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Abbreviations 
4α-PDD 4 α-phorbol 12,13-didecanoate 
BAPTA  1,2-bis(O-aminophenyl)-ethane-ethane-N,N,N',N'-tetraacetic acid 
BLT  benzyloxylcarbonyl-L-lysine thiobenzyl ester-esterase 
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CTL  cytotoxic T lymphocytes 
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NSF  N-ethylmaleimide sensitive factor 
OAG  1-oleoyl-2-actetylglycerol 
PAF  platelet activating factor 
PDBu  phorbol 12,13-dibutyrate 
PDK1  phosphoinositide-dependent kinase-1 
PH   pleckstrin homology 
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RACK  receptor for activated C kinase 
SNAP  small N-ethylmaleimide sensitive factor attachment protein 
SNARE  SNAP receptor 
TCR  T-cell receptor 
VAMP  vesicle associated membrane protein 
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Introduction to macrophages 
Already in the late 19th century Metchnikoff identified macrophages 
as inflammatory phagocytic cells. The presence of these cells in all 
studied animals has now been acknowledged (Seljelid and Eskeland 
1993), and they are known to play an important role in innate 
immunity (Gallin, Goldstein et al. 1992). Monocytes derive from 
pluripotent stem cells in the bone marrow and are continuously 
released into the blood stream. Circulating monocytes later leave the 
blood stream migrating through the vessel endothelium to differentiate 
into various forms of resident tissue macrophages. Release of 
monocytes from the bone marrow and subsequent migration into 
inflammatory lesions can be significantly increased during acute 
stages of inflammation (Van Furth, Diesselhoff-den Dulk et al. 1973). 
Macrophages reside in virtually all tissues. Examples are alveolar 
macrophages in the lung, Langerhans cells in the dermis, microglial 
cells in the brain, synovial macrophages in the joints, peritoneal 
macrophages in the peritoneal cavity and Kupffer cells in the liver 
(Gordon, Keshav et al. 1988). Kupffer cells are thought to play a 
major role in the removal and destruction of foreign particles in the 
portal blood (Crofton, Diesselhoff-den Dulk et al. 1978; Wisse and 
Knook 1979). Macrophages continuously partake in tissue 
surveillance and repair e.g. through phagocytosis of apoptotic cells 
(Platt, da Silva et al. 1998) and degradation of extracellular matrix. 
Macrophages also present antigens to T-lymphocytes (Asherson and 
Colizzi 1991) through expression of class II MHC molecules (Roitt 
1991; Ramachandra, Song et al. 1999). Macrophages release a wide 
range of products with which they can influence their environment. 
They can, thus, both initiate inflammatory responses and influence the 
adaptive immune system through production of eicosanoids and 
cytokines. As a first line of defense against infection, macrophages kill 
microbes through phagocytosis (Rutherford, Witsell et al. 1993), 
lysosomal secretion, production of oxygen radicals, and production of 
nitric oxide (Hibbs, Taintor et al. 1987). Macrophages are the 
predominant cells-type found at sites of chronic inflammatory lesions, 
and their arsenal of secreted cytokines and hydrolytic lysosomal 
enzymes possibly plays a detrimental role in the pathology of, for 
instance, autoimmune diseases. A correlation has been found between 
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the ability of certain stimuli to trigger release of lysosomal hydrolases 
in vitro and their capacity to induce inflammation in vivo 
(Schorlemmer, Davies et al. 1977). It has therefore been suggested that 
macrophage lysosomal secretion plays an important role in promoting 
chronic inflammation (Davies and Allison 1976). Also, macrophages 
are found in the granulation tissue, which overlaps articular cartilage 
in rheumatoid arthritis (Kobayashi and Ziff 1975), and a substantial 
number of macrophages can be found in synovial fluid from patients 
suffering from this disease (Krane, Conca et al. 1990). 
 
Lysosomal secretion 
Secretion of granular content through degranulation can occur either 
constitutively or in a regulated fashion. Constitutive secretion is a 
continuous process where newly synthesized material from the 
endoplasmatic reticulum and Golgi is packaged in vesicles, 
transported to the cell surface and released through fusion with the 
plasma membrane. Constitutive secretion is dependent on protein 
synthesis, and an example in macrophages is release of the 
antibacterial protein lysozyme (Gordon, Todd et al. 1974). Regulated 
secretion, on the other hand, is a process common to specialized cell-
types where contents destined for exocytosis is packaged in 
membranous compartments while waiting to be released upon cellular 
activation. Some leukocytes have specialized secretory granules which 
can be rapidly mobilized during cellular activation. No such granules 
have been identified in macrophages yet. Instead, these cells respond 
to exocytotic stimuli with release of lysosomal contents. Although the 
bulk of lysosomal enzymes is found in what is classically regarded as 
the lysosomal compartment, these enzymes can also be found in 
endosomes. A recent analysis of endocytic compartments from 
macrophages (J774 cell line) revealed a selective enrichment of the 
lysosomal proteases cathepsin H and S in early and late endosomes, 
respectively (Claus, Jahraus et al. 1998). Some evidence was also 
found of the existence of subgroups among lysosomes as this 
compartment only partly could be mobilized by elevation of lysosomal 
pH by means of treatment with bafilomycin A1, an inhibitor of the 
vacuolar proton pump. Both subgroups were identified as lysosomes 
but with somewhat different enzyme content. The role of lysosomal 
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pH in lysosomal secretion is further discussed below. For the sake of 
simplicity, however, the lysosomal compartment is often defined as 
the most distal compartment in the endocytic pathway (Storrie 1988; 
Kornfeld and Mellman 1989). Notably, there is a resemblance in terms 
of contents between lysosomes and certain specialized secretory 
granules in other leukocytes. Such granules are often viewed upon as 
specialized secretory lysosomes. An example of this is the azurophilic 
granule in neutrophils which contain many of the enzymes found in 
common lysosomes (Borregaard, Lollike et al. 1993) but lack the 
lysosomal marker lamp-1 in the membrane (Dahlgren, Carlsson et al. 
1995; Cieutat, Lobel et al. 1998). It has recently been found that 
lysosomal secretion may be common to a broader spectrum of cells 
(Andrews 2000). Lysosomal secretion can for instance be triggered by 
Ca2+-influx in fibroblasts and is thought to be a process involved in 
resealing after injury to the plasma membrane (Rodriguez, Webster et 
al. 1997). The lysosomal compartment has an acidic interior 
maintained through active inward transportation of protons from the 
cytosol by a vacuolar proton pump (Schneider 1981). pH in the 
lysosomal compartment is typically kept between 4.5 and 5 (Ohkuma 
and Poole 1978). Accordingly, most enzymes found in lysosomes have 
pH-optima in the acidic range. This is thought to convey effective 
degradation of materials inside the lysosomes while preventing self-
destruction in case enzymes should escape to the more alkaline 
cytosol. It has, however, recently become apparent that lysosomes also 
harbor hydrolytic enzymes with pH-optima in the neutral range (Butor, 
Griffiths et al. 1995; Bank and Ansorge 2001). This further underlines 
the significance of lysosomes as a secretory compartment in addition 
to functions such as degradation of materials accumulated through 
endocytosis and autophagy. The mechanism of lysosomal biogenesis 
has been under debate for some time, and it remains unclear whether 
endocytosed material fuses directly with vesicles from the Golgi 
containing hydrolytic enzymes to form lysosomes, or if endocytosed 
and phagocytosed material sequentially fuse with early and late 
endosomes in order to reach the lysosomes (Desjardins 1995). Low 
amounts of lysosomal enzymes are constitutively secreted from 
macrophages (Schnyder and Baggiolini 1978) but a bulk secretion is 
triggered, for instance, by contact with particulate, phagocytosable 
stimuli such as zymosan (Schorlemmer, Davies et al. 1977; Dean, 
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Hylton et al. 1979a). Zymosan is a cell wall preparation from 
Saccharomyces cerevisae containing mannan- and glucan-chains 
which are recognized by plasma membrane receptors in macrophages 
(Di Carlo and Fiore 1957; Bogwald, Johnson et al. 1984; Tapper and 
Sundler 1995b). Such regulated secretion of lysosomal enzymes is not 
dependent upon simultaneous protein synthesis (Davies and Bonney 
1980; McCarthy, Musson et al. 1982). Lysosomal secretion can further 
be triggered by pathological agents such as various bacteria, immune 
complexes, asbestos fibers, coal particles, mold and dental plaques 
(Pestel, Joseph et al. 1979; Davies and Bonney 1980) but is not 
dependent upon phagocytosis per se (Schorlemmer, Davies et al. 
1977; Dean, Hylton et al. 1979a; Tapper and Sundler 1995b). 
Secretion can accordingly be elicited by non-phagocytosable stimuli, 
as shown by stimulation with IgG-coated Sepharose beads of much 
larger size than the macrophage itself (Dean, Hylton et al. 1979b). 
Lysosomal secretion can also be triggered by soluble stimuli, directly 
affecting lysosomal pH, such as primary amines, ionophores and 
inhibitors of the proton pump (Riches and Stanworth 1980; Takano, 
Imai et al. 1984; Tapper and Sundler 1990; Tapper and Sundler 
1995a). It should be noted that monocytes, monocytic and macrophage 
cell lines, as well as freshly isolated macrophages, mobilize lysosomal 
enzymes less readily upon activation than what is the case in cultured 
macrophages (Tapper and Sundler 1995c, and personal 
communications). Futhermore, mouse peritoneal macrophages, 
elicited by intra-peritoneal injections of thioglycollate, are more 
responsive to certain stimuli compared to resident macrophages in 
terms of lysosomal enzyme release (Bonney, Wightman et al. 1980). 
In a simplified model of regulated secretion one would anticipate at 
least three common steps (Figure 1). Firstly, the cell responds to its 
environment with activation of signaling cascades which in 
macrophages leads to a crucial alkalinization of lysosomes. This, in 
turn, triggers the second step in which the secretory compartment is 
transported to the vicinity of the plasma membrane. This step precedes 
the first step in some cell types where pre-docked secretory 
compartments already await the triggering signal at its target location. 
Finally, in the third step, the secretory compartment fuses with the 
target membrane exposing its lumen to the outside of the cell. 
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Figure 1. Outline of the major steps in zymosan-induced lysosomal 
secretion in macrophages. 
 
Macrophages harbor several receptors that are able to activate 
signaling pathways leading to exocytosis. For instance, secretion may 
be triggered by receptors for IgG (Cardella, Davies et al. 1974), 
complement components (Schorlemmer and Allison 1977) or 
carbohydrate structures (Bogwald, Johnson et al. 1984). It is not 
known whether certain common signaling pathways required for 
secretion are activated by all of these receptors, or if secretion may be 
triggered by separate sets of signaling pathways specific to each 
receptor. It can be noted, however, that the involvement of certain 
signaling pathways seems to be common to a broad variety of cell 
types. The mechanism of Ca2+-induced exocytosis, for instance, has 
been thoroughly studied in neuronal cells as well as pancreatic β-cells 
(Berggren and Larsson 1994; Burgoyne and Morgan 1995; Henquin, 
Jonas et al. 1998). In such excitable cells, a rise in cytosolic Ca2+ is 
achieved through plasma membrane depolarization, which in turn 
leads to opening of voltage-sensitive Ca2+-channels, and thus influx of 
extracellular Ca2+. The role of protein kinase C in excitatory cell 
secretion has also been extensively reviewed (Zimmermann 1990; Liu 
1997; Hille, Billiard et al. 1999; Turner, Burgoyne et al. 1999). 
Activation of protein kinase C (PKC) by phorbol esters triggers a 
Ca2+-independent degranulation in, for example, pituitary gonadotrope 
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cells (Billiard, Koh et al. 1997; Chang, Graeter et al. 1986). Secretion 
in these cells is also sensitive to down-regulation of PKC and is 
inhibited by staurosporine, which is a broad-spectrum kinase inhibitor 
(Dan-Cohen and Naor 1990). A modulating role for PKC in excitatory 
cell degranulation has also been suggested. For instance an increased 
probability for vesicle release (Malenka, Madison et al. 1986; Segal 
1989) as well as an increase in the pool of readily releasable vesicles 
and refill velocity (Stevens and Sullivan 1998) has been noted in 
synaptic cells upon activation of PKC by phorbol esters. The roles of 
Ca2+ and PKC in leukocyte degranulation are discussed separately 
below. 
Macrophages differ from other secretory cells in the first triggering 
step of exocytosis. It has been found that agents which increase 
lysosomal pH also induce lysosomal secretion. Such secretion is 
triggered, for instance, by weak bases including primary amines, 
quinine and chloroquine (Riches and Stanworth 1982) which 
accumulate in acidic compartments causing a slow alkalinization 
(Ohkuma and Poole 1981; Poole and Ohkuma 1981). Lysosomal pH 
can also be disturbed by ionophores such as monensin, which confers 
free passage of sodium and protons over membranes, or nigericin, 
which allows passage of potassium and protons. These agents cause 
alkalinization of lysosomes (Ohkuma and Poole 1978) and have also 
been found to trigger lysosomal secretion in macrophages (Takano, 
Imai et al. 1984; Tapper and Sundler 1990). A role for the actual 
alkalinization in triggering of secretion is further supported by the 
finding that bafilomycin A1, which causes lysosomal alkalinization by 
direct inhibition of the acidifying vacuolar proton pump (Dröse, 
Bindsell et al. 1993; Tapper and Sundler 1995a), also results in 
lysosomal secretion in macrophages (Tapper and Sundler 1995a). 
Lysosomal alkalinization can also, as mentioned, be triggered by 
particulate stimuli in macrophages. It has been shown that stimulation 
of macrophages with zymosan induces a slow progressive rise in 
lysosomal pH (Tapper and Sundler 1995c). This alkalinization is not a 
result of phagocytosis and subsequent phagolysosomal fusion which 
was shown through blockage of phagocytosis by pretreatment with 
cytochalasin B. Although macrophages readily ingest latex beads, this 
stimulus neither affects lysosomal pH, nor triggers secretion. These 
findings imply that receptor engagement is required for induction of 
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lysosomal alkalinization by particulate stimuli in macrophages. 
Zymosan and monensin, in contrast to agents such as methylamine and 
monensin which act solely by affecting lysosomal pH, are in 
combination additive stimuli for macrophages lysosomal secretion, 
indicating other pathways besides lysosomal alkalinization in 
zymosan-induced secretion (Riches and Stanworth 1982). It is 
presently not clear if lysosomal alkalinization is a secretion-triggering 
step induced also by other particulate stimuli, such as bacteria. A role 
for lysosomal/granular pH has also been considered in secretory 
responses in other cell types. It is for instance not clear weather 
neutrophils degranulate in response to granular alkalinization. While it 
has been reported that no β-glucuronidase (a marker for azurophilic 
granules) is released from monensin-stimulated neutrophils (Korchak 
and Weissmann 1980), such secretion has been found by others in 
both rabbit (Di Virgilio and Gomperts 1983) and human neutrophils 
(Fittschen and Henson 1994). As opposed to macrophages, neutrophil 
degranulation is not triggered by stimulation with weak bases. On the 
contrary, it has been found that alkalinization of granules inhibited 
degranulation induced by stimuli such as phorbol myristate acetate 
(PMA) and A23187 (Klempner and Styrt 1983). Thus, the relation 
between granular pH and secretion in neutrophils still remains to be 
established. Degranulation in response to monensin has also been 
observed in RBL-2H3 cells, where an increase in cytosolic Ca2+ 
through Ca2+-influx pathways was suggested as the triggering 
mechanism (Stump, Oliver et al. 1987). In human platelets, weak 
bases, such as primary amines and chloroquine, exert an enhancing 
effect on thrombin-induced secretion of lysosomal contents (Van Oost, 
Smith et al. 1985).  
Maintenance of a firmly regulated cytosolic pH is a crucial process in 
all cells (Madshus 1988). Regulation of cytosolic pH is especially 
important in leukocytes operating in inflammatory environments 
where the exudate pH tends to be low (Lardner 2001). The level of 
cytosolic pH in macrophages is set by counteracting alkalinizing and 
acidifying mechanisms. Macrophages make use of bicarbonate for 
regulation of cytosolic pH by means of an alkalinizing Na+-dependent 
Cl-/HCO3

