigs (400-650 g) received one intraperi- 
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toneal injection (20 ml) of 12% (w/v) sodium caseinate 
in 0.9% NaCI. Eighteen hr later neutrophils were har- 
vested according to the method of Michell er al. 1381. 
This procedure consistently yielded cell suspensions 
containing a minimum of 95% neutrophils. Viability 
of the neutrophils was always greater than 98 per 
cent as determined by trypan blue exclusion. 

Preparation of zymosan particles. Zymosan par- 
ticles (Sigma Chemical Co.) measuring 0.5 to 3 pm 
in diameter were opsonized with normal guinea pig 
serum according to the procedure of Ignarro et al. 
[39] Each ml of final serum-treated zymosan suspen- 
sion contained approximately 4 x 10’ particles. 

Incubation conditions. Neutrophils (10’) in 1.0 ml of 
Krebs-Ringer phosphate (KRP) medium containing 
7.5 mM glucose were incubated at 37” in a Dubnoff 
metabolic shaker set at 120 excursions/min. Un- 
treated or serum-treated zymosan particle suspen- 
sions (0.1 ml) were added to the neutrophil suspen- 
sions. In those experiments involving drugs, cells and 
drug(s) were preincubated for 10 or 30min (as indi- 
cated in the table legends) at 37” followed by the addi- 
tion of zymosan particles and then further incubated 
at 37” for 60min. After incubation the samples were 
centrifuged at 150g for 10min and the supernatants 
were assayed for /3-glucuronidase and lactate de- 
hydrogenase activities. 

Enzyme assays. r%Glucuronidase activity was deter- 
mined by a modification of the procedure of Gianetto 
and DeDuve [40]. Aliquots (0.5 ml) of supernatants, 
obtained as described above, were incubated in 2.5 ml 
of 0.1 M sodium citrate, pH 4.8, containing 5.0 mg of 
phenolphthalein glucuronic acid as substrate, at 37” 
for 18 hr. Enzyme reactions were terminated by 
adding 0.4 ml alkaline glycine and absorbancy (540-E) 
was determined. Data are expressed as pg phenol- 
phthalein liberated/l8 hr of incubation/lo’ cells. 

SMITH 

Lactate dehydrogenase activity was measured 
according to the method of Bergmeyer et ul. [41]. 
Data were calculated as absorbancy units/min/lO’ 
cells. 

Measurement of phagocytosis. Uptake of zymosan 
particles by neutrophils was quantitated by enumer- 
ation of ingested zymosan particles by oil immersion 
light microscopy. The data are expressed as the aver- 
age number of zymosan particles ingested/100 neutro- 
phils. 

Drug solutions and sources. Solutions of the cate- 
cholamines contained 0.01% (w/v) sodium metabisul- 
fite to prevent spontaneous oxidation and were util- 
ized within 10 min of preparation. All other solutions 
of test agents were prepared fresh and used within 
20min. The following agents were purchased from 
Sigma Chemical Co: acetylcholine chloride, acetyl-/3- 
methylcholine chloride, carbamycholine chloride, 
1-epinephrine bitartrate, adenosine-5’-monophos- 
phoric acid, adenosine-3’: 5’-cyclic monophosphoric 
acid, N6,02’-dibutyryl adenosine-3’: 5’-cyclic mono- 
phosphoric acid, guanosine-5’-monophosphoric acid. 
guanosine-3’:5’-cyclic monophosphoric acid, N2,02’- 
dibutyryl guanosine-3’: 5’-cyclic monophosphoric acid, 
sodium metabisulfite, d-aldosterone-21-hemisuccin- 
ate, deoxycorticosterone acetate, and atropine sul- 
fate. The l-isomer of isoproterenol was obtained from 
Pfaltz & Bauer, Inc.; theophylline (Schwarz/Mann); 
propranolol hydrochloride (Ayerst Laboratories, 
Inc.); methylprednisolone hemisuccinate and hydro- 
cortisone hemisuccinate were obtained from The 
UpJohn Co.; paramethasone acetate was obtained 
from Syntex Laboratories, Inc.; triamcinolone ace- 
tonide (E. R. Squibb & Sons, Inc.); and dexametha- 
sone acetate (Schering Corp.). Cytochalasin B was the 
generous gift of Dr. Philip Davies. 

All agents tested were dissolved in aqueous buffer 
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Fig. 1. Secretion of /?-glucuronidase and lactate dehydrogenase from and particle uptake by guinea 
pig neutrophils in the presence of zymosan. Neutrophils (10’) were incubated in 1.0 ml KRP containing 
4 x IO8 zymosan particles treated with normal serum. Values for total cell enzyme activities. determined 
after incubating cells in 0.2% Triton X-10&0.04 M Tris acetate, pH 7.4, for 15 min, were: 161.3 + 12.7 pg 
phenolphthalein/ll hr/lO’ cells for b-glucuronidase and 195.3 + 13.7 absorbancy units/min/lO’ cells 

for lactate dehydrogenase. Data represent the mean + S.E.M. of five separate experiments. 
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except the corticosteroids and cytochalasin B, which 
were dissolved in 0.1% dimethylsulfoxide (DMSO). 
All the drugs were soluble under the defined incuba- 
tion conditions and they produced no appreciable 
alteration of the pH of the incubation media. The 
small amounts of DMSO employed as a vehicle did 
not alter cell viability or enzyme release. 