--exchanger and an acidifying Na+-independent Cl-/HCO3
--

exchanger (Tapper and Sundler 1992a). These mechanisms, together 
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with an alkalinizing H+-ATPase (Tapper and Sundler 1992b), operate 
in the physiological range of cytosolic pH and determine the level of 
cytosolic pH in resting macrophages. These cells also express a 
Na+/H+-exchanger, but this mechanism is inactive in quiescent 
macrophages, operating only after larger acidifications of the cytosol 
(Tapper and Sundler 1992b; Bidani, Brown et al. 1994). pH is an 
important determinant of the three-dimensional structure of proteins 
due to the presence of amino acid residues, serving as either donors or 
acceptors of protons. The side chains of amino acids, such as histidine, 
contain ionizable groups with pK values in a near-physiological range. 
Apart from being an important regulator of metabolic pathways in 
eukaryotic cells, another role for cytosolic pH has also been found in 
regulation of some highly specialized inflammatory cell functions. A 
permissive pH is for instance required for macrophage functions, such 
as phagocytosis (Bidani and Heming 1995), superoxide production 
(Swallow, Grinstein et al. 1990; Bidani and Heming 1995), and 
release of cytokines (Bidani and Heming 1995). Modulating effects of 
cytosolic pH have further been observed on transactivation of 
transcription factors (Murguía, De Vries et al. 1995; Conboy, Manoli 
et al. 1999) and propensity of cells to undergo apoptosis (Gottlieb, 
Giesing et al. 1995). Still another role for cytosolic pH has been found 
in the modulation of lysosomal secretion in macrophages (Tapper and 
Sundler 1990). Lysosomal secretion is inhibited at low cytosolic pH-
levels, while alkalinization of the cytosol has an enhancing effect on 
secretion. The molecular mechanism for modulation of lysosomal 
secretion by cytosolic pH has to date not been clarified, but a role for 
the gradient formed between cytosolic pH and the triggering lysosomal 
pH has been suggested (Sundler 1997). Also, others have found that 
regulation of cytosolic pH is of importance in cellular membrane 
trafficking. Manipulation of cytosolic pH to levels below 6.8 
reversibly inhibits both endocytic and exocytotic membrane 
transportation in fibroblasts (Cosson, de Curtis et al. 1989). The 
abrogation of vesicular traffic is preceded by a redistribution of 
lysosomes and endosomes toward the periphery of the cells. Similar 
observations have been made in neuronal and epithelial cells, where 
these movements are dependent on microtubules (Parton, Dotti et al. 
1991) and mediated by kinesins (Hollenbeck and Swanson 1990; 
Swanson, Locke et al. 1992).  
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Organelles in eukaryotic cells are known to be transported in specific 
directions along microtubules. Such movements are mediated by 
motor proteins containing motor, cargo-binding, and regulatory 
components. Myosins mediate movement along actin filaments, while 
kinesins and dyneins mediate movement along microtubules (Vale and 
Fletterick 1997). Most kinesins transport cargo toward the plus-end 
while dyneins mediate transports toward the minus-end of 
microtubules. Kinesins and dyneins have been shown to mediate 
macrophage phagosome movement in vitro along microtubules in 
centrifugal and centripetal directions, respectively (Blocker, Severin et 
al. 1996; Blocker, Severin et al. 1997). It has been established that 
lysosomes translocate along microtubules, and lysosomes have also 
been found to co-localize with dyneins (Lin and Collins 1992). A role 
for actin filaments in exocytotic events has also been thoroughly 
discussed. It has been suggested that cross-linked actin filaments 
constituting a network beneath the plasma membrane can act as a 
barrier to exocytotic vesicles. This view is supported by the finding 
that exocytosis, in numerous cell-types, is facilitated by disruption of 
actin filaments or inhibition of filament polymerization (Aunis and 
Bader 1988; Muallem, Kwiatkowska et al. 1995; Vitale, Seward et al. 
1995). Disruption of actin filaments has in some cell-types further 
proved to constitute a sufficient trigger for exocytosis (Muallem, 
Kwiatkowska et al. 1995). 
When translocation of lysosomes toward a target area of the plasma 
membrane has been triggered, docking and fusion are the final events 
mediating release of lysosomal content to the cell exterior. Release of 
vesicular contents requires docking, meaning recognition and close 
apposition between donor and acceptor membranes before fusion can 
occur. Docking and fusion is mediated by a set of proteins designated 
SNAP receptors (SNAREs), which were discovered in synaptic 
vesicles and presynaptic plasma membranes. The SNARE hypothesis 
was first presented by Rothman and colleagues (Rothman and Orci 
1992; Söllner, Bennet et al. 1993). SNAREs are family members of 
highly conserved proteins residing on vesicles (v-SNARE) and target 
membranes (t-SNARE). Both v- and t-SNAREs seem to be required 
on adjacent membranes for membrane docking to occur (Nichols, 
Ungermann et al. 1997; Weber, Zemelman et al. 1998). Direct 
evidence for the necessity of SNAREs in synaptic release comes from 
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experiments using toxins from Clostridium botulinum and Clostridium 
tetani, which through endoproteolytic cleavage, target and destroy v-
SNAREs, including synaptobrevin or vesicle associated membrane 
protein (VAMP), and t-SNAREs, including syntaxins and 
synaptosome-associated proteins (Blasi, Binz et al. 1994; Montecucco 
and Schiavo 1995). SNAREs are important for, but not the only 
determinants of, fusion target specificity. In agreement with the 
multiple isoforms identified to date, specificity of vesicle trafficking 
seems to be ensured by the presence of unique sets of SNAREs in 
different membrane compartments (Söllner, Bennet et al. 1993; Bock 
and Scheller 1997). After recognition between v- and t-SNAREs, 
formation of the fusion complex is completed through binding of the 
soluble ATPase NSF (N-ethylmaleimide sensitive factor) and SNAPs 
(small N-ethylmaleimide sensitive factor attachment proteins) which 
promote fusion and subsequent dissociation of the complex. 
Sensitivity to SNARE-specific toxins and, hence, existence of SNARE 
fusion complexes has also been identified in a wide array of non-
neuronal cell types, including macrophages (Ho and Klempner 1985; 
Pitzurra, Marconi et al. 1989; Pitzurra, Blasi et al. 1993). Several 
SNAREs have now been identified in both neutrophils and 
macrophages (Brumell, Volchuk et al. 1995; Nabokina, Egea et al. 
1997; Hackam, Rotstein et al. 1996). The formation of SNARE 
complexes can in turn be regulated by Rab proteins in vivo (Lian, 
Stone et al. 1994; Sogaard, Tani et al. 1994; Lupashin and Waters 
1997). The roles of Ca2+ and PKC in regulated secretion in leukocytes 
are discussed below, but it can be mentioned that both Ca2+ and 
phosphorylation events are implicated in the regulation of several 
SNAREs. It has for instance been shown that activation of PKC leads 
to phosphorylation of SNAP-25 as well as Munc-18 and that 
synaptotagmins can act as substrates for PKC (Fujita, Sasaki et al. 
1996; Shimazaki, Nishiki et al. 1996; Hilfiker, Pieribone et al. 1999). 
Synaptotagmin 1, which contains a C2 domain, also found in cytosolic 
phospholipase A2 (cPLA2) and Ca2+-sensitive isoforms of PKC (Perin, 
Fried et al. 1990), has been suggested as a potential Ca2+-sensor in 
regulated secretion (Perin, Fried et al. 1990; Sudhof and Rizo 1996). 
Synaptotagmin 1 knockout mice show impaired Ca2+-dependent 
vesicle exocytosis in neurons (Sudhof and Rizo 1996). 
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Table 1. Secretory compartments in leukocytes 
Cell-type   compartment   example of contents   ref. 
Neutrophils   azurophilic granules   MPO, elastase, defensins  (1) 

    specific granules   lysozyme, lactoferrin   

    gelatinase granules   gelatinase   

    secretory vesicles   ALP     

Eosinophils   primary granules   Charcot-Leyden crystal proteins  (2, 3) 

    specific granules   MBP, ECP, EPO   

    small-type granules   arylsulphatase   

    secretory vesicles   albumin     

Basophils &   secretory granules   histamine, serotonin, heparin etc  (4) 

Mast cells   lysosomes   hydrolases     

Platelets   dense core granules   serotonin, ADP, Ca2+  (5, 6) 

    alpha granules   vWF, PDGF, fibrinogen   

    lysosomes   hydrolases etc     

CTL & NK-cells   lytic granules   perforin, hydrolases   (7) 

Monocytes 
&Macrophages 

  lysosomes   hydrolases   (8, 9) 

(1) Borregaard, Lollike et al. 1993 (2) Gleich, Adolphson et al. 1992 (3) Egesten, 
Calafat et al. 2001 (4) Siraganian 1992 (5) Weksler 1992 (6) White 1994 (7) Page, 
Darmon et al. 1998 (8) Dell'Angelica, Mullins et al. 2000 (9) Henson, Henson et al. 
1992 
 
 
Ca2+ and regulated secretion in leukocytes 
There is a general understanding that an increase in cytosolic Ca2+ is 
necessary as well as sufficient for the initiation of secretion in most 
excitable cells. Mechanisms involved in elevation of Ca2+ and 
potential Ca2+-sensitive components of the exocytotic machineries 
have been reviewed in for instance neurons (Burgoyne and Morgan 
1995; Meir, Ginsburg et al. 1999; Sudhof 2000), neuroendocrine cells 
(Cheek and Barry 1993) and pancreatic β-cells (Henquin 2000; Satin 
2000). Even though addressed in numerous studies of leukocytes, the 
role of cytosolic Ca2+ in the degranulation response of these cells and 
other non-excitable cells is less clear. A compilation of results from 
such studies is presented below.  
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Neutrophils 
Elevation of cytosolic Ca2+ is a common feature to most physiological 
stimuli capable of inducing neutrophil degranulation. Neutrophils 
contain four subsets of granules classified by contents (Table 1). 
Specific granules, gelatinase granules and secretory vesicles contain 
enzymes and receptors involved in extravasation and migration. These 
granules appear late in neutrophil maturation and are the most readily 
mobilized granules in response to chemotactic stimuli and elevation of 
cytosolic Ca2+ (Borregaard, Lollike et al. 1993; Sengeløv, Kjeldsen et 
al. 1993). Azurophilic granules, on the other hand, appear early in 
neutrophil maturation and are less readily released in response to Ca2+. 
Azurophilic granules resemble lysosomes in some aspects and contain 
acidic hydrolases, myeloperoxidase (MPO), defensins and lysozyme 
implying bactericidal functions (Borregaard, Lollike et al. 1993). The 
differential requirement for cytosolic Ca2+ among neutrophil granules 
has been described, showing that little release of myeloperoxidase 
occurs at concentrations of cytosolic Ca2+ below 100 µM, whereas 
secondary (specific), and tertiary (gelatinase) granules are released at 
1.5-5 µM Ca2+ in patch clamped neutrophils with micro-perfusion of 
Ca2+-containing buffers (Nüsse, Serrander et al. 1998). Exocytosis of 
primary (azurophilic) granules thus resemble exocytosis in certain 
neuronal cell types (retinal bipolar cells) with a very low Ca2+-
sensitivity requiring concentrations of Ca2+ exceeding 100 µM for 
efficient exocytosis. Secondary granules, on the other hand, show a 
much higher affinity for Ca2+ resembling that found in pancreatic β-
cells (Heidelberger and Matthews 1994; Proks, Eliasson et al. 1996; 
Nüsse, Serrander et al. 1997). A similar sensitivity to cytosolic Ca2+ 
(between 0.3 and 3 µM) has been shown in neutrophils where Ca2+ 
was clamped, either using ionomycin in combination with calibrated 
Ca2+-containing buffer, or by Sendai virus permeabilization (Lew, 
Monod et al. 1986; Barrowman, Cockcroft et al. 1987; Borregaard, 
Lollike et al. 1993). A higher concentration of Ca2+ was required in 
neutrophils permeabilized with digitonin (10-40 µM) (Smolen, Stoehr 
et al. 1987). Interestingly, elevation of cytosolic Ca2+ can be 
dissociated from degranulation. Ca2+-influx induced by physiological 
stimuli can be mimicked by the agent thapsigargin, which inhibits re-
uptake of Ca2+ to intracellular Ca2+-stores. Depletion of Ca2+-stores 



  20 

leads to influx of Ca2+ through channels across the plasma membrane 
triggered by hitherto unknown signaling pathways. Surprisingly, it has 
been noted that even though levels of cytosolic Ca2+ comparable to 
those reached in permeabilized cells are accomplished through influx 
triggered by depletion of Ca2+-stores, such treatment does not trigger 
degranulation (Nüsse, Serrander et al. 1997). Physiological stimuli 
often activate several signaling pathways in parallel to elevation of 
cytosolic Ca2+, and such activation tends to lower the concentration of 
Ca2+ required for degranulation. Treatment of neutrophils with the 
chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine 
(FMLP) triggers a concentration and time-dependent release of 
azurophilic granule contents (Smith, Wierenga et al. 1980). Such 
treatment causes an elevation of cytosolic Ca2+ through sequential 
opening of internal Ca2+-stores followed by influx through Ca2+-
channels. It can be noted that azurophilic degranulation triggered by 
the Ca2+-ionophore A23187 requires one magnitude higher Ca2+-
concentration to elicit a similar response (Shaw, Brodersen et al. 1982; 
Di Virgilio, Lew et al. 1984). This implies involvement of additional 
signaling pathways in receptor-mediated degranulation but might also 
reflect the circumstance that high local concentrations of Ca2+ near the 
inner face of the plasma membrane can be foreseen when monitoring 
cytosolic Ca2+ using traditional probes (Davies and Hallett 1998). 
Results from several studies indicate that there is no absolute 
requirement for elevation of cytosolic Ca2+ in neutrophil 
degranulation. Neutrophils treated with immune complexes respond 
with Fc-receptor-mediated elevation of cytosolic Ca2+ followed by 
azurophilic degranulation. Part of this degranulation is insensitive to 
Ca2+ and proceeds in cells loaded with the Ca2+-chelator 1,2-bis(O-
aminophenyl)-ethane-ethane-N,N,N',N'-tetraacetic acid (BAPTA) 
(Seetoo, Schonhorn et al. 1997). Furthermore, treatment of neutrophils 
with PMA alone can triggers azurophilic degranulation. This direct 
activation of protein kinase C does not lead to elevation of cytosolic 
Ca2+ and the exocytotic response proceeds also when Ca2+ is 
modulated to levels 10-20 times lower than that found in resting cells 
(Di Virgilio, Lew et al. 1984; Mahomed and Anderson 2000).  
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Eosinophils 
Eosinophil degranulation has been studied using stimuli such as 
platelet activating factor (PAF), A23187, non-hydrolyzable GTP-
analogues, opsonized zymosan, IgA-coated beads, and PMA (Kroegel, 
Yukawa et al. 1989a; Kato, Abraham et al. 1995). It should be noted, 
however, that A23187-induced release of granular contents in 
eosinophils, and lysosomal enzymes in macrophages, in some cases 
has been ascribed to loss of cell integrity and leakage (Fukuda, 
Ackerman et al. 1985; Tapper and Sundler 1995c). Stimulation of 
eosinophils by PAF leads to production of inositol 1,4,5-trisphosphate 
and release of Ca2+ from internal stores (Kroegel, Chilvers et al. 
1991). This is followed by a sustained elevation of cytosolic Ca2+, 
which is dependent upon the presence of extracellular Ca2+ (Oshiro, 
Kakuta et al. 2000). Unlike PAF-induced eosinophil production of O2

-, 
the exocytotic response is dependent upon influx of Ca2+ and inhibited 
by ethylene glycol bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic 
acid (EGTA) (Kroegel, Pleass et al. 1989; Kroegel, Yukawa et al. 
1989b). Degranulation induced by engagement of receptors for IgA 
and IgG is dependent upon a pertussis toxin-sensitive turnover of 
inositol phosphates (Kita, Kato et al. 1994). In permeabilized 
eosinophils, degranulation can be induced by the non-hydrolysable 
guanosine-5'-O-(3-thiotriphosphate) (GTPγS) alone (Aizawa, Kakuta 
et al. 1992; Larbi and Gomperts 1997). This response is however 
dependent upon the presence of ATP (Larbi and Gomperts 1997) and 
is modulated by the availability of cytosolic Ca2+ (Nüsse, Lindau et al. 
1990; Cromwell, Bennett et al. 1991). Like in neutrophils, 
degranulation in eosinophils can be triggered by PMA alone (Kroegel, 
Yukawa et al. 1988). Involvement of PKC in eosinophil degranulation 
is discussed below.  
 
Basophils and mast cells 
As in other leukocytes, there is no firm consensus on the requirement 
for and the participation of cytosolic Ca2+ in regulated secretion in 
basophils and mast cells. Much of the information available on the 
regulation of secretion in these cells, originates from studies using the 
RBL-2H3 mucosal mast cell-line as a model. The physiological 
stimulus for exocytosis in mast cells is cross-linking of high affinity 
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receptors for IgE (Metzger 1992). Degranulation can also be triggered 
in vitro by the ionophores A23187 and nigericin or agents that bypass 
receptor activation such as compound 40/80 and mastoparan 
(Blackwell, Bonser et al. 1985; Heiman and Crews 1985; Bronner, 
Valle et al. 1986; Chakravarty, Kjeldsen et al. 1990; Alfonso, Cabado 
et al. 2000). Mastoparan is a substance extracted from wasp venom, 
which accelerates guanine nucleotide exchange and GTPase activity of 
GTP-binding proteins (Wheeler-Jones, Saermark et al. 1992). The role 
for Ca2+ and G-proteins as regulators of degranulation has been 
thoroughly studied in permeabilized RBL-2H3 cells. Generally, 
degranulation in permeabilized mast cells requires presence of both 
Ca2+ as well as GTPγS. As cytosolic proteins escape in a time-
dependent manner during permeabilization, the cells become "run-
down" and less responsive in terms of degranulation. Interestingly, this 
state is partly reversed in mast cells by addition of exogenous 
activated small G-proteins, such as Cdc42 or Rac. An in vitro 
interaction has also been found between Cdc42 and PLCγ1, suggesting 
an upstream role for small G-proteins in formation of inositol 1,4,5-
trisphosphate (Hong-Geller and Cerione 2000). The need for both Ca2+ 
and GTPγS to be present for release of histamine and lysosomal 
enzymes has been shown in RBL-2H3 and mast cells permeabilized 
with digitonin and streptolysin-O (Cockcroft, Howell et al. 1987; 
Churcher, Kramer et al. 1990; Koopmann and Jackson 1990; 
Pinxteren, O'Sullivan et al. 1998). Others have shown that exocytosis 
can be triggered by elevation of cytosolic Ca2+ alone in such cells, and 
they suggest that these differences between results originate from 
deviating use of buffers during permeabilization (Howell, Cockcroft et 
al. 1987; Lillie and Gomperts 1992). In accordance with the latter 
findings, degranulation in non-permeabilized mast cells can be evoked 
by solely elevating cytosolic Ca2+ through ionophores such as A23187 
(Blackwell, Bonser et al. 1985; Heiman and Crews 1985; Bronner, 
Valle et al. 1986; Chakravarty, Kjeldsen et al. 1990). It should be 
noted that this treatment results in a stable elevation of cytosolic Ca2+, 
which does not mimic the oscillations and irregular spikes of Ca2+ 
seen in cells exposed to physiological antigenic stimuli (Narenjkar, 
Marsh et al. 1999). Hence, such oscillations of Ca2+ do not seem to be 
required for induction of degranulation. It is currently not known 
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whether the oscillations carry coded information of relevance for cell 
physiology. On the other hand, the view of cytosolic Ca2+ as a 
prerequisite for mast cell degranulation is challenged by the finding 
that an exocytotic response can be elicited by antigen-stimulation 
without a concomitant rise of cytosolic Ca2+ (Pecht and Corcia 1987). 
 
Platelets 
Platelets are activated in response to vessel injury or exposure to 
various agents, leading to changes of shape including formation of 
pseudopodia, aggregation, and secretion of substances through 
degranulation (Weksler 1992). In electro-permeabilized platelets, 
elevation of cytosolic Ca2+ to a pCa2+ of 5.5 is sufficient for release of 
both dense granules (serotonin) as well as α-granules (β-
thromboglobulin). Addition of GTPγS or activation of PKC causes 
only a minor enhancement of this secretion, but lowers the 
requirement for Ca2+ for maximal response (Coorssen, Davidson et al. 
1990). In streptolysine-O-permeabilized platelets, EC50-values for 
Ca2+-induced release of dense core granule and α-granule contents are 
5 and 10 µM, respectively (Padfield, Panesar et al. 1996). Activation 
of PKC by PMA in the nominal absence of Ca2+ causes only a minor 
release of dense core granule contents, whereas addition of GTPγS 
also causes release of alpha granule contents (Coorssen, Davidson et 
al. 1990). Furthermore, it is reported by others that PMA stimulates 
release of dense granule contents, as opposed to GTPγS, when 
cytosolic Ca2+ is lowered to pCa2+-values greater than 9 (Sloan and 
Haslam 1997), and that PMA induces secretion in non-permeabilized 
platelets without affecting ground-level cytosolic Ca2+ as measured 
with quin2 (Poll and Westwick 1986). As in mast cells, degranulation 
can be triggered by mastoparan, which does not increase cytosolic 
Ca2+ as detected with fura 2 (Wheeler-Jones, Saermark et al. 1992). In 
the nominal absence of cytosolic Ca2+, activation of PKC by phorbol 
esters and stimulation by GTPγS act synergistically, promoting dense 
granule and α-granule secretion, while either stimulus alone is 
sufficient for maximal response only in the presence of Ca2+ (Haslam 
and Coorssen 1993). The secretory response elicited by PMA is 
considerably accelerated in the presence of modestly increased 
concentrations of cytosolic Ca2+, which by itself does not induce 
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secretion (Rink, Sanchez et al. 1983). It has been reported that 
elevation of cytosolic Ca2+ to pCa2+-values of 5.1 induces a 50% 
release of granular content of serotonin, and that this response is 
greatly enhanced by co-stimulation with GTPγS, or with thrombin 
(Haslam and Davidson 1984; Knight and Scrutton 1985; Knight and 
Scrutton 1986). The release of dense granule contents can also be 
triggered by addition of exogenous inositol 1,4,5-trisphosphate to 
saponin-permeabilized platelets. This underlines that Ca2+ plays a role 
as the triggering pathway in receptor-mediated degranulation in 
platelets (Israels, Robinson et al. 1985). In addition to this report, it 
has also been reported that onset of thrombin-induced α-granule 
secretion and lysosomal secretion correlate with breakdown of 
phosphatidylinositol 4,5-bisphosphate, but not with other 
phosphoinositides (Marche, Rendu et al. 1985). Despite a uniform rise 
of Ca2+ in α-thrombin-stimulated indo-1-loaded platelets, 
approximately 20% of the cells do not respond with exocytosis, as 
monitored by cell-surface binding of S12 monoclonal antibodies. 
Stimulation with ADP also causes a uniform rise in Ca2+ but no 
complete exocytosis (Oda, Daley et al. 1991). A possible explanation 
could be that the cytosolic levels of Ca2+ achieved by physiological 
stimuli are lower than those used in permeabilized cell systems. 
Although not sufficient, elevation of cytosolic Ca2+ may well be a 
necessary requirement for degranulation induced by physiological 
stimuli as was shown in platelets stimulated by collagen in media with 
or without addition of Ca2+ (Packham, Rand et al. 1991). Stimuli such 
as thrombin and PAF, on the other hand, induce secretion even when 
fluctuations in cytosolic Ca2+ are suppressed (Rink, Sanchez et al. 
1983). Hence, it seems as neither is a rise in cytosolic Ca2+ a necessary 
requirement for platelet secretion (in particular when additional 
signaling pathways are activated), nor is an elevation of Ca2+, within a 
physiological range, a sufficient triggering signal for induction of 
secretion. 
 
Cytotoxic T cells and natural killer cells 
Influx of Ca2+ is a critical event in T-cell activation leading to 
exocytosis of lytic granules containing the lethal agents perforin and 
granzyme (Berke 1994). Peculiarly, the lysosomal enzymes of 
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cytotoxic T lymphocytes (CTL) are found within these specialized 
secretory granules. Thus, the lytic granules seem to perform two 
particular functions: as lysosomes within the cell, and as secretory 
granules when a target cell is recognized (Page, Darmon et al. 1998). 
Natural killer cells (NK) belong to a subpopulation of lymphocytes, 
which kill virally infected cells and tumor cells without previously 
being sensitized (Bonnema, Rivlin et al. 1994). Intracellular signaling 
pathways involved in regulation of CTL and NK-cells are often 
studied in experimental systems where cellular activation is monitored 
by killing of target cells, either through direct cell-to-cell attachment 
or without direct contact in suspension. Results from such studies may 
not be directly applied to regulation of degranulation, since killing of 
target cells might also involve non-exocytotic responses, and could be 
dependent upon sensitivity of these targets to experimental conditions, 
such as for instance presence of ion chelators. Lymphocyte 
degranulation has, however, also been studied by for instance 
assessment of granular contents release, such as benzyloxylcarbonyl-
L-lysine thiobenzyl ester-esterase (BLT) (Blanchard, Aubry et al. 
1989; Dutz, Fruman et al. 1993). Generally, the exocytotic responses 
in CTL and NK cells are highly dependent upon influx of Ca2+ from 
an extracellular pool. Adenosine receptor-induced granule exocytosis 
in NK cells is, for example, sensitive to the extracellular presence of 
the Ca2+-chelating agent EGTA (Williams, Blay et al. 1997). Ca2+-
chelators also inhibit granule exocytosis in CTL, triggered by 
engagement of the T-cell receptor (TCR), or by stimulation with a 
combination of PMA and A23187 (Takayama and Sitkovsky 1987; 
Fortier, Nacy et al. 1989). Lytic activity is strikingly reduced in the 
absence of extracellular Ca2+ (Gray, Gnarra et al. 1987). It should be 
noted that neither PMA nor Ca2+-ionophore alone is sufficient for 
exocytosis in CTL (Lancki, Kaper et al. 1989). Ionophore-induced 
elevation of cytosolic Ca2+ triggers intracellular movement of 
granules, but not degranulation in the absence of PMA (Haverstick, 
Engelhard et al. 1991). Others reports say that also a combination of 
these stimuli trigger CTL exocytosis rather inefficiently in comparison 
to TCR stimulation (Kataoka and Nagai 2000). The lytic process in 
CTL attached to target cells is associated with a mobilization of Ca2+ 
from intracellular stores at a location other than the contact site, this is 
then followed by a prolonged phase of elevated cytosolic Ca2+ 
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proximal to the target cell resulting from Ca2+-influx. The latter phase 
is also associated with oscillations, which are dependent upon 
extracellular Ca2+ (Gray, Gnarra et al. 1988). As in other leukocytes, 
degranulation in permeabilized CTL and NK cells can be triggered by 
addition of GTPγS in a Ca2+-dependent manner (Schrezenmeier, 
Ahnert-Hilger et al. 1988; Ting, Schoon et al. 1992).  
 