RESULTS 

Releuse of enzymes jbom and particle uptake by 
guinea pig neutrophils in the presence of zymosan. In 
the presence of serum-treated zymosan, neutrophils 
demonstrated particle uptake after 5 min of incuba- 
tion. and phagocytosis increased linearly through the 
next 25 min, after which time particle ingestion began 
to reach a maximum (Fig. 1). The release of j?-glucur- 
onidase from neutrophils started almost immediately 
and increased significantly during the following 
60 min of incubation. Enzyme release reached a maxi- 
mum by 60-90 min. Thus a strong temporal relation- 
ship exists between particle uptake by and fi-gfucur- 
onidase release from neutrophils. Therefore, release 
of fi-glucuronidase occurs during, rather than sub- 
sequent to, phagocytosis. There was no significant 
release of cytoplasmic lactate dehydrogenase during 
90min of incubation, which is indicative of selective 
lysosomal enzyme release during phagocytosis. Serum 
which was not treated with zymosan did not stimulate 
fl-glucuronidase secretion from neutrophils in the 
absence of zymosan particles. 

Eflect of‘ methylprednisolone hemisuccinate on the 
time course of ~-glucuroi~~du.~e secretion from and pha- 
gocytosis by gu~~te~i pig ~teutrop~7iis. The data in Table 
1 indicate that methylprednisolone hemisuccinate in- 
hibited significantly the secretion of ~-glu~uronid~e 
from and phagocytosis by guinea pig neutrophils 
when the cells were in contact with the serum-treated 
zymosan particles for 30 min. The inhibitory influence 
of methylprednisolone increased through 30 and 
45 min of incubation and appeared to reach a maxi- 
mum between 45 and 60min. Methylprednisolone 
was inactive at the 90min-time interval. 

EfSect of corticosteroids on particle uptake by and 
fi-glucuronidase secretion from guinea pig neutrophils. 
Methylprednisolone hemisuccinate, triamcinolone 
acetonide, dexamethasone acetate, paramethasone 
acetate and hydrocortisone hemisuccinate inhibited 
the release of #Lglucuronidase from and particle 
uptake by neutrophils in the presence of zymosan 
particles treated with normal serum (Table 2). 
The relative effects of the corticosteroids indicate 
that methylprednisolone > triamcinolone acetonide > 
dexamethasone > paramethasone > hydrocortisone. 
Aldosterone hemisuccinate and deoxycorticosterone 
acetate were inactive. 

Effect of adrenomimetic agents and cyclic AMP on 
particle uptake by and @lucuronidase secretion from 
guinea pig neutrophils. Epmephrine and isoproterenol 
inhibited the release of P-glucuronidase from and par- 
ticle uptake by guinea pig neutrophils in the presence 
of zymosan particles treated with normal serum 
(Table 3). Propranolol, a #&adrenergic receptor antag- 
onist, while having no effect by itself, blocked the in- 
hibitory action of epinephrine and isoproterenol on 
particle ingestion and enzyme secretion. Theophylline, 
a potent inhibitor of phosphodiesterase which 
degrades cyclic AMP, while having no effect by itself, 
did potentiate the effects of epinephrine and isopro- 
terenol on enzyme release and phagocytosis. It is im- 
portant to note that catecholamines were most effec- 
tive when preincubated with neutrophils for 10min 
prior to exposure to zymosan. 

Cyclic AMP, at high concentrations, inhibited 
fl-glucuronidase secretion and particle uptake (Table 
3). Theophylline, while having no effect itself, did 
potentiate the effects of cyclic AMP on enzyme 
release and particle uptake. The dibutyryl analog of 
cyclic AMP was more active than cyclic AMP 
whereas adenosine-S’-monophosphate was inactive. 

E#ect of cholinomintetic agents and cyclic GMP on 
secretion of j-Z-glucuronidase from and particle uptake 
by guinea pig neutrophils. Acetylcholine, acetyl-& 
methylcholine and carbamylcholine stimulated fl-glu- 
curonidase secretion from but not particle ingestion 
by guinea pig neutrophils in the presence of zymosan 

Table 1. Etrect of methylprednisolone hemisuccinate (MPH) on the kinetics of phagocytosis by and 
j$-glucuronidase secretion from guinea pig neutrophils 

Per cent of total 
~-gluc~ronidase activity 

released? 
Particle uptake 

(No. Particles/l~ cells) 
Incubation time* 

(min) without MPH with MPH without MPH with MPH 

0 2.1 + 0.13 2.6 * 0.3 8 If: 0.7 13 + 1.4 
5 4.3 i 0.3 3.9 * 0.2 43 k 3.8 37 + 3.5 

15 12.4 4 0.1 10.7 + 1.3 124 f 10.2 110 + 12.6 
30 19.5 rf: 0.2 13.7 k 0.8@ 263 k 19.8 185 f 14.53 
45 24.6 + 0.1 13.4 + 0.611 337 + 27.4 203 It: 16.311 
60 27.8 +_ 0.2 9.3 + 0.311 384 & 36.5 169 + 11.911 
90 21.3 & 0.3 17.5 f 0.9 315 + 29.3 346 f 27.8 

* Neutrophiis (10’) were preincubated with methylprednisolone hemisuccinate (lo-’ M) in l.Oml 
of Krebs-Ringer phosphate medium, pH 7.4, for 30min followed by incubation with serum-treated 
zymosan (4 x IO* particles) for the time periods indicated. 

t Total cell ~-glucuronidase activity was 142 + 9.6 pg phenolphthalein/l8 hr/lO’ cells. 
f Data represent the mean k S. E. M. of three separate experiments. 
# Significant at P < 0.05 vs control. 
,j Significant at P < 0.01 vs control. 

R.P. 26/2l ---!J 
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Table 2. Effect of corticosteroids on secretion of fl-glucuromdase from and particle uptake by guinea pig ncutrophlls* 

Steroid 

Control (no steroid) 
Methylprednisolone hemisuccinate 
Triamcinolone acetonide 
Dexamethasone acetate 
Paramethasone acetate 
Hydrocortisone hemisuccinate 
Deoxycorticosterone acetate 
Aldosterone hemisuccinate 

Per cent inhibition of /?-glucuronidase 
secretion 

1O-5 M IO-h M IO-‘M 

62 + 5.2t 35 * 4.27 18 + 2.1 
55 * 4.3t 30 + I.11 17 * 0.3 
42 It: 6.4t 25 _+ 2.21 II * 0.2 
49 f 3.1t 30 f 3.51 9 + 0.3 
33 * 3.41 18 f 2.3 6+ 1.3 

4 k 0.1 2 f 0.05 0 
3 f 0.07 0 0 

Particle uptake 
in IO ’ M agent 

(No. particles,~lOO cells) 

346 f 39.6 
146 + 1x.4t 
173 + 12.5t 
215 k 30.8$ 
197 k 26.6t 
256 + 20.3: 
33X + 22.4 
329 + 19.7 

* Incubations of neutrophils (10’) were conducted at 37” for 30min with the respective steroid and for an additional 
60min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 33.4 i 3.1 rcg 
phenolphthalein/ld hr/lO’ cells (21.6 per cent of total cell activity) for release of fl-glucuronidase. Data represent the 
mean f S. E. M. of five separate experiments 

t Significant at P < 0.01 vs control. 
$ Significant at P < 0.05 vs control. 

particles treated with normal serum (Table 4). The 
action of acetylcholine, acetyl-j?-methylcholine and 
carbamylcholine was blocked by atropine, an antag- 
onist of muscarinic receptors. Atropine alone was in- 
active. As was the case with the catecholamines, maxi- 
mum effects with the cholinomimetic agents were 
observed after a IO-min preincubation period. 

Cyclic GMP and its dibutyryl analog accelerated 
the release of /Sglucuronidase from, but not particle 
uptake by, neutrophils. Guanosine-S-monophosphate 
was inactive (Table 4). 

Effect ofcholinomimetic agents and cyclic GMP on 
viability of guinea pig neutrophils during particle 
uptake. Acetylcholine, acetyl-/?-methylcholine, carba- 
mylcholine, cyclic GMP, and to a greater extent its di- 
butyryl analog, stimulated enzyme release from neutro- 
phils that were actively phagocytizing zymosan par- 
ticles. However, cell viability was maintained through- 
out the incubation period, as indicated by the failure 
of these agents to accelerate release of cytoplasmic 
lactate dehydrogenase from these cells and the con- 
tinual exclusion of trypan blue by these neutrophils. 

Table 3. Effect of adrenomimetic agents and cyclic AMP on secretion of B-glucuronidase from and particle uptake 
by guinea pig neutrophils 

Agent(s) tested 

Per cent inhibition of Particle 
j%glucuronidase uptake in 

secretion 10e4 M agent 
(No. particles/ 

10-4M tom5 M IO-‘M 100 cells) 

Control (no agent) 0 354 & 31.5 
Epinephrine* 44 f 3.1t 31 + 2.4.t 22 k I.61 205 * 22.3t 
Isoproterenol 47 + 2.8t 28 f 1.9t 20 + I.31 191 + 17.1t 
Epinephrine + propranolol (lo-“ M) 9 * 0.4 3 + 0.2 0 339 * 23.6 
Isoproterenol + propranolol (10e4 M) 7 * 0.3 I 0 0 319 * 2x.4 
Propranolol (lo-“ M) 0 0 0 341 +- 33.3 
Epinephrine + theophylline (10m4 M) 62 f 4.7t 45 * 3.3-F 34 * 2.2t I21 * 21.7t 
Isoproterenol + theophylline (IO-“ M) 67 f 5.2t 39 * 2.5-l 29 f 1.5t I IX + ‘2.Xt 
Theophylline (lo-“ M) 4.5 k 0.42 2.4 k 0.29 0 35x T 32.7 