Monocytes and macrophages  
Our knowledge about regulated secretion in monocytes and 
macrophages is sparse in comparison to the current understanding of 
regulated secretion in other leukocytes. Most of the information 
available on the molecular regulation of lysosomal secretion in 
monocytes and macrophages stems from the '70s and '80s. As opposed 
to research performed on, for instance, neutrophils and mast cells, 
molecular intervention through patch-clamp and permeabilization 
techniques has not been widely used in macrophages. To this date, the 
patch-clamp technique has mostly been applied in elucidation of the 
regulation of cytosolic Ca2+. However, the latter technique was 
recently employed in a study on the dynamic interaction between 
phagocytosis and exocytosis as measured by step-wise changes in 
membrane capacitance (Holevinsky and Nelson 1998).     
Release of lysosomal enzymes can be triggered in cultured Kupffer 
cells by stimulation with A23187 but not with PMA (Dieter, Schulze-
Specking et al. 1988). In this study, however, as well as in other 
studies mentioned below, the Ca2+-ionophore-induced release of 
lysosomal enzymes was correlated to leakage of lactate dehydrogenase 
(LDH) from the cytosol and thus could not be regarded as lysosomal 
secretion. It should be noted that these Kupffer cells were exposed to 
A23187 at a concentration of 20 µM for 2 h in a Ca2+-containing 
medium. Lysosomal secretion, as measured by release of β-
galactosidase in mouse peritoneal macrophages stimulated with 
zymosan or methylamine, is not sensitive to chelation of Ca2+ by 
addition of EGTA (Riches, Watkins et al. 1983). Only minor effects 
on zymosan-induced release of N-acetyl β-D-glucosaminidase are seen 
when varying extracellular concentrations of Ca2+ in the range 
between 0 (in the presence of EGTA) to 1 mM. Furthermore, depletion 
of intracellular Ca2+-stores through addition of A23187 to a Ca2+-free 
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medium does not reduce the lysosomal secretory response (Tapper and 
Sundler 1995c). Lysosomal secretion in response to A23187 alone was 
in the latter study observed only at higher concentrations of 
extracellular Ca2+, accompanied by release of LDH. Addition of 
ethylenediaminetetraacetic acid (EDTA) has however in an earlier 
study been shown to cause inhibition of lysosomal secretion induced 
by zymosan, but not by methylamine, which was explained by a 
reduced cellular association of zymosan in the presence of EDTA 
(Riches, Watkins et al. 1983). This conclusion was further 
strengthened by the findings that longer incubations with zymosan 
reduced effects on binding of zymosan, as well as release of lysosomal 
enzymes. The discrepancy between the effects of EGTA and EDTA 
indicates a role for Mg2+ either in binding of zymosan to a putative 
receptor, or in the concomitant secretory process, a topic which has 
also been addressed in zymosan-treated peritoneal macrophages 
(McMillan, Macintyre et al. 1980). In the latter study it was also 
shown that A23187, in the presence of extracellular Ca2+, induces a 
concentration-dependent release of lysosomal enzymes, which is 
closely related to LDH, and thus a result of loss of cellular integrity. 
Release of lysosomal enzymes is a feature shared also by macrophage 
precursors. Stimulation of monocytes with opsonized zymosan results 
in a substantial release of lysosomal enzymes (N-acetyl-β-
glucosaminidase). A similar release is triggered also in the absence of 
zymosan, when PKC is activated by PMA (Kelly and Carchman 
1987). Such secretion is brought about seemingly without elevation of 
cytosolic Ca2+ as PMA has been shown not to elevate cytosolic Ca2+ in 
for instance neutrophils (Fujita, Irita et al. 1984). 
Lysozyme and lysosomal hydrolases are released constitutively in 
macrophages, but a distinct difference in the release of lysozyme, and 
other lysosomal enzymes, is found in stimulus-induced regulated 
secretion. Approximately 30% of the total content of lysozyme is 
released upon stimulation with either A23187 or PMA, whereas only a 
minor release of lysosomal acid hydrolases is observed in response to 
these stimuli (Ho and Klempner 1985). Some observations indicate 
that lysozyme is packed in a distinct class of cytoplasmic granules in 
macrophages and monocytes (Gordon, Todd et al. 1974). 
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A conclusion seems to be, that extracellular Ca2+ does not play a 
significant role in macrophage and monocyte lysosomal secretion, 
either induced by particulate stimuli (Ackerman, Beebe et al. 1977; 
Gordon, MacIntyre et al. 1977; Tapper and Sundler 1995c) or by 
stimuli that elevate lysosomal pH (Riches, Watkins et al. 1983). 
 
Phosphatidylinositol 3-kinase 
Phosphatidylinositol (PtdIns) resides on the cytosolic face of 
membranes, and can be phosphorylated by different phosphoinositide 
kinases on the 3, 4, and 5-position of the inositol ring to form 
PtdIns(3)P, PtdIns(4)P, PtdIns(3,4)P2, PtdIns(4,5)P2, and 
PtdIns(3,4,5)P3 (Figure 2). These phosphoinositides, together with 
their respective phosphoinositide kinase, are part of an important 
agonist-stimulated lipid signalling system, which controls cellular 
functions such as growth, differentiation and survival (Rameh and 
Cantley 1999). In phagocytes, the phosphoinositides regulate functions 
such as actin polymerization, chemotaxis and respiratory burst 
(Wymann, Sozzani et al. 2000). Signals propagate from these 
phosphoinositides by means of specific interaction with certain protein 
domains. Pleckstrin homology (PH) domains show high affinity for 
PtdIns(3,4)P2 and PtdIns(3,4,5)P3. FYVE is another such domain 
specific for PtdIns(3)P (Thorner 2001; Gillooly, Simonsen et al. 
2001). Of special interest in membrane trafficking and exocytosis are 
the phosphoinositides phosphorylated on the 3-position of the inositol 
ring. Originally, two yeast mutants were characterized, namely 
Vps34p and Vps15p, with defective membrane traffick (Cockcroft and 
De Matteis 2001). These mutant genes were later found homologous 
to the catalytic and regulatory subunit, respectively, of the mammalian 
phosphoinositide 3-kinase (PI3K). Hence, PI3K is a heterodimer 
where the regulatory subunit associates with membranes either 
through agonist induced G-protein signalling, or through SH2-
dependent association with phosphorylated protein tyrosine kinase 
receptors. Several isoforms of these subunits have been identified 
since, and the heterodimers are subdivided into 3 classes 
(Vanhaesebroeck and Waterfield 1999). Members of class I and II are 
activated by agonist- induced stimulation and they phosphorylate 
PtdIns, PtdIns(4)P and PtdIns(4,5)P2. Class III kinases, whose 
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substrate is PtdIns, are constitutively active and are responsible for 
production of most cellular PtdIns(3)P. Among signalling pathways 
identified downstream of PI3K, can be mentioned association with 
tyrosine kinases, leading to activation of PLCγ1/2, Rac guanine 
nucleosid exchange factor, leading to activation of Rac, and 
association of phosphoinositide-dependent kinase-1 (PDK1) with 
protein kinase B (PKB) (Vanhaesebroeck and Waterfield 1999). 
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Figure 2. Phosphoinositides and their binding by protein domains. 
 

PDK1 is a PH domain-containing serine/threonine kinase which 
translocates to membranes upon activation of PI3K. At the membrane, 
PDK1 phosphorylates and activates PKB, another serine/threonine 
kinase containing a PH domain. Activation of PKB is considered 
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important for PI3K-mediated cell survival, and for exocytotic up-
regulation of glucose transporters (Corvera and Czech 1998). 
Translocation of PDK1 can also lead to phosphorylation of the PKC 
family members on the activation loop. Such phosphorylation, which 
is described below, sets these enzymes in a state primed for activation. 
Further, the PKC isoforms ε and ζ can be directly activated through 
association with PtdIns(3,4)P2 as well as PtdIns(3,4,5)P3 (Toker 2000). 
The two cell-permeable, but otherwise structurally unrelated 
inhibitors, wortmannin and LY294002 have greatly contributed to our 
current understanding of regulation of cellular functions by PI3K. 
Wortmannin covalently binds to the catalytic subunit, and LY294002 
acts by competing at the ATP-binding site (Vanhaesebroeck and 
Waterfield 1999). Both wortmannin and LY294002 potently inhibit all 
known isoforms of PI3K. Wortmannin is thought to be specific for 
these enzymes at concentrations below 50 nM, while inhibiting 
phosphoinositide 4-kinase at concentrations above 200 nM as well as 
myosine-light chain kinase at micromolar concentrations (Corvera and 
Czech 1998). Although there is currently no data available on 
regulation of lysosomal secretion by PI3K, it has been shown that this 
enzyme plays important roles for macrophage functions such as 
production of arachidonate, phagocytosis, and chemotaxis (Hiller, 
Sternby et al.  2000; Lennartz 1999; Wymann, Sozzani et al. 2000). 
However, some data indicating involvement of PI3K in leukocyte 
degranulation come from studies in neutrophils, mast cells, basophils, 
and NK-cells. Inhibition of IgE-receptor-dependent degranulation in 
mast cells by wortmannin has been shown in several studies (Barker, 
Lujan et al. 1999; Djourer, Schmidt et al. 2001; Hirasawa, Sato et al. 
1997: Marquardt, Alongi et al. 1996). Wortmannin further inhibits 
IgA-mediated histamine release from basophils (Iikura, Yamaguchi et 
al. 1999). Also, granular exocytosis, induced by ligation of FcR or by 
cross-linking of CD2 or CD16 in NK-cells, is sensitive to wortmannin 
(Umehara, Huang et al 1997; Bonnema, Karnitz et al. 1994). In 
neutrophils, azurophilic degranulation induced by FMLP, but not by 
PMA, is sensitive to wortmannin (Capodici, Hanft et al. 1998; Hii, 
Marin et al. 2001; Karlsson, Nixon et al. 2000). The role for PI3K in 
the macrophage lysosomal secretion is addressed in papers IV and V. 
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Protein kinase C 
 
Isoforms and expression 
As many as 10 members of the protein kinase C family of 
serine/threonine kinases have to date been characterized, and these 
isoforms are classified into three groups, based on their ability to bind 
1,2-diacylglycerol (DAG), and their sensitivity to Ca2+. Conventional 
isoforms (α, βΙ, βΙΙ, γ) are activated by Ca2+, DAG and 
phosphatidylserine (PS). Novel isoforms (δ, ε, η and θ) lack the Ca2+-
binding domain and are activated by PS, DAG, and unsaturated fatty 
acids. Atypical isoforms (ι and ζ) are insensitive to Ca2+, do not bind 
DAG but are activated by PS, phosphoinositides, and by unsaturated 
fatty acids. The mouse homologue of ι is named PKC λ. Expansion of 
the PKC family is now being considered as several more distantly 
related kinases have been discovered. These include PKC µ, also 
known as PKD, and PKC related kinases (PRKs), also known as PKN 
(Toker 1998).    
Several isoforms are often expressed in the same cell and some 
isoforms tend to be expressed in a tissue-specific manner (Table 2). 
PKC α, βΙ, βΙΙ, δ, ε and ζ are ubiquitously expressed, and are found in 
most tissues (Schaap and Parker 1990; Wetsel, Khan et al. 1992; Hug 
and Sarre 1993). It has also been documented that expression of PKC 
γ seems to be restricted to the central nervous system (Nishizuka 1988; 
Nishizuka 1992; Wetsel, Khan et al. 1992), and that PKC η is mainly 
expressed in skin and lung tissues (Bacher, Zisman et al. 1991). 
The ubiquitously expressed isoforms of PKC are in general found in 
hematopoietic cells, although some lineage-restricted variations can be 
found (Bassini, Zauli et al. 1999). The isoforms α, βΙ, ΒΙΙ, δ, and ζ 
have accordingly been identified in macrophages (Huwiler and 
Pfeilschifter 1993; Monick, Carter et al. 1998). Expression of PKC is 
probably dependent upon cell differentiation. Differences have been 
found between macrophages and their monocytic precursors (Monick, 
Carter et al. 1998). Some differences are also found between 
macrophage cell-lines, which might reflect both degree of 
differentiation as well as species of origin. RAW 264.7 cells (mouse 
macrophage cell line), for instance, express PKC α, βΙ, δ, ε, and ζ 
(Larsen, DiGennaro et al. 2000), and possibly also βΙΙ, µ, and λ, as 
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assessed by Western blot analysis (Lin and Chen 1998). Northern 
analysis of RNA, extracted from the mouse macrophage cell line, 
J774, shows a constitutive expression of mRNA specific for PKC 
βΙ, βΙΙ, ε and ζ, but not those specific for PKC α, γ or δ. Western blot 
analysis of cell lysates shows expression PKC βII, ε and ζ isoforms, 
but does not detect expression of PKC βI (Fujihara, Connolly et al. 
1994). 
 
Structure 
Differences in regulation and binding of co-factors, which exist 
between the three groups of PKC isoforms, are reflected in their 
composition of domains (Figure 3). All PKC isoforms contain an N-
terminal regulatory region, and a C-terminal catalytic region. PKC 
isoforms contain several conserved regions (C1-C5), which are 
interrupted by variable regions (V1-V5). The C1 region, which is 
present in all isoforms, contains a motif similar to the consensus 
sequence for PKC substrate phosphorylation, and it functions as a 
pseudo-substrate blocking the catalytic region, and thus keeping the 
enzyme in a non-active state (Ron and Mochly-Rosen 1995). Mutation 
of this region brings about agonist-independent activity in these 
kinases (Pears, Kour et al. 1990). Important for regulation is also 
cysteine-rich sequences, which are necessary for DAG and phorbol 
ester binding (Burns and Bell 1991; Nishizuka 1995). The atypical 
isoforms contain only one copy of this sequence and do not respond to 
DAG. The C2 region is found only in conventional isoforms, but 
homologous sequences have been identified also in variable regions of 
novel PKC isoforms. Three separate locations in the C2 region have 
been shown to bring about interactions with PS, and at least one of 
these locations is also believed to constitute a Ca2+-binding site (Bell 
and Burns 1991, Lee and Bell 91, Quest 1996). The importance of this 
region in Ca2+/phospholipid-dependent translocation to membranes 
has also been shown in vivo (Corbalán-García, Rodríguez-Alfaro et al. 
1999). In vivo translocation and activation of PKC β can also be 
inhibited by a C2-derived peptide (Ron, Luo et al. 1995). The C2 
region has, furthermore, been found in several Ca2+ and phospholipid-
binding proteins such as synaptotagmins and cPLA2. The crystal  
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Figure 3. Structure of PKC. cPKC - conventional PKC, nPKC - novel 
PKC, aPKC - atypical PKC, DAG - diacylglycerol, PS - phosphatidyl 
serine, Cys - cysteine-rich sequence.   
 
structure of the Ca2+/phospholipid binding domain from cPLA2 was 
recently elucidated (Perisic, Fong et al. 1998). The N-terminal 
regulatory domain of PKC is connected through a hinge region (V3) to 
the C3 region in the catalytic domain. The C3 region contains an ATP-
binding sequence similar to those found in other kinases. Also located 
in the catalytic domain is the C4 region, which contains a substrate-
binding site and a phosphate-transfer region (Nishizuka 1992; Hug and 
Sarre 1993).  
 
Regulation 
Activation of PKC is regulated in two steps. Firstly, the enzyme must 
be in a phosphorylated state in order to be catalytically capable. 
Secondly, the pseudosubstrate must be removed from the substrate-
binding site, an event which is induced by binding of activating 
ligands. Newly synthesized PKC resides as an inactive enzyme in a 
detergent insoluble cell fraction (Borner, Filipuzzi et al. 1989). As a 
first step in becoming a catalytically competent enzyme, PKC is 
phosphorylated in the activation loop by an unidentified kinase. A 
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negative charge in this loop (Thr-500 in PKC βII) aligns residues 
involved in catalysis also in other kinases (Orr and Newton 1994; 
Taylor and Radzio-Andzelm 1994). This phosphorylation is followed 
by two autophosphorylations in the C-terminal region of the enzyme 
(Keranen, Dutil et al. 1995). Autophosphorylation can be seen as a 
shift in electrophoretic mobility. These phosphorylations stabilize the 
enzyme in an activation-competent conformation, and release the 
mature enzyme into the cytosol. Inactive PKC typically resides in the 
cytosol in an inactive state with its catalytic site blocked by the 
pseudosubstrate region. In a simplified model of PKC activation, 
trans-membrane signaling leads to transient activation of 
phospholipases, production of DAG, and inositol phosphates, which is 
followed by elevation of cytosolic Ca2+. DAG causes a marked 
increase in the enzyme’s affinity for membranes by acting as a 
hydrophobic anchor (Nishizuka 1992). This causes translocation of 
PKC to membranes. In the case of conventional isoforms, Ca2+ acts in 
cooperation with DAG to increase the affinity for negatively charged 
lipids such as PS (Bazzi and Nelsestuen 1987). A transient production 
of DAG, associated with release of inositol phosphates, is typically 
followed by a more persistent second wave of DAG, produced through 
hydrolysis of phosphatidylcholine. Binding of DAG, as well as Ca2+-
promoted association with PS, leads to conformational changes, which 
in turn causes release of the pseudosubstrate region from the catalytic 
site (Mosior and Newton 1995; Mosior and Newton 1996). 
Assessment of PKC translocation to membranes is a widely used 
method to estimate the state of activity of the enzyme in cells (Hug 
and Sarre 1993), although current understanding implies greater 
complexity (Nelsestuen and Bazzi 1991). Translocation of 
conventional isoforms in vivo can be induced either by stimulation 
with PMA or by elevation of cytosolic Ca2+ through treatment with the 
ionophore A23187. Phorbol esters have been shown to cause a 
complete translocation of PKC α - tagged with green fluorescent 
protein (GFP) in baby hamster kidney cells - without any concomitant 
increase in cytosolic Ca2+ (Almholt, Arkhammar et al. 1999). It was 
also shown in COS-7 cells, transfected with GFP-tagged PKC γ, that 
deletion or mutation of the C1 or C2 region specifically blocked 
translocation induced by PMA or A23187, respectively (Sakai, Sasaki 
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et al. 1997). One should keep in mind, however, that cytosolic 
localization in certain experimental systems does not necessarily imply 
inactivity. For instance, active PKC is found in the cytosol of cells 
treated with bryostatins, a group of substances that can act as 
pharmacological modulators of PKC (Grabarek and Ware 1993). 
Others have noticed that PKC isoforms may exert functions even in 
the absence of catalytic activity (Zeidman, Lofgren et al. 1999). 
Neither is a membrane translocation a reliable marker for activation of 
PKC. Certain isoforms reside partly translocated in resting cells. This 
has been shown for PKC δ in neutrophils (Sergeant and McPhail 
1997), as well as for δ and ε in macrophages (Huwiler and 
Pfeilschifter 1993; Miura and MacGlashan 1998). Staurosporine, and 
analogues of bisindolylmaleimide, which are inhibitors of PKC, can 
also induce translocation on their own, presumably without induction 
of kinase activity (Wolf and Baggiolini 1988; Kiley, Parker et al. 
1992; Jones, Courage et al. 1997). Translocation of PKC is probably 
not governed just by conventional activating signaling pathways. PKC 
isoforms can in some cell-types show predilection for certain 
organelles like the nucleus, or Golgi stack. Such restricted 
translocations are likely to be regulated by specific protein 
interactions, and to bring about specific cellular functions (Dekker and 
Parker 1994; Kiley, Jaken et al. 1995; Quest 1996).  
 
Down-regulation 
Chronic activation of PKC (e.g. by phorbol esters) leads to down-
regulation (Nishizuka 1995). This down-regulation is a result of 
accelerated breakdown of PKC through enzymatic cleavage, 
presumably occurring following translocation to membranes. 
Proteolytic cleavage initially produces active intermediates of PKC, 
which also might represent an alternative physiological pathway to 
activation of PKC in certain cell-types (Muramatsu, Kaibuchi et al. 
1989). Although current understanding of the degradation-process of 
PKC is still limited (Parker, Bosca et al. 1995), it has been suggested 
that PKC is degraded in the proteasome through ubiquitination (Lee, 
Smith et al. 1996). Isoforms of PKC show differential sensitivity to 
treatment with phorbol esters, which can be used to induce a selective 
down-regulation in order to analyze the function of specific isoforms 
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in vivo. Conventional isoforms tend to be more sensitive to down-
regulation than novel isoforms which in turn are more sensitive than 
atypical isoforms, which are resistant to phorbol ester-treatment. 
Differences among isoforms in sensitivity to various isomers of DAG 
and tumor-promoting agents have been suggested, which can be used 
for isoform-selective down-regulation, and thus as a tool for analysis 
of isoform-specific functions (Huwiler, Fabro et al. 1994; Geiges, 
Meyer et al. 1997; Sanchez-Pinera, Micol et al. 1999). Down-
regulation of PKC by phorbol esters is preceded by a transient period 
of increased activity. When short-time down-regulation of 
conventional isoforms is performed, such transient activation of 
conventional isoforms, and the more persistent activation of novel 
isoforms, should be taken into account. Also, when treating cells with 
phorbol esters for longer periods of time in order to obtain complete 
down-regulation of conventional and novel isoforms, a possible 
alteration in cellular functions through activation of transcription 
factors and protein expression may have to be considered. 
 
Non-PKC specific inhibitors 
 
Straurosporine 
Staurosporine is an alkaloid found in Streptomyces sp., and was first 
identified as an anti-fungal agent (Omura, Iwai et al. 1977). 
Staurosporine was later shown to potently inhibit PKC in vitro, but 
other kinases such as cAMP-dependent protein kinase (PKA), 
Ca2+/calmodulin-dependent protein kinase II, and p60v-src tyrosine 
kinase, were inhibited with similar IC50 values (Tamaoki, Nomoto et 
al. 1986; Nakano, Kobayashi et al. 1987; Yanagihara, Tachikawa et al. 
1991). Inhibition of tyrosine kinases has been shown in several cell 
types (Fallon 1990; Badwey, Erickson et al. 1991; Nye, Squinto et al. 
1992). The exact mechanism through which staurosporine inhibits 
PKC is not known, but the findings that it can inhibit also a 
proteolytically generated catalytic fragment of PKC, together with the 
lack of effect on phorbol ester binding, suggests that the ATP-binding 
site is a target for this substance (Nakadate, Jeng et al. 1988). The 
inhibitory effect of staurosporine is of a noncompetitive nature with 
respect to ATP (Yanagihara, Tachikawa et al. 1991). Binding of 
staurosporine to PKC can be displaced by the staurosporine-related 
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compound K-252a, but not H-7, suggesting a common site of action 
for the former two substances (Herbert, Seban et al. 1990). It can be 
concluded that the poor selectivity found when assayed against other 
protein kinases (Toullec, Pianetti et al. 1991), renders staurosporin a 
substance unsuitable for intervention of PKC functions.  
 
K252 
Several different microbial products, which contain the same indole 
carbazole backbone as staurosporine, share the ability to inhibit 
protein kinases. Members of the K-252-family of substances are 
alkaloid-like compounds isolated from Nocardiopsis sp. K-290. These 
molecules share a common poly-aromatic aglycon structure with 
various other inhibitors of protein kinases (Knusel and Hefti 1992). K-
252a has proved to be a potent inhibitor of protein kinase C (Kase, 
Iwahashi et al. 1987). K-252b, c, and, d are all structurally related, 
originate from the same species, and are also inhibitors of PKC 
(Nakanishi, Matsuda et al. 1986). The K-252 compounds act by 
interfering with the ATP-binding site in PKC (Kase, Iwahashi et al. 
1987; Hashimoto, Nakayama et al. 1991). Binding of staurosporine to 
PKC can, as mentioned, be displaced by the staurosporine-related 
compound K-252a. The dissociation constant for PKC is comparable 
to that for PKA, tyrosine protein kinases, and Ca2+/calmodulin-
dependent kinase, suggesting low specificity toward PKC (Herbert, 
Seban et al. 1990; Fabre, Prudhomme et al. 1993). K-252a has also 
been shown to inhibit p42/44 MAP kinase, phosphorylase kinase, and 
autophosphorylation of receptor tyrosine kinases (Elliott, Wilkinson et 
al. 1990; Lloyd and Wooten 1992; Nye, Squinto et al. 1992). 
 
H-7 
When the naphthalene ring is replaced by isoquinoline in the 
calmodulin (CaM) antagonist N-(6-amino-hexyl)-5-chloro-1-
naphthalenesulfonamide (W-7), the derivatives are no longer CaM 
antagonists but retain the ability to inhibit other protein kinases. PKA, 
cGMP-dependent kinase (PKG), myosin light chain kinase, and PKC 
isoforms are in contrast to CaM potently inhibited by 1-(5-
isoquinolinylsulfonyl)-2-methylpiperazine (H-7), which is one of these 
derivatives (Hidaka, Inagaki et al. 1984). H-7 inhibits PKA, PKG, and 
PKC, with roughly equal potency (Quick, Ware et al. 1992). In 
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contrast to staurosporine, H-7 does not seem to inhibit tyrosine kinases 
in vivo (Fallon 1990; Badwey, Erickson et al. 1991), and unlike the 
PKC-specific inhibitors chelerythrine and calphostin C, H-7 inhibits 
PKC through interaction with the ATP-binding site in the catalytic 
domain (Nakadate, Jeng et al. 1988). Unfortunately, the ATP-binding 
site of PKC shows striking homology with ATP-binding sites of other 
serine, threonine as well as tyrosine kinases. Although commonly used 
as a PKC-inhibitor the lack of specificity makes this inhibitor a blunt 
tool in the study of PKC functions in vivo.  
 
Sphingosine  
Sphingosine, a naturally occurring backbone moiety of sphingomyelin 
and gangliosides, has been identified as a potent inhibitor of PKC 
(Merrill, Nimkar et al. 1989). This compound interacts with the DAG-
binding site of PKC, and the inhibition is competitive with regards to 
phorbol esters (Hannun, Loomis et al. 1986; Oishi, Raynor et al. 
1988). Although no inhibitory effect is seen on other kinases, such as 
myosin light chain kinase, and PKA (Merrill and Stevens 1989), 
sphingosine can bind and regulate CTP:phospho-choline 
cytidyltransferase and Na+,K+-ATPase (Oishi, Zheng et al. 1990; 
Sohal and Cornell 1990). 
 
PKC-specific inhibitors 
 
Chelerythrine 
The benzophenanthridine alkaloid chelerythrine, isolated from 
Zanthoxylum simulans (Ko, Chen et al. 1990), interacts with the 
catalytic domain of PKC, and is a competitive inhibitor with regard to 
the phosphate acceptor histone IIIS. Chelerythrine is neither a 
competitive inhibitor with respect to ATP, nor does it affect binding of 
phorbol esters to PKC (Herbert, Seban et al. 1990). Chelerythrine is 
further selective toward PKC as compared to protein tyrosine kinases, 
PKA, and Ca2+/calmodulin-dependent kinase (Herbert, Seban et al. 
1990). 
  
Calphostin C 
Calphostin C is a polycyclic hydrocarbon metabolite from the fungus 
Cladosporium cladosporioides, which inhibits PKC by competing, at 
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the binding site, for DAG and phorbol esters. Inhibition of PKC by 
calphostin C is irreversible, dependent upon exposure to light (Bruns, 
Miller et al. 1991), and requires oxidation as well. Physical quenchers 
of singlet oxygen reduce calphostin C-induced inhibition of PKC 
(Gopalakrishna, Chen et al. 1992). Calphostin C inhibits PKC three 
orders of magnitude more potently than it does PKA. Interaction with 
the regulatory region in PKC has been proposed and calphostin C 
inhibits binding of phorbol esters (Kobayashi, Nakano et al. 1989). 
Calphostin C shows no selectivity among the C1-containing isoforms 
belonging to conventional and novel isoforms of PKC (Areces, 
Kazanietz et al. 1994; Rotenberg, Huang et al. 1995). 
  
Bisindolylmaleimides 
A series of potent and selective inhibitors of PKC have been identified 
among the bisindolylmaleimides. These inhibitors are derived from the 
structural lead provided by the non-selective protein kinase inhibitor 
staurosporine (Davis, Hill et al. 1992), and thus they interfere at the 
ATP-binding site (Toullec, Pianetti et al. 1991; Davis, Elliott et al. 
1992; Bit, Davis et al. 1993). The simplest bisindolylmaleimide is Ro 
31-7208. This substance is a less potent, but more specific, inhibitor of 
PKC as compared to staurosporine. Bisindolylmaleimides carrying 
straight-chain alkyl side-chains bearing a cationic constituent, such as 
Ro 31-7549 and Ro 31-8220, are more potent than Ro 31-7208 and 
slightly selective toward conventional isoforms as compared to novel 
isoforms. Most noticeable among the bisindolylmaleimides is the 
compound Ro 32-0432, which shows a 10-fold higher selectivity for 
PKC α, and a 4-fold higher selectivity for PKC βI, over PKC ε 
(Wilkinson, Parker et al. 1993). The aminoalkyl bisindolylmaleimide 
GF109203X, also named Gö 6850, is one of the most frequently used 
PKC-inhibitors in the literature. This inhibitor shows a high selectivity 
for PKC and inhibits all PKC isoforms, however, with a ranked order 
of potency: α>βΙ>ε>δ>ζ (Martiny-Baron, Kazanietz et al. 1993). The 
atypical PKC ζ is inhibited 10-fold less potently than PKC α. 
GF109203X, as well as other bisindolylmaleimides, does inhibit PKA, 
but only at concentrations a 100 times higher than those required for 
50% inhibition of PKC. EGF, and PDGF receptor tyrosine kinases are 
not affected by these inhibitors (Davis, Hill et al. 1992). Some non-
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PKC related effects have been reported though. GF109203X can, for 
instance, interfere with telomerase activity, and effects on PKC-
independent activation of stress-activated protein kinase JNK1 have 
been reported as well (Beltman, McCormick et al. 1996; Ku, Cheng et 
al. 1997).  
 
Indolocarbazoles 
Whereas staurosporine and K252a are known to suppress the activity 
not only of PKC, but also of various other kinases (Ruegg and Burgess 
1989; Gschwendt, Kittstein et al. 1994), the indocarbazole Gö 6976 
has been identified as rather specific for PKC (Gschwendt, 
Fürstenberger et al. 1995). Effects of Gö 6976 on in vitro activity of 
recombinant PKC isozymes α, βI, δ, ε, and ζ have been studied. 
Nanomolar concentrations of Gö 6976 inhibit the Ca2+-dependent 
isozymes α and βI, while Ca2+-independent isoforms of PKC remain 
unaffected even at micromolar concentrations. Kinetic analysis has 
revealed that PKC inhibition by Gö 6976 is competitive with respect 
to ATP, non-competitive with respect to protein substrates, and of 
mixed type with respect to phosphatidylserine (Martiny-Baron, 
Kazanietz et al. 1993). 
 