Control (no agent) 3x4 f 34.3 
Cyclic AMP$ 18 f 1.2: 11 io.7 8 * 1.1 2x5 f 24.41 
Theophylline 7 f 0.4 4 * 0.2 2 & 0.07 346 f 36.2 
Cyclic AMP + theophylline (10m4 M) 41 * 3.2-I 28 + 2.11 17 * 0.91 224 + 19.v 
Dibutyryl cyclic AMP 56 + 4.6t 32 + 1.8t I9 * l.7$ 207 + 21.3t 
AMP 0 0 0 3x0 f 33.8 

* Incubations of neutrophils (10’) were conducted at 37” for 10min with the respective agent(s) and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 32.2 i 2.3 big 
phenolphthaleinll8 hr/lO’ cells (21.4 per cent of total cell activity) for release of P-glucuronidase. Data represent the 
mean + S. E. M. of three to four separate experiments. 

t Significant at P < 0.01 vs control. 
$ Significant at P < 0.05 vs control. 
6 Incubations of neutrophils (10’) were conducted at 37” for 30 min with the respective agent(s) and for an additional 

60min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 35.6 + 2.7pg 
phenolphthalein/l8 hr/lO’ cells (22.3 per cent of total cell activity) for release of fl-glucuronidase. Data represent the 
mean & S. E. M. of three to four separate experiments. 
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Table 4. Effect of cholinomimetic agents and cyclic GMP on secretion of j-glucuronidase from and particle uptake 
by guinea pig neutrophils 

Agent(s) tested 

Per cent increase of 
/7-glucuronidase 

secretion 

1O-4 M 1O-5 M 10-6M 

Particle 
uptake in 

10m4 M agent 
(No. particles/ 

100 cells) 

Control (no agent) 
Acetylcholine* 
Acetyl+methylcholine 
Carbamylcholine 
Acetylcholine + atropine (lo-“ M) 
Acetyl+methylcholine + atropine (lo-“ M) 
Carbamylcholine + atropine (10e4 M) 
Atropine (10e4 M) 

343 k 21.4 
56 + 4.1t 40 f. 2.6t 23 + 1.4: 351 + 32.3 
61 + 5.5t 49 * 4.3t 29 k 0.8t 348 + 30.7 
43 * 2.2t 30 f 3.1t 18 k 1.31 357 i 26.1 
21 + 0.7 11 + 1.7 2 f 0.6 342 f 34.5 
13 * 1.2 9 * 0.3 3 + 1.1 338 + 31.6 
10 + 0.5 18 k 0.2 I _t 0.4 345 k 24.4 

0 0 0 332 + 35.3 

Control (no agent) 
Cyclic GMP$ 
Dibutyryl cyclic GMP 
GMP 

357 f 63.6 
61 + 5.6t 48 + 3.7t 26 k 1.7f 352 + 30.5 
88 * 7.4t 62 + 6.5t 38 k 2.67 368 k 43.4 

0 0 0 362 + 37.3 

* Incubations of neutrophils (10’) were conducted at 37” for 10 min with the respective agent(s) and for an additional 
60min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 29.4 k 2.1 pg 
phenolphthalein/l8 hr/lO’ cells (18.8 per cent of total activity) for release of P-glucuronidase. Data represent the 
mean k S. E. M. of four separate experiments. 

t Significant at P < 0.01 vs control. 
$ Significant at P < 0.05 vs control. 
9 Incubations of neutrophils (10’) were conducted at 37” for 30 min with the respective agent(s) and for an additional 

60min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 31.7 + I.8 pg 
phenolphthalein/l8 hr/lO’ cells (19.3 per cent of total activity) for release of fi-glucuronidase. Data represent the 
mean k S. E. M. of four separate experiments. 

Recovery of enzyme actioities from guinea pig neutro- Efect ojcorticosteroids on enzyme release from and 
phils. Complete recovery of /I-glucuronidase and lac- particle uptake by cytochalasin b-treated guinea pig 
tate dehydrogenase activities (latent and nonlatent) neutrophils. In the presence of cytochalasin B, an 
was obtained from neutrophils and incubation media agent which inhibits particle uptake, methylpredniso- 
in the presence of pharmacologic agents. Therefore, lone hemisuccinate, triamcinolone acetonide, dexa- 
the presence of serum-treated zymosan particles and methasone acetate, paramethasone acetate and hydro- 
test agents does not alter total enzyme activities sig- cortisone hemisuccinate inhibited fl-glucuronidase se- 
nificantly. cretion from neutrophils in the presence of serum- 

Table 5. Effect of corticosteroids on enzyme secretion from and particle uptake by cytochalasin B-treated guinea pig 
neutrophils 

Experimental condition* 

Per cent of total 
enzyme activity 

released? 