Peptide inhibitors 
Alongside the manufacturing of refined inhibitory compounds by 
pharmaceutical companies, development of peptides has yielded some 
very specific and isoform-selective inhibitors of PKC. These synthetic 
peptides correspond to various regions in PKC, and thus they block 
functions such as substrate binding or translocation. A peptide derived 
from the pseudosubstrate sequence in the regulatory domain of PKC 
(aa19-36) acts as a potent antagonist and inhibits both 
autophosphorylation and protein substrate phosphorylation (House and 
Kemp 1987). PKC β and novel isoforms of PKC have very different 
substrate specificities. For instance, PKC β, but not novel isoforms, 
can phosphorylate p47-phox in neutrophils. Accordingly, a peptide 
derived from the pseudosubstrate region (aa19-36) of the C-terminus 
of Ca2+-dependent PKC isoforms can inhibit the activity of β-PKC 
without interfering with activities of novel isoforms of PKC 
(Majumdar, Kane et al. 1993). However, the usage of synthetic 
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peptides as specific inhibitors, is held back by poor cell permeability. 
This problem has been solved by N-myristoylation of such peptides, 
which allows passage into, and inhibition of PKC in intact cells 
(Eichholtz, de Bont et al. 1993). Several peptides have also been 
identified which interfere with translocation of PKC. For instance, 
translocation of PKC ε can be selectively inhibited by an octapeptide 
derived from the V1 region in PKC ε (Johnson, Gray et al. 1996). 
RACK1 (receptor for activated C kinase) has been described as a 
PKC-binding protein, which anchors the activated enzyme near its 
protein substrate. This receptor interacts with the C2 domain of PKC, 
and peptides, corresponding to various regions in the C2-domain of 
the β isoform, inhibit PMA-induced translocation and activation of 
this isoform in vivo (Ron, Luo et al. 1995). Among other approaches 
used in the study of PKC, can be mentioned stable transfection with 
inactive PKC mutants (Garcia-Paramio, Cabrerizo et al. 1998), 
treatment with antisense oligonucleotides targeting specific isoforms 
of PKC (Chen, Wang et al. 1998), and PKC knockouts (Ramakers, 
Gerendasy et al. 1999). 
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Protein kinase C in exocytosis 
 
Neutrophils 
The isoforms PKC α, βΙ, βΙΙ, δ, and ζ are expressed in human 
neutrophils (Majumdar, Rossi et al. 1991; Smallwood and Malawista 
1992; Dang, Hakim et al. 1994; Kent, Sergeant et al. 1996). It has 
been stated however, that PKC α originates from contamination by 
platelets in neutrophil preparations from blood (Devalia, Thomas et al. 
1992; Bates, Bertics et al. 1993; Dang, Rais et al. 1995), and that 
intrinsic PKC α is down-regulated already during neutrophil terminal 
differentiation (Devalia, Thomas et al. 1992).  
 
Table 2. Distribution of PKC isoforms in tissues and cell-types as 
assessed by Northern or Western blot ananlysis 
———————————————————————————— 
Tissue/cell  conventional   novel   atypical  reference 
    α βI βII γ  δ ε η θ  ι/λ ζ   
 
Brain   + + + +  + + + +  + +  (1) 
Lung   + + +   + + + +  + +  (1) 
Heart   + + +   + + + +  + +  (1) 
 
Neutrophil  + + +   +      +  (1-5) 
Eosinophil  + + +   + + (+)    (+)  (1, 6) 
Basophil  + + +   + +     -  (7-8) 
Platelet   + + +   + + (+) +   +  (1) 
CTL†   + +    +    (+) + +   +  (9-11) 
Monocyte  + + +   + + +    +   (12) 
Macrophage  + + +   + +     +  (13) 
 
———————————————————————————— 
†antibody reacting with both PKC βI and βII was used. Parenthesis denotes 
uncertainty or contradictory data 
(1) Webb, Hirst et al. 2000 (2) Dang, Hakim et al. 1994 (3) Kent, Sergeant et al. 
1996 (4) Majumdar, Rossi et al. 1991 (5) Smallwood and Malawista 1992 (6) Evans, 
Lindsay et al. 1999 (7) Miura and MacGlashan 1998 (8) Ozawa, Szallasi et al. 1993 
(9) Hug and Sarre 1993 (10) Baier, Telford et al. 1993 (11) Keenan, Long et al. 
1997 (12) Monick, Carter et al. 1998 (13) Huwiler and Pfeilschifter 1993 
 
Anyway, PKC is found mainly in the cytosol of non-stimulated 
neutrophils, whereas a significant translocation to fractions containing 
the plasma membrane is observed after stimulation by PMA, 1-oleoyl-
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2-actetylglycerol (OAG), or ionomycin. More than 75% of the total 
cellular content of PKC is located in the cytosol in resting cells 
(Balazovich, Smolen et al. 1986). The involvement of PKC in 
regulation of respiratory burst in neutrophils is well documented 
(Tauber 1987). Activation of PKC by phorbol esters triggers a 
powerful production of O2

- (Nauseef, Volpp et al. 1991). The role of 
PKC in regulation of degranulation, on the other hand, is, although 
addressed in numerous studies, still more of an open question. The 
first line of evidence for involvement of PKC in neutrophil 
degranulation comes from experiments where PKC has been 
artificially activated in the absence of physiological stimuli. Direct 
activation of PKC, either by phorbol esters or analogues of DAG, 
triggers release of specific granules in neutrophils. The examples are 
numerous (Esaguy, Aguas et al. 1991; Cabanis, Gressier et al. 1996; 
White, Huang et al. 1984; Pontremoli, Melloni et al. 1986; Kang, 
Tsuda et al. 1985; Zaman, Mitsuyama et al. 1994). It should be noted 
that PMA does not affect base-line levels of cytosolic Ca2+ even at 
higher concentrations (Pontremoli, Melloni et al. 1986). Phorbol esters 
are on the other hand poor inducers of azurophilic degranulation, and 
PMA alone causes only a minor release of myeloperoxidase (MPO) in 
neutrophils (Nagaji 1999). Azurophilic degranulation is however seen 
in response to PMA when cytosolic Ca2+ is elevated by A23187 as 
well as in response to OAG, when cytosolic Ca2+ is elevated in a 
permeabilized system (Kang, Tsuda et al. 1985; Zaman, Mitsuyama et 
al. 1994). Other studies report substantial azurophilic degranulation in 
response to PMA, but only at higher concentrations (Pontremoli, 
Melloni et al. 1986). Studies carried out on permeabilized neutrophils 
stimulated with Ca2+ and GTPγS, and studies performed with intact 
cells stimulated with physiological agents, suggest a role for PKC in 
modulation and maintenance of degranulation, rather than a direct 
triggering role. Exocytosis in electro-permeabilized neutrophils 
triggered by Ca2+ and GTPγS does not require ATP, but cells soon 
become refractory in its absence. Protein phosphorylation events thus 
seem necessary for maintaining a degranulation-responsive state in 
neutrophils. Inhibition of PKC does not inhibit Ca2+ and GTPγS-
induced exocytosis, but inhibits the ATP-induced prevention of the 
refractory state (Boonen, van Steveninck et al. 1992). Furthermore, the 
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exocytotic response to Ca2+, with or without guanine nucleotides, is 
unaffected by inhibitors of PKC (Smolen, Stoehr et al. 1989), and 
secretion induced by Ca2+ in electro-permeabilized neutrophils is 
enhanced in the presence of Mg2+-ATP (Smolen and Sandborg 1990). 
Although degranulation triggered by phorbol esters is inhibited by 
staurosporine, calphostin C and GF109203X (Dewald, Thelen et al. 
1989; Zaman, Mitsuyama et al. 1994; Cabanis, Gressier et al. 1996), 
the secretory response to A23187 in intact cells, or to Ca2+ and GTPγS 
in permeabilized cells, is insensitive to inhibition of PKC (Berkow, 
Dodson et al. 1987; Boonen, van Steveninck et al. 1992; Cabanis, 
Gressier et al. 1996). It should be taken into consideration, when 
evaluating the necessity and involvement of PKC in neutrophil 
degranulation, that also exocytotic responses to several physiological 
stimuli show little sensitivity toward pharmacological inhibition of 
PKC. Even though degranulation induced by FMLP and leukotriene 
B4 (LTB4) can be inhibited by the non-specific PKC-inhibitor K252a, 
the secretory response to challenge with opsonized zymosan is just 
marginally sensitive to inhibition of PKC (Smith, Justen et al. 1988a; 
Nagaji 1999). Information from in vitro characterization of inhibitors 
cannot always be translated into the in vivo situation in a 
straightforward manner. Caution is called for, since agents, such as 
staurosporine, have been shown to induce neutrophil degranulation of 
specific granules and secretory vesicles by themselves (Dewald, 
Thelen et al. 1989). Phorbol esters can, in addition to their secretion-
inducing effects, also be used to study involvement of PKC in 
modulation of degranulation induced by physiological stimuli. Clearly 
the involvement of PKC in neutrophil degranulation is dependent 
upon which stimulus, and which granule, that is being focused. 
Evidence has also been presented for a negative involvement of PKC 
in the regulation of degranulation triggered by FMLP, LTB4, and 
cross-linking of the integrin receptor CD18 (Sha'afi, Molski et al. 
1986; Berkow, Dodson et al. 1987; Walzog, Seifert et al. 1994). An 
inhibitory effect by activation of PKC by PMA in degranulation 
induced by FLMP and LTB4, seems to be due to reduction of stimulus-
induced elevation of cytosolic Ca2+ as measured by fura-2 (Naccache, 
Molski et al. 1985; Smith, Justen et al. 1988b). An interesting 
approach in the study of specific roles of PKC isoforms is depletion 
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through antisense-treatment, which has been used in HL60 cells, 
where it was shown that PKC β is an important mediator of agonist-
induced respiratory burst. An other possible conclusion from this 
study is that PKC β does not seem to be involved in the release of β-
glucoronidase (azurophilic degranulation) induced by FMLP, immune 
complexes or PMA in HL60 cells (Korchak, Rossi et al. 1998).   
 
Eosinophils 
As in mast cells, a role for PKC in the maintenance of secretory 
competence is seen in permeabilized eosinophils challenged with Ca2+ 
and GTPγS. In analogy to what has been described for neutrophils, 
responsiveness to these secretory stimuli in permeabilized cells is 
prolonged by the presence of ATP, which in turn has no effect if PKC 
is pharmacologically inhibited (Cromwell, Bennett et al. 1991). 
Although no enhancement of secretion can be induced by PMA, an 
acceleration of fusion pore expansion has been noted in patch-clamped 
mast cells stimulated with Ca2+ (Scepek, Coorssen et al. 1998). PMA 
causes degranulation and release of eosinophilic cationic protein 
(ECP) in intact cells, a response which can be inhibited by 
staurosporine and K252a (Egesten, Gullberg et al. 1993). Furthermore, 
secretion induced by contact with serum-opsonized non-
phagocytosable particles is inhibited by staurosporine and calphostin C 
(Egesten and Malm 1998). A negative involvement of PKC in 
eosinophilic cell degranulation has also been suggested since release 
of eosinophil peroxidase triggered by C5a, PAF, or FMLP is enhanced 
in the presence of staurosporine (Kernen, Wymann et al. 1991). 
 
Basophils and RBL-2H3 cells 
Rat basophilic cells express the PKC isoforms α, β, δ, ε, and ζ 
(Ozawa, Szallasi et al. 1993). PMA alone has little effect on resting 
cytosolic levels of Ca2+ or histamine release in RBL-2H3 cells (Sagi-
Eisenberg and Pecht 1984; Beaven, Guthrie et al. 1987). PMA-
induced activation of PKC, on the other hand, enhances secretion of 
serotonin induced by IgE-crosslinking, antigenic stimuli, or Ca2+ 
ionophores, which reveals a potential positive involvement of PKC in 
regulation of exocytosis in RBL-2H3 cells (Sagi-Eisenberg and Pecht 
1984; Gat-Yablonski and Sagi-Eisenberg 1990). Some conflicting data 
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have been reported in this area though. On one hand antigen-triggered 
exocytosis in RBL-2H3 cells is sensitive to inhibition of PKC by Ro 
31-7549, calphostin C, and also a synthetic inhibitory peptide 
(Yamada, Jelsema et al. 1992). Similar observations have been made 
in IgE-stimulated human basophils treated with staurosporine or 
sphingosine (Warner and MacGlashan 1990). On the other hand an 
inhibitory effect of calphostin C and other agents on human basophilic 
degranulation, induced by IgE-crosslinking, has been confirmed, but in 
the same study was also noted that Ro 31-7549 had an opposite effect, 
and that the related inhibitor staurosporine also enhanced 
degranulation induced by A23187 (Bergstrand, Lundquist et al. 1992). 
Enhancement of secretion has also been seen upon inhibition of PKC 
by staurosporine and sphingosine in FMLP-stimulated basophils, 
while other studies report that such inhibition has no effect (Warner 
and MacGlashan 1990; Bergstrand, Lundquist et al. 1992). 
Stimulation of RBL-2H3 cells with A23187 results in two peaks of 
degranulation. In contrast to the rapid peak initiated within 60 sec, 
which like IgE-induced degranulation is sensitive to Ro 31-8425, Ro 
31-8220, and chelerythrine, a delayed slower peak of PKC-
independent degranulation appearing after several minutes is induced 
by A23187 (Ozawa, Kobayashi et al. 1996). Through study of RBL-
2H3 cell variants, which differ in expression of PKC isoforms, it has 
been suggested that at least two isoforms, one with positive and the 
other one with negative effects, are involved in IgE-mediated antigen-
induced degranulation (Monk, Bingham et al. 1993). Efforts have also 
been made to pinpoint specific roles of PKC isoforms in basophil 
degranulation, and involvement of certain isoforms in mediation of 
degranulation has been suggested. Permeabilized cells lose 
responsiveness to secretory stimuli as cytosolic proteins leak out. This 
loss of responsiveness can be overcome by addition of exogenous 
PKC β or δ. Loss of responsiveness can also be delayed in 
permeabilized cells where Ca2+-independent PKC isoforms are 
maintained through PMA-induced membrane association, while Ca2+-
dependent isoforms, being more sensitive to phorbol esters, are down-
regulated (Ozawa, Szallasi et al. 1993). 
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Mast cells 
Mast cells and basophils play a crucial role in immunological and 
allergic processes due to the release of inflammatory mediators such as 
histamine. Although involvement of PKC in mediation of histamine 
release has been known for some time, the distinct roles of PKC 
isozymes in regulation of for instance histamine release in different 
cell types remain unclear. The topic has been addressed using several 
different approaches. Activation of PKC by PMA in mast cells results 
in a relatively slow and modest release of histamine (Bronner, Valle et 
al. 1986; Chakravarty, Kjeldsen et al. 1990). Activation of PKC also 
enhances secretion triggered by GTPγS and Ca2+ in permeabilized 
cells, and triggered by A23187 in non-permeabilized cells (Bronner, 
Valle et al. 1986; Chakravarty, Kjeldsen et al. 1990; Koopmann and 
Jackson 1990). Release of granular contents induced by GTPγS and 
Ca2+ is sensitive to down-regulation of PKC through long term 
treatment with PMA, which further indicates an involvement of PKC 
in this process (Koopmann and Jackson 1990). ATP is furthermore 
required in these permeabilized systems to maintain secretory 
competence over time (Lillie, Whalley et al. 1991). Involvement of 
PKC in mast cell exocytosis seems stimulus-specific, since secretion 
triggered by the basic compound 48/80 decreases upon activation of 
PKC by PMA (Bronner, Valle et al. 1986), and the process is not 
sensitive to inhibition of PKC by K252a or GF109203X (Shefler, 
Taube et al. 1998). Little is known about the role of specific isoforms 
in mast cell degranulation, but a reduction of exocytosis has been 
noted in PKC β-deficient mast cells stimulated through the FcεRI-
receptor, or by the calcium ionophore ionomycin (Nechushtan, Leitges 
et al. 2000). 
 