Lactate 
j%glucuronidase dehydrogenase 

Particle 
uptake 

(No. particles/ 
100 cells 

No treatment 
Cytochalasin B (CB) 
Serum-treated zymosan (STZ) 
CB + STZ (control) 
Methylprednisolone 

hemisuccinate (lo-’ M) + CB + STZ 
Triamcinolone acetonide (10m5 M) + CB + STZ 
Dexamethasone acetate (1O-5 M) + CB + STZ 
Paramethasone acetate (1O-5 M) + CB + STZ 
Hydrocortisone hemisuccinate (10m5 M) + CB + STZ 

3.4 * 0.43 1.3 * 0.07 
4.8 + 0.6 2.3 + 0.15 

21.6 f 1.9 1.8 + 0.09 319 k 28.7 
30.8 k 2.1s 1.5 * 0.14 9 * 0.3 
12.3 + 0.911 2.2 * 0.21 5 + 0.1 

15.1 * 1.311 
17.7 * 1.511 
16.2 & 0.811 
19.4 * 1.711 

1.1 + 0.06 6 f 0.5 
2.1 f 0.17 8 f 0.9 
1.7 f 0.12 11 f 0.13 
1.4 + 0.11 6 k 0.4 

* Neutrophils (10’) were preincubated with cytochalasin B (5 pg/ml) for 10 min at 37”. The cells were then incubated 
with the respective agent(s) for 30min followed by a 60-min incubation with zymosan treated with normal serum. 

t Total cell enzyme activities were: B-glucuronidase, 172 + 9.6 pg phenolphthalein/l8 hr/lO’ cells; and lactate dehydro- 
genase, 199 + 11.4 absorbancy units/min/lO’ cells. 

$ Data represent the mean + S. E. M. of four separate experiments. 
# Significant at P < 0.05 vs STZ. 
I/ Significant at P < 0.01 vs CB + STZ. 
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Table 6. Effect of adrennmimetic and cholinomimetic agents on enzyme secretion from and particle uptake by cytochata- 
sin B-treated guinea pig neutrophils 

Experimental condition* 

Per cent of total enzyme 
activity releasedt 

Lactate 
p-glucuronidase dehydrogenase 

Particle 
uptake 

(No. particles: 
100 cells) 

No treatment 
Cytochalasin B (CB) 
Serum-treated zymosan (STZ) 
CB + STZ (control) 
Epinephrine (10e4 M) + CB + STZ 
Epinephrine (10e4 M) + theophylline (10-j M) 

t CB + STZ 
Isoproterenol (lo-& M) + CB + ST2 
Isoproterenol (IO-* M) + thcophylline (IOY” M) 

+ CB + STZ 
Theophyliine (lOeJ M) + CB + ST2 
Acetylcholine (toe4 M) + CB f STZ 
Acetyl-fi-methylcholine (IO-“ M) + CB + ST2 
Carbamylcholine ( 1O”4 M) + CB + STZ 

2.5 + 0.33: 2.4 + 0.21 
3.7 + 0.2 3.5 + 0.37 

23.6 * 1.3 2.‘) + 0.16 377 + X.3 
7’ 1 + 1.7s __‘._ 3.8 _t 0.31 6 + 22 
18.6 i 0.61; 1.9 + 0.17 4 + 0.X 
11.3 * 0.81 I.6 + 0.24 7 + 0.4 

16.9 f I.51 3.1 * 0.30 3 i- 0.2 
9.3 f 0.4 2.3 _t 0.1 I 3 I 0.7 

30.4 _+ 1.6 3.6 * 0.35 6 * 0.1 
49.6 * 3.3 1.x * 0.05 5 i_ 0. i 
53.1 * 4.2,1 3.3 * 0.18 7 .* 0.z 
45.4 * 3.7 j 7.2 + 0.23 _ 0 f 0.7 

_-____ 
* Neutrophils (IO’) were preincubated with cytochalasin B (5 &ml) for 10 min at 37”. The cells were then incubated 

with the respective agent(s) for 30min followed by a 60-min incubation with zymosan treated with normal serum. 
*Total ceil enzyme activities were: ~-glu~uronidase, 158 & 10.7pg phenolphthalein~l8 hr/lO’ cells: and lactate de- 

hydrogenase. 192 & 13.3 ab~rbancy units~min/lO’ cells. 
t Data represent the mean + S. E. M. of three separate experiments. 
0 Significant at P <: 0.05 vs STZ. 
11 Significant at P i 0.01 vs CB + STZ. 

treated zymosan particles (Table 5). Although the 
cytochalasin B inhibited particle ingestion, and thus 
prevented any drug effect on this neutrophil~c func- 
tion, the serum-opsonized particles did adhere to the 
surface of the plasma membrane of the neutrophils. 
Cytochalasin B alone did not induce lysosomal 
enzyme release from neutrophils. However, when cells 
were incubated with serum-treated zymosan after 
cytochalasin B, an enhancement of P-glucuronidase 
secretion was observed (Table 5). In the presence of 
cytochalasin 8, no significant amount of lactate de- 
hydrogenase was released from neutrophils. The capa- 
city of cytochalasin B to augment lysosomal enzyme 
release from human and rabbit neutrophils in the 
presence of zymosan or various immune complexes 
has been reported previously [4X43]. 

Efect of ~~dreiz~)mirnetic and ~~~~)li~l~~i~~fj~ u~~~~s 
on enzyme relensefiom aud purticle uptake by cytocha- 
/usin B-treated gzriuea pig neutrophih. Epinephrine 
and isoproterenol inhibited the release of P-glucuroni- 
dase from cytochalasin B-treated guinea pig neutro- 
phils in the presence of serum-treated zymosan par- 
ticles but in the absence of particle uptake (Table 6). 
Cytochalasin B iI~hibition of phagocytosis disallowed 
any drug effect on particle uptake. Theophylline 
potentiated the actions of these agents in the absence 
of phagocytosis. 

Acetylcholine, acetyl+methylcholine and carba- 
mylcholine accelerated lysosomal enzyme secretion 
from guinea pig neutrophils treated with cytochalasin 
B. 

Effect of cyciir rzucleotides 08 enzyme release from 
and particle uptuke by cytochalusin B-treated guinea 
pig neutrophib Cyclic AMP and its dibutyryl analog 
inhibited [&glucuronidase secretion from cytochalasin 
B-treated neutrophils (Table 7). In addition, the effect 
of cyclic AMP on enzyme release was potentiated by 

theophylline in the absence of particle ingestion. Cyc- 
lic GMP and its dibutyryl analog stimulated /i-glu- 
curonidase secretion from ~ytocl~alasin B-treated neu- 
trophils. There was no effect of these agents on par- 
ticle uptake due to the blockade of phagocytosis by 
cytochalasin B. Cytochalasin B, while enhancing the 
release of fl-glucuronidase in the presence of serum- 
treated zymosan. had no effect on lactate dehydrogen- 
ase release from neutrophils. 

Complete recovery of enzyme activities (latent and 
nonlatent) was obtained from neutrophils and incuba- 
tion media in experiments where cytochalasin B W;H 
employed. 

Guinea pig neutrophils actively phagocptized scr- 
urn-treated zymosan particles and secreted lysosome 
granule-associated /3-glucuronidase but not cytoplas- 
mic lactate dehydrogenase. This selective release of 
a lysosomal enzyme by phagocytic cells occurred 
without a loss of cell viability. Particle uptake by 
these cells occurred at approximately the same rate 
as discharge of ~-glu~uronidase under conditions 
where the incubation time was varied; and these 
results agree with data reported by other investigators 
employing human neutrophils [6,3Y. 441. 

The release of deleterious constituents (e.g. lysoso- 
ma1 enzymes) from neutrophils during phagocytpsis 
of immune complexes may explain the tissue mpry 
that accompanies the release of these inflammatory 
agents [12, 131. The inhibition of lysosomal enzyme 
release would most certainly alleviate the tissue de- 
struction that accompanies many inflammatory con- 
ditions. 

Methylprednisolone hemisuccinate. triamcinolone 
acetonide. paramethasone acetate. dex~~met~~ason~ 
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Table 7. Effect of cyclic nucleotides on enzyme secretion from and particle uptake by cytochalasin B-treated guinea 
pig neutrophils 

Experimental condition* 

Per cent of total 
enzyme activity 

released? 

Lactate 
/?-glucuronidase dehydrogenase 

Particle uptake 
(No. particles/ 

100 cells) 

No treatment 
Cytochalasin B (CB) 
Serum-treated zymosan (STZ) 
CB + STZ (control) 
Cyclic AMP ( 10e4 M) + CB + STZ 
Theophylline (10m4 M) + CB + STZ 
Cyclic AMP (lo-“ M) + theophylline 

(1O-4 M) + CB + STZ 
Dibutyryl cyclic AMP (lo-“M) + CB + STZ 
Cyclic GMP (10e4 M) + CB + STZ 
Dibutyryl GMP (1O-4 M) + CB + ST2 

3.4 * 0.41 
4.8 + 0.6 

21.6 k 1.9 
30.8 k 2.19: 
24.5 f 2.211 
28.3 f 2.3 
16.5 k 1.1’ 

11.4 k 0.87 
58.8 + 4.97 
75.5 * 3.47 

1.3 * 0.07 
2.3 k 0.15 
1.8 +_ 0.09 
1.5 * 0.14 
1.9 + 0.18 
2.3 rf: 0.20 
2.4 k 0.16 

1.2 + 0.05 
1.6 + 0.15 
2.5 + 0.23 

319 + 28.7 
9 f 0.3 

10 + 0.4 
8 f 0.6 

10 f 0.9 

7 * 0.3 
12 f 1.4 
6 f 0.8 

* Neutrophils (10’) were preincubated with cytochalasin B (5 &ml) for 10 min at 37”. The cells were then incubated 
with the respective agent(s) for 30min followed by a 60-min incubation with zymosan treated with normal serum. 