Platelets 
In general it is believed that PKC plays an important role in agonist-
induced platelet aggregation and exocytosis. PMA, by itself, triggers 
degranulation in platelets (Rink, Sanchez et al. 1983; Hashimoto, 
Togo et al. 1994). Such activation of PKC is also required for 
maximal degranulation in permeabilized platelets stimulated with 
either Ca2+ or GTPγS alone (Coorssen, Davidson et al. 1990; Haslam 
and Coorssen 1993). An involvement of PKC in degranulation 
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triggered by physiological stimuli has also been shown, using various 
inhibitors. Ro 31-7549 partially inhibits thrombin-stimulated 
degranulation (Hashimoto, Togo et al. 1994), and degranulation 
triggered by the neutrophil protease cathepsin G is sensitive to 
inhibition of PKC by GF109203X and by Ro 31-8220 (Si-Tahar, 
Renesto et al. 1996; Rotondo, Evangelista et al. 1997). Platelet 
degranulation is also inhibited by a peptide corresponding to the 
putative in vivo phosphorylation site for PKC in the MARCKS 
(myristoylated alanine-rich protein kinase C substrate) protein 
(Elzagallaai, Rose et al. 2000). As opposed to these data, it has 
interestingly been noted that mastoparan-induced phosphorylation of a 
45 kDa PKC substrate is sensitive to staurosporine treatment, while 
degranulation is not (Wheeler-Jones, Saermark et al. 1992).  
 
Cytotoxic T cells and natural killer cells 
It has, as opposed to in other blood cells, not been shown that 
activation of PKC alone by phorbol esters can induce degranulation in 
CTL. Phorbol esters can however act in synergy with Ca2+-ionophores, 
causing enhanced granule exocytosis. This degranulation, and that 
induced by TCR cross-linking, is sensitive to chelation of extracellular 
Ca2+ (Takayama and Sitkovsky 1987; Fortier, Nacy et al. 1989). 
Degranulation induced by TCR engagement in CTL is inhibited by 
staurosporine (Mittrucker and Fleischer 1992). Inhibition of PKC by 
staurosporine, calphostin C, a pseudosubstrate peptide or PMA-
mediated down-regulation, inhibits tumor cell destruction by non-
specific killer T-lymphocytes through abrogation of granular 
exocytosis (Stewart and Hoskin 1997). 
As in CTL cells, PMA triggers degranulation in NK-cells in a Ca2+-
sensitive manner (Atkinson, Gerrard et al. 1990; Ting, Schoon et al. 
1992). While adenosine receptor-induced degranulation is inhibited by 
calphostin C in NK cells, it has been determined that Fc receptor 
stimulation triggers granule release through a PKC-independent 
pathway in cloned human NK cells (Bonnema, Karnitz et al. 1994). 
Pretreatment with GF109203X has no effect on Fc receptor-induced 
degranulation in these NK cells. 
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Monocytes and macrophages 
There is currently plentiful of data available regarding the involvement 
of PKC in exocytotic events in various leukocytes and excitatory cells. 
However, our knowledge on regulation of lysosomal secretion by PKC 
in macrophages and monocytes has not kept up with the development 
of analytic tools, such as inhibitors, activators, and live imaging of 
GFP-tagged proteins. We do know that presentation of particulate 
stimuli, such as zymosan, to macrophages triggers elevation of 
cytosolic Ca2+ and production of DAG (Emilsson and Sundler 1984; 
Dieter and Fitzke 1993). Both are well-known activators of PKC. 
Besides a general activation of cellular PKC, zymosan also triggers a 
selective translocation of certain isoforms of PKC toward the 
phagosome (Zheleznyak and Brown 1992; Allen and Aderem 1995; 
Zheng, Zomerdijk et al. 1995). Phagocytosis in macrophages and 
monocytes is a Ca2+-independent process, which is modulated by 
PKC-activity (Di Virgilio, Meyer et al. 1988; Zheleznyak and Brown 
1992; Karimi and Lennartz 1995; Larsen, DiGennaro et al. 2000). 
Evidence for an involvement of PKC in lysosomal secretion in 
macrophages comes both from reports of secretion-triggering effects 
by phorbol esters alone, and from reports describing modulation of 
agonist-induced lysosomal secretion by co-activation of PKC by 
phorbol esters, or inhibition of PKC, either by pharmacological agents 
or activator-induced down-regulation. Some data regarding secretion-
triggering effects by activation of PKC by phorbol esters seem 
contradictory. Several reports, however, show that release of 
lysosomal enzymes can be triggered in macrophages by activation of 
PKC by phorbol esters in the absence of additional stimuli (Ho, J. L. 
and Klempner, M. S. 1986; Bonney, Wightman et al. 1980). This 
secretion, which is insensitive to inhibition of RNA or protein 
synthesis, is of an exocytotic nature and not a consequence of leakage 
from damaged cells, as assessed by leakage of LDH (Bonney, 
Wightman et al. 1980). It has also been shown that substantial 
amounts of lysosomal enzymes are released upon stimulation also of 
human monocytes with PMA. Such secretion, which is not triggered 
by the inactive PMA-analogue 4α-PDD, occurs in a time- and 
concentration-dependent manner, as measured by the release of N-
acetyl-β-D-glucosaminidase (Kelly and Carchman 1987). Other 
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studies have shown that PMA initiates little or no secretory response 
as compared to particulate stimuli or agents causing lysosomal 
alkalinization in monocytes and macrophages (Leoni and Dean 1983a; 
Leoni and Dean 1983b; Tapper and Sundler 1995c). As mentioned 
before, lysosomal secretion can as mentioned be triggered by soluble 
stimuli, such as primary amines, proton ionophores, and inhibitors of 
the vacuolar proton pump (Tapper and Sundler 1990; Tapper and 
Sundler 1995a). Such secretion, elicited by alkalinization of 
lysosomes, seems subjected to a modulation by PKC. Lysosomal 
secretion triggered by methylamine, monensin, or nigericin, in mouse 
macrophages is markedly enhanced by PMA-induced activation of 
PKC (Tapper and Sundler 1995c). A less marked enhancement by 
artificial activation of PKC is on the other hand seen when 
macrophages are stimulated by zymosan, but down-regulation of PKC 
through prolonged incubations with phorbol 12,13-dibutyrate (PDBu) 
leads to a reduced secretion in these cells (Tapper and Sundler 1995b). 
Different effects of phorbol esters on secretion induced by paticulate 
and soluble stimuli are further addressed in paper IV and V. To date 
there is little information on the involvement of different isoforms of 
PKC in the macrophage secretory response, a topic which is also 
addressed in paper IV and V. Macrophages express at least 5 isoforms 
of PKC (α, β, δ, ε, and ζ) (Huwiler and Pfeilschifter 1993; Monick, 
Carter et al. 1998). Differences in expression of PKC isoforms have 
been noted between macrophage and monocytic cell lines. For 
instance eight isoforms of PKC (α, βΙ, βΙΙ, δ, ε, µ, λ and ζ) are 
expressed in RAW 264.7 macrophages (Lin and Chen 1998). 
Correlation between isoform expression and secretory responses in 
such cell lines might prove to be a valuable source of information. 
Cell lines can also be used for studying effects of isoform depletion 
through anti-sense treatment or over-expression of specific isoforms 
on stimulus-induced lysosomal secretion. 
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Paper I  
Dexamethasone lowers cytosolic pH in macrophages by altering 
alkalinizing pH-regulatory mechanisms 
 
Dexamethasone is a synthetic glucocorticoid used in treatment of a 
wide array of inflammatory conditions such as asthma and rheumatic 
diseases. Steroids exert their functions by binding to intracellular 
hormone receptors which in turn regulate gene expression through 
their binding to glucocorticoid response elements in the nucleus. 
Although treatment with glucocorticoids alters the gene expression in 
many different cell types, their effects on white blood cells, and 
especially on macrophages, are probably the most important in treating 
of inflammatory conditions. Dexamethasone has been shown to inhibit 
several pro-inflammatory macrophage functions. Since some of these 
functions such as release of cytokines (Bidani and Heming 1995), 
production of O2

- (Swallow, Grinstein et al. 1990; Bidani and Heming 
1995) and lysosomal secretion (Tapper and Sundler 1990) are also 
modulated by pH, we tested the effect of dexamethasone on regulation 
of cytosolic pH in mouse peritoneal macrophages. Cytosolic pH was 
measured fluorimetrically using the pH-sensitive probe BCECF-AM, 
which is trapped through intracellular esterase activity. A highly 
reproducible reduction of cytosolic pH was found, with or without 
addition of HCO3

- in the experimental media. The reduction, being 
evident at nanomolar concentrations of dexamethasone, gradually 
appearing within hours, was inhibited by the glucocorticoid receptor 
antagonist RU38486, and was abrogated by clamping pH using a 
potassium-nigericin method, and was thus not an artifact. We 
investigated the mechanism behind these effects, and we could rule 
out alterations of intrinsic cellular buffer capacity as well as effects on 
constitutive production of acidic metabolites. Known pH-regulatory 
mechanisms were systematically studied using specific inhibitors. 
Alkalinization of the macrophage cytosol is exerted by a Na+/H+-
exchanger which is sensitive to amiloride, by a Na+-dependent Cl-

/HCO3
--exchanger which is sensitive to 4,4’-diisothiocyanatostilbene-

2,2’-disulfonic acid (DIDS), and by a H+-ATPase which is inhibited 
by bafilomycin A1. Macrophages express an acidifying Na+-
independent Cl-/HCO3

--exchanger which is also sensitive to DIDS. 
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We could show the lowering of cytosolic pH by dexamethasone to be 
attributed to effects on the alkalinizing Na+-dependent Cl-/HCO3

--
exchanger, and on the H+-ATPase, which were identified in cells 
during recovery from acid-loads. We pursued the effects on the H+-
ATPase further, and we found that dexamethasone did not affect 
lysosomal pH. Both pools of proton pumps are sensitive to 
bafilomycin A1, but it is not known whether the H+-ATPases 
regulating cytosolic and lysosomal pH are identical. Dexamethasone 
did not alter the total cellular content of H+-ATPase, as assessed by 
Western blot analysis of the membrane-integral C-subunit. This 
subunit was also used as a marker in studying the localization of the 
H+-ATPase by means of immunofluorescence. Similar patterns of 
lysosomal localization were found in dexamethasone- and non-treated 
cells. The H+-ATPase, however, could not be detected in the plasma 
membrane. This result, together with the finding that recovery of 
cytosolic pH by the H+-ATPase after an acid-load was always 
preceded by a lag period, pointed out the possibility that cytosolic pH 
is regulated by H+-ATPases located in a vesicular pool. In such a 
scenario alkalinization could be achieved either through swift 
appearance of the H+-ATPases in the plasma membrane, by vesicular 
recycling, or through recycling of acidified vesicular contents.  
 
Paper II  
Dexamethasone downregulates lysosomal secretion in mouse 
macrophages:  Involvement of signaling through protein kinase C 
 
The objective of this study was to further explain the effects of 
glucocorticoids on regulated lysosomal secretion. Macrophages were 
stimulated either by zymosan, which is a particulate preparation from 
yeast cell walls, or by soluble stimuli and lysosomal secretion, 
estimated by release of N-acetyl β-D-glucoseaminidase. The primary 
amine MeNH3, the ionophore monensin and the inhibitor bafilomycin 
A1 causes lysosomal alkalinization and thus triggering of secretion. 
Lysosomal alkalinization in these cases is caused by accumulation in 
acidic compartments, by exchange of sodium for protons, and  by 
inhibition of the lysosomal proton pump, respectively. Secretion 
triggered by zymosan, MeNH3 and by bafilomycin A1 were all 
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inhibited to 60-70% by therapeutic concentrations of dexamethasone. 
A lesser inhibition was also seen using monensin as secretory 
stimulus. Since dexamethasone was previously shown to reduce 
cytosolic pH, we carried out experiments in order to evaluate the role 
of this reduction for the inhibitory effects seen on lysosomal secretion. 
In the case of secretion in response to particulate stimuli, we found 
that zymosan abrogated the reduction of cytosolic pH caused by 
dexamethasone. Instead, dexamethasone inhibited lysosomal 
alkalinization, which seems to be plausible explanation of the reduced 
secretion seen in response to this stimulus. Nor in the case of 
monensin did the dexamethasone-induced effects on cytosolic pH 
seem to explain the reduction of secretion. The deviation in base-line 
cytosolic pH seen with dexamethasone was overridden during 
treatment with monensin. In the case of MeNH3 and bafilomycin A1, 
effects on cytosolic pH could still be registered during stimulation, but 
they were diminished when stimulation was performed in media where 
pH was more alkaline. On the contrary, the inhibition of secretion was 
rather enhanced during these conditions. Hence, it could be 
summarized that dexamethsone did not inhibit lysosomal secretion 
through alteration of cytosolic pH. This conclusion is further 
supported by the observation that a near-complete effect on cytosolic 
pH was seen within 4 h of treatment with dexamethasone, while full 
effect on secretion required longer incubations. It has been suggested 
that glucocorticoids alter secretory events through up-regulation of 
receptors and accelerated re-uptake (Shepherd, Konish et al. 1985). 
This mechanism was ruled out in our case by measuring secretion of 
dextrans, which were pre-loaded into lysosomes in a non-receptor-
dependent fashion. Inhibition of secretion by dexamethasone was, 
furthermore, not abrogated by addition of soluble mannan, meant to 
block receptors, and thus to cause inhibition of enzyme recycling. 
Instead, we found that activation of PKC, in itself serving as a poor 
stimulus for secretion, enhanced lysosomal secretion more potently in 
cells treated with dexamethasone, as compared to non-treated cells, 
thus reducing the inhibitory effect of the glucocorticoid on lysosomal 
secretion. Effects on signaling pathways were studied by measuring 
activation of phospholipase C (PLC) in response to zymosan. PLC 
activity was measured in cells preloaded with [3H]inositol. We found a 
reduction of zymosan-binding in dexamethasone-treated cells. This 
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could be explained by a change in the cell morphology. Cells treated 
with dexamethasone will spread less, and thus they will occupy a 
smaller space. These cells also have fewer dendritic extrusions than 
did untreated cells do. Differences in cellular binding of zymosan 
were, however, normalized by customizing the amounts of zymosan 
used in dexamethasone-treated and non-treated cells. Also, in the latter 
case was a significant dexamethasone-induced reduction in activation 
of PLC in reponse to zymosan observed. We suggest that 
dexamethasone inhibits lysosomal secretion through interaction with 
one or more intermediate steps along the signaling axis containing 
PLC and PKC. 
 