t Total cell enzyme activities were: P-glucuronidase 172 f 9.6 pg phenolphthalein/l8 hr/lO’ cells; and lactate dehydro- 
genase. 199 k 11.4 absorbancy units/min/lO’ cells. 

t Data renresent the mean + S. E. M. of four senarate experiments. 
:! Significant at P < 0.05 vs STZ. 
/I Significant at P < 0.05 vs CB + STZ. 
’ Significant at P < 0.01 vs CB + STZ. 

acetate and hydrocortisone hemisuccinate inhibit 
both phagocytic uptake of serum-treated zymosan 
particles by and secretion of j?-glucuronidase from 
guinea pig neutrophils. Extracellular release of lactate 
dehydrogenase is not affected by these steroids. These 
data are supported by reports showing corticosteroids 
to suppress the phagocytic release of lysosomal 
enzymes from human neutrophils [45]. Furthermore, 
the relative effectiveness of these corticosteroids 
(methylprednisolone > triamcinolone acetonide > 
dexamethasone > paramethasone > hydrocortisone) 
in inhibiting the phagocytic secretion of lysosomal 
enzymes from guinea pig neutrophils approximates 
the rank order of anti-inflammatory activity of these 
agents in human and laboratory animals. Therefore, 
the effects of these corticosteroids on an inflammatory 
cell such as the neutrophil may be related to the anti- 
inflammatory activity of these drugs. It is interesting 
to note that aldosterone hemisuccinate and deoxycor- 
ticosterone acetate, which are mineralocorticoids and 
do not possess anti-inflammatory activity, had no 
effect on the phagocytic discharge of /?-glucuronidase 
from neutrophils. The observed actions of steroids on 
neutrophils appear to be specific for those corticoster- 
oids possessing anti-inflammatory activity. It is poss- 
ible that the demonstration of the inhibition of two 
important physiological functions of the neutrophil 
(phagocytosis and enzyme release) by certain antiarth- 
ritic corticosteroids may serve to elucidate the mech- 
anism(s) of actions of these agents in various patho- 
logical conditions. 

We have shown adrenomimetic agents such as 
epinephrine and isoproterenol to inhibit phagocytosis 
of zymosan particles by and secretion of fl-glucuroni- 
dase from guinea pig neutrophils. Both of these agents 
are P-agonists and the observation that the p-receptor 
antagonist, propranolol, blocked the action of these 

agents on phagocytosis and enzyme release, is evi- 
dence for the presence of /?-receptors on the surface 
of the guinea pig neutrophil. The finding that theo- 
phylline enhanced the action of epinephrine and iso- 
proterenol indicates that the effects of these adreno- 
mimetic agents on the phagocytic discharge of lysoso- 
ma1 enzymes from guinea pig neutrophils may be 
mediated by intracellular cyclic AMP. We report here 
that cyclic AMP and its dibutyryl analog inhibited 
both particle uptake by and enzyme release from 
guinea pig neutrophils. These effects are potentiated 
by theophylline. These results are in agreement with 
reports indicating that exogenous adrenomimetic 
agents and cyclic AMP inhibited these cellular activi- 
ties in vitro [32,46,47] in human neutrophils. 

Whereas adrenomimetic agents have been demon- 
strated to exert an inhibitory effect on phagocytosis 
and enzyme release, the data in this report indicate 
that the cholinomimetic agents, acetylcholine, acetyl- 
p-methylcholine and carbamylcholine accelerate the 
secretion of /?-glucuronidase from neutrophils but 
have no effect on particle uptake. The observation 
that atropine, a muscarinic receptor antagonist, 
blocked the action of these agents suggests that there 
are muscarinic receptors associated with the neutro- 
phi1 surface. 

The findings in this report indicate that cyclic 
GMP and its dibutyryl analog accelerate lysosomal 
enzyme secretion but have no effect on the ingestion 
of serum-treated zymosan particles. Because cholino- 
mimetic agents also accelerate lysosomal enzyme 
release from guinea pig neutrophils, it is possible that 
cyclic GMP may mediate the actions of these agents. 
In this regard, Smith and Ignarro [48] showed that 
an increase in cellular cyclic GMP and the sub- 
sequent secretion of lysosomal enzymes from human 
neutrophils required calcium in the extracellular 
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medium. Indeed, acetylcholine failed to stimulate 
enzyme release from neutrophils in the absence of cal- 
cium [48,49]. Calcium has been reported to stimulate 
guanylate cyclase activity [SO] and it is reasonable 
to postulate that cholinomimetic agents, in the pres- 
ence of an immune reactant (e.g. serum-treated zymo- 
San), may facilitate calcium mobilization into neutro- 
phils. This event would be followed by calcium acti- 
vation of guanylate cyclase, elevation of cyclic GMP 
levels and secretion of lysosomal enzymes. Therefore. 
calcium, in a way not well understood, may serve 
as the link between the stimulus (immune reactant) 
and secretion in neutrophils by stimulating guanylate 
cyclase. At this time it is important to note that, un- 
like cyclic GMP levels in neutrophils which are ele- 
vated when the cells are in contact with immune reac- 
tants [39,48]. neutrophil cyclic AMP levels do not 
vary during particle ingestion and lysosomal enzyme 
secretion in the absence of adrenomimetic agents 
139, 51, 521. 

Corticosteroids, adrenomimetic agents and cyclic 
AMP were demonstrated to inhibit both particle 
uptake and lysosomal enzyme secretion. In order to 
ascertain whether inhibition of enzyme discharge 
occurred independently of inhibition of phagocytosis, 
we employed the fungal metabolite, cytochalasin B, 
which inhibits particle uptake by phagocytic cells 
such as neutrophils 1533. Neutrophils treated with 
cytochalasin B. and thus rendered incapable of pha- 
gocytizing particulate material, are still capable of 
secreting lysosomal enzymes but not lactate dehydro- 
genase. This has been referred to as “reverse endocy- 
tosis” [54]. In the studies reported here, when serum- 
treated zymosan particles are incubated with cytocha- 
lasin B-treated neutrophils, the particles adhere to the 
plasma membrane but are not internalized. Methyl- 
prednisolone hemisuccinate, triamcinolone acetonide, 
dexamethasone acetate, paramethasone acetate and 
hydrocortisone hemisuccinate inhibited b-glucuroni- 
dase release from cytochalasin B-treated guinea pig 
neutrophils. Epinephrine and isoproterenol inhibited 
p-glucuronidase secretion from cytochalasin B-treated 
neutrophils. Cyclic AMP also inhibits the discharge 
of o-glucuronidase from neutrophils treated with 
cytochalasin B. Thus, it appears that these agents 
exert independent effects on particle ingestion and 
enzyme release. However, their effect on phagocytosis 
probably contributes to the inhibition of lysosomal 
enzyme release. These data confirm a preliminary 
report issued from this laboratory 1551. The metabo- 
lism of glucose by neutrophils is markedly increased 
during phagocytosis [56,57]: and corticosteroids 
have been reported to interfere with neutrophil meta- 
bolic enzymes [SS] which could affect the phagocytic 
capabilities of these cells. Corticosteroids have been 
demonstrated to stabilize lysosomal membranes of 
isolated lysosomes from human neutrophils [59], an 
effect which may be responsible for the inhibition of 
enzyme release from neutrophils by these agents. Fur- 
thermore, adrenomimetic agents and cyclic AMP 
have been reported to inhibit and cholinomimetic 
agents and cyclic GMP to accelerate the release of 
hydrolases from lysosomes isolated from guinea pig 
neutrophils [32]. These findings might help to eluci- 
date the mechanism(s) by which autonomic neurohor- 
mones and cyclic nucleotides influence the phagocytic 

release of lysosomal enzymes from guinea pig neutro- 
phils. It is interesting to note that cholinomimctic 
agents and cyclic GMP. while accelerating enzyme 
release from neutrophils. had no effect on particle 
uptake. These data seem to indicate that phagocytosis 
activates a series of intracellular events which leads 
to lysosomal enzyme secretion, and that cyclic GMP 
may be one of the mediators of this secretory process. 

The data presented in this report indicate that cer- 
tain corticosteroids inhibit the phagocytosis of serum- 
treated zymosan particles by and the selective se- 
cretion of lysosomal enzymes from guinea pig neutro- 
phils. Whereas adrenomimetic agents and cyclic AMP 
inhibit particle ingestion and enzyme release, cholino- 
mimetic agents and cyclic GMP accelerate enzyme 
release and have no effect on phagocytosis. In the 
presence of cytochalasin B. which inhibits phagocy- 
tosis, the corticosteroids. adrenomimetic agents and 
cyclic AMP continue to inhibit lysosomal enzyme dis- 
charge from neutrophils. Cholinomimetic agents and 
cyclic GMP accelerate the release of fl-glucuronidase 
from cytochalasin B-treated guinea pig neutrophils. 

In conclusion, the data reported here show that 
certain antiarthritic corticosteroids may function to 
curtail the inflammatory process by modulating the 
release of lysosomal enzymes from neutrophils into 
the surrounding tissue where they have been reported 
to mediate cartilage damage and other forms of tissue 
injury. The fact that these agents inhibit the secretion 
of lysosomal enzymes in the absence of phagocytosis 
suggests that these mechanisms may be independent 
of one another and/or that certain corticosteroids 
may indeed exert separate effects on these cellular ac- 
tivities. Furthermore, the data show that autonomic 
neurohormones may function in inflammatory condi- 
tions to modulate the neutrophilic functions of pha- 
gocytosis and lysosomal enzyme release. In addition, 
it appears that cyclic AMP and cyclic GMP may play 
bioregulatory roles in mediating the actions of 
adrenomimetic and cholinomimetic agents on guinea 
pig neutrophils. 
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