Paper III  
Signaling to localized degranulation in neutrophils adherent to 
immune complexes 
 
Ligation of Fc-receptors on human neutrophils triggers exocytosis of 
azurophilic and specific granules. In addition to a differential 
sensitivity to cytosolic levels of Ca2+ in the triggering of exocytosis 
from these granules (Sengeløv, Kjeldsen et al. 1993) it has recently 
been observed that these exocytotic responses differ also in 
directionality. Azurophilic granules are released in the vicinity of the 
sites where IgG-opsonized zymosan particles are attached while 
specific degranulation seems less localized, occurring all over the 
plasma membrane (Tapper and Grinstein 1997). The experimental 
setup in this study was designed to facilitate further elucidation of Fc-
receptor-mediated localization of azurophilic degranulation, and also 
to allow for Western blot analysis of preparations from the 
degranulation target areas. Neutrophils were adhered to Sepharose 
beads coated with heat-aggregated IgG, and exocytosis was monitored 
by immunofluorescence using specific antibodies toward CD63 and 
CD66b, which are markers for azurophilic and specific granuls, 
respectively. Degranulation was triggered within 60 sec. of adhesion 
to immune complex-coated Sepharose beads. Adhesion to Sepharose 
beads allowed accurate high-resolution analysis of degranulation to the 
adherent plasma membrane using confocal microscopy. In accordance 
with previous studies on degranulation during phagocytosis of IgG-
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opsonized zymosan, azurophilic degranulation during adhesion was 
confined to the attached section of the plasma membrane, while 
specific degranulation occured all over the cell surface. 
Pharmacological inhibitors were used to investigate signaling 
pathways involved in immune complex-triggered degranulation. 
Degranulation was highly sensitive to inhibition of both PKC, using 
the non-isoform selective inhibitor GF109302X, as well as tyrosine 
kinases, using genistein and erbstatin. Analysis of cytochalasin B-
treated cells showed, in addition, that localized azurophilic 
degranulation was not dependent on cellular spreading during 
adhesion. Furthermore, assembly of actin filaments during adhesion, 
as assessed by rhodamine phalloidin-staining, was never strictly co-
localized with degranulation at the adherent plasma membrane. A 
sonication-technique was used to separate adherent from non-adherent 
parts of cells. Briefly, adherent neutrophils were treated with a thiol-
cleavable protein cross-linker, which made sure that non-adherent 
parts of the cell could be removed while loss of adherent plasma 
membranes was prevented. Cross-linked cells were continuously 
monitored during sonication using the lipophilic dye FM1-43. 
Presence of signaling molecules was then analyzed by means of 
Western blotting of adherent and non-adherent samples. Plasma 
membrane contents in the two fractions were estimated by means of 
observing pre-biotinylated cell surface molecules as well as by 
analyzing fraction-content of cell surface molecules pre-labeled with 
tritiated DIDS. We examined the presence of the tyrosine kinase Syk, 
and the PKC isoforms, α, βI, δ, and ζ, in adherent and non-adherent 
fractions, and we normalized the amounts with regard to estimated 
contents of plasma membrane. These experiments revealed a 
significant enrichment of Syk, PKC α and βI at the site of adhesion, 
while PKC δ and ζ did not seem to translocate to this location in 
particular. The findings regarding sensitivity to pharmacological 
inhibition and localized translocation render these kinases interesting 
targets in future studies of localizing signals in neutrophil 
degranulation. 
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Paper IV  
Regulation of lysosomal pH in macrophages via phosphatidylinositol 
3-kinase and protein kinase C 
 
The aim of this study was to investigate mechanisms regulating 
lysosomal secretion with emphasis on PKC. As addressed in paper II, 
involvement of PKC in the regulation of exocytotic events has been 
established in many cell-types including macrophages (Tapper and 
Sundler 1995c). Since correlation clearly indicates lysosomal 
alkalinization as a triggering signal in such secretion (Tapper and 
Sundler 1990), we now focused on the regulation of lysosomal pH, 
and later we examined the role of PKC in the overall regulation of 
lysosomal secretion in our accompanying paper (paper V). Exposure 
of macrophages to zymosan leads to activation of PLC, production of 
DAG, and to elevation of cytosolic Ca2+ (Emilsson and Sundler 1984; 
Dieter and Fitzke 1993). DAG and Ca2+ are both well-known 
activators of PKC. A recent study indicates that the zymosan-induced 
activation of PLC in macrophages is at least to some degree regulated 
downstream of phosphatidylinositol 3-kinase (PI3K) (Hiller, Sternby 
et al. 2000). Macrophages express PKC α and β, which are two 
conventional isoforms activated by diacylglycerol and Ca2+, as well as 
PKC δ and ε, which are novel isoforms insensitive to Ca2+, and PKC 
ζ, which is an atypical isoform sensitive to neither DAG nor Ca2+ 
(Huwiler and Pfeilschifter 1993; Newton 1995).  
Lysosomes were loaded with FITC-conjugated dextran through 
overnight pinocytosis and lysosomal pH was measured in a 
spectrofluorometer. To ensure that zymosan-induced lysosomal 
alkalinization was mediated by signaling intermediates, as opposed to 
phagolysosomal fusion, we also performed measurements of 
lysosomal pH in the presence of cytochalasin B. This agent, which 
prevents actin polymerization and thus phagocytosis, did not inhibit 
zymosan-induced lysosomal alkalinization. We found that the 
lysosomal alkalinization was reduced in the presence of the phorbol 
ester, PMA. This effect disappeared after prolonged incubations with 
PMA, and it correlated with the down-regulation of conventional 
isoforms of PKC. The effect of acute stimulation with PMA on 
lysosomal alkalinization was also abrogated by cellular depletion of 
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Ca2+. These finding point out a role for conventional isoforms in the 
regulation of lysosomal pH. In addition, PMA-induced modulation of 
lysosomal pH was prevented by inhibition of PI3K by wortmannin. 
Lysosomes from zymosan-stimulated macrophages were purified 
using cell-disruption by nitrogen cavitation with subsequent 
ultracentrifugation in stepwise gradients of Optiprep. Preparations 
were analyzed on Western blots, and the conventional isoforms α and 
β were found to co-fractionate with lysosomes in cells stimulated with 
PMA in addition to zymosan. PMA-induced appearance of these 
isoforms on lysosomes was prevented by wortmannin. We suggest that 
conventional isoforms of PKC activated through PI3K are part of a 
signaling pathway which counteracts zymosan-induced lysosomal 
alkalinization. These effects could possibly be brought about by PKC-
dependent acceleration of lysosomal proton pumps. 
 
Paper V  
Modulation of lysosomal secretion by protein kinase C in mouse 
macrophages 
 
The involvement of PKC in regulation of zymosan-induced lysosomal 
secretion in mouse peritoneal macrophages was examined using 
phorbol esters. As shown in the accompanying article (paper IV), 
activation of conventional isoforms of PKC lead to a reduction in 
zymosan-induced lysosomal alkalinization. Here we studied the 
involvement of PKC in regulation of lysosomal secretion, both 
through perturbance of lysosomal pH, as well as through other 
mechanisms. Treatment of macrophages with zymosan caused 
activation of PKC β, δ, and ε, as assessed by translocation to a 
membrane fraction. The time-course for activation of these isoforms 
was in accordance with onset of zymosan-induced lysosomal 
secretion. Activation of PKC α was less clear, with a slower and less 
pronounced translocation. Initially it was found that the PMA-induced 
reduction of a triggering lysosomal pH was not accompanied by 
inhibition of lysosomal secretion. As a consequence an additional 
compensatory modulating mechanism by PMA-activated PKC was 
revealed. A secretory enhancement by PMA-activated PKC 
downstream of lysosomal alkalinization was confirmed when 
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lysosomal secretion was artificially induced through treatment with 
bafilomycin A1. This agent bypasses receptor-mediated signaling 
through inhibition of the vacuolar H+-ATPase causing lysosomal 
alkalinization and secretion. The enhancement of bafilomycin A1-
induced secretion, caused by PMA, was inhibited by the PKC-specific 
inhibitor GF109203X. In contrast to our previous findings regarding 
PKC-mediated modulations of lysosomal pH, the PMA-mediated 
effects on bafilomycin A1-induced secretion did not respond to 
inhibition of PI3K by wortmannin. In the case of zymosan-induced 
secretion, where PMA-induced effects on lysosomal pH and 
downstream secretion evened up, wortmannin increased the lysosomal 
secretion by blocking PMA-induced reduction of lysosomal pH, while 
not interfering with PMA-induced downstream effects on secretion. 
The downstream enhancement by PMA on bafilomycin A1-induced 
secretion subsided with time in accordance with down-regulation of 
conventional isoforms of PKC. In order to investigate the role of Ca2+-
sensitive conventional isoforms of PKC in downstream modulation of 
lysosomal secretion, we performed experiments in cells depleted of 
Ca2+ by the presence of EGTA in the media, with addition of the Ca2+-
ionophore A23187. Zymosan efficiently triggered lysosomal secretion 
under these conditions as well. We have previously shown that Ca2+-
depletion inhibited PMA-mediated reduction of lysosomal 
alkalinization. Even though depletion of Ca2+ restored the zymosan-
induced secretion-triggering lysosomal alkalinization, this did not 
result in an anticipated enhanced secretion through PMA-mediated 
downstream effects. Effects of Ca2+-depletion on PMA-induced 
translocation of PKC isoforms to membranes were analyzed. Ca2+-
depletion did not interfere with translocation of novel isoforms. 
Interestingly, translocation of the conventional isoform α but not β 
was inhibited under such conditions. Together, these findings indicate 
a role for PKC β in downstream modulation of lysosomal secretion.
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Concluding remarks 
Although numerous parallels exist between the regulation of 
exocytosis in excitable cells and in leukocytes, the paradigms evolved 
from research on the regulatory role of cytosolic Ca2+ in excitable cell 
degranulation cannot be transferred in a straight forward manner since 
leukocytes constitute a heterogeneous population, which harbors a 
heterogeneous set of specialized granules. Information on the role of 
cytosolic Ca2+ in the regulation of degranulation in leukocytes comes 
from in vitro analysis using physiological or artificial stimuli with or 
without manipulation of cytosolic Ca2+ using chelating agents or 
ionophores. Correlation between elevation of cytosolic Ca2+ and 
leukocyte degranulation is a consistent finding in studies using 
physiological stimuli such as opsonized particles in macrophages, 
immune complexes in neutrophils, antigens in basophils, PAF in 
platelets and TCR-engagement in CTL. The elevation of Ca2+ in these 
cases can be attributed to either an isolated release from intracellular 
stores or an additional influx through Ca2+-channels from the 
extracellular pool. Secretion induced by physiological stimuli in cell-
types such as eosinophils stimulated by PAF, or CTL and NK-cells 
through TCR-engagement, is dependent upon the latter response. The 
secretion is inhibited by the presence of extracellular chelating agents, 
while degranulation in other leukocytes seems affected only when also 
the former response is canceled by intracellular chelation of Ca2+ 
through introduction of the acetoxy-methyl ester of BAPTA. The 
requirement for elevation of cytosolic Ca2+ in the leukocyte 
degranulation triggered by physiological stimuli has also been 
questioned in several cases.  Abrogation of Ca2+-mediated signaling by 
treatment with BAPTA does only partially inhibit degranulation in 
neutrophils triggered by immune complexes. Exocytosis can be seen in 
basophils stimulated by antigens without a preceding rise in cytosolic 
Ca2+. Data contradicting the view of Ca2+ as a necessary signal for 
leukocyte degranulation comes from studies using artificial stimuli as 
well, where phorbol esters trigger a Ca2+-independent secretion in 
neutrophils, eosinophils, and in platelets. Secretion is also triggered by 
GTPγS in permeabilized eosinophils without a concomitant elevation 
of cytosolic Ca2+. As opposed to data concerning requirement for Ca2+ 
in leukocyte degranulation, most of the data on the ability of elevated 



  60 

Ca2+ to induce degranulation come from artificial manipulation of 
cytosolic Ca2+, with or without activation of parallel signaling 
pathways. Elevation of cytosolic Ca2+ through permeabilization or  
through introduction of ionophores, triggers degranulation only in 
certain leukocytes such as neutrophils, basophils, and platelets. A 
differentiating sensitivity for cytosolic Ca2+ among subsets of granules 
in neutrophils should be regarded, and it has also been found that 
artificially induced degranulation may require higher concentrations of 
cytosolic Ca2+ than what is achieved by physiological stimuli such as 
FMLP. Macrophages, monocytes, CTL, and NK-cells, however,  
respond poorly to artificial elevation of cytosolic Ca2+. Lysosomal 
secretion induced by zymosan (Tapper and Sundler 1995b, Paper V) in 
mouse peritoneal macrophages is not inhibited by depletion of 
cytosolic Ca2+ through treatment with EGTA and A23187. Neither is 
secretion triggered in these cells by elevation of cytosolic Ca2+ by 
A23187 (Paper V). 
Various experimental setups have provided evidence of involvement 
of PKC in the leukocyte degranulation. To begin with, degranulation 
is triggered in for instance neutrophils, eosinophils, platelets, and 
monocytes by activation of PKC through treatment with phorbol 
esters. Such response is on the other hand not seen in RBL 2H3 mast 
cells or CTL. A second line of evidence of involvement of PKC comes 
from experiments on permeabilized neutrophils and mast cells where 
responsiveness to secretory stimuli is lost with time as cytosolic 
components leak out. A role for phosphorylation is implied, as 
addition of exogenous ATP restores the loss of secretory 
responsiveness that occurs with time in these permeabilized systems. 
Maintenance of ATP-induced responsiveness is further prevented by 
protein kinase inhibitors. Modulating effects on degranulation from 
activation and down-regulation of PKC by phorbol esters have also 
been investigated. A positive regulatory role for PKC in degranulation 
is often pointed out in such studies. Phorbol esters can for instance 
enhance degranulation induced by IgE-cross-linking in RBL cells, 
elevation of Ca2+ in platelets and CTL, GTPγS in platelets, and 
monensin or MeNH3 in macrophages. However, a negative 
modulation by phorbol esters is seen in mast cells stimulated by 
compound 48/80 and neutrophils stimulated with FMLP or LTB4. An 
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inhibitory effect of down-regulation of PKC on degranulation has 
further been shown in mast cells stimulated with Ca2+ and GTPγS, as 
well as in macrophages stimulated with zymosan. The role of PKC in 
leukocyte degranulation has also been studied using inhibitors. Some 
of these results probably imply a role for phosphorylation events - 
rather than involvement of PKC - in degranulation, since non-specific 
inhibitors of PKC such as K252a and staurosporine were often used. It 
can be mentioned, however, that calphostin C has been shown to 
inhibit degranulation induced by serum-opsonized particles in 
eosinophils and adenosine-receptor engagement in NK-cells. 
Furthermore, degranulation induced by antigen in RBL cells, IgE-
cross-linking in basophils, and thrombin in platelets, is sensitive to 
treatment with the PKC-specific inhibitor Ro 31-7549. Sphingosine, 
on the other hand, caused an inhibition of IgE-induced degranulation 
in basophils, while an enhanced degranulation was noted in basophils 
stimulated with FMLP. It can thus be concluded that substantial 
evidence from studies including both activators and inhibitors point 
implies a role for PKC in the modulation of leukocyte degranulation, 
while the relative importance of this modulation as compared to 
contributions from other signaling pathways including Ca2+ remains to 
be established. We have found that PKC is a regulator of lysosomal 
secretion and possibly also a target for anti-inflammatory 
pharmacological agents (Paper II). This regulation is complex and 
involves both positive and negative pathways.  A negative regulation 
is exerted at the lysosome, where a secretion-triggering alkalinization 
is inhibited when PKC is activated by PMA. Our data indicate 
involvement of conventional isoforms in this modulation, as such are 
found on purified lysosomes from stimulated cells. Effects on 
lysosomal pH as well as translocation of conventional isoforms to 
lysosomes were inhibited by wortmannin, also indicating a role for 
PI3K in the regulation of lysosomal pH. Furthermore, the effects 
induced by PMA on lysosomal pH were quickly down-regulated in 
accordance with disappearing conventional isoforms. Finally we found 
that lowering of lysosomal pH in response to activation of PKC was 
inhibited by depletion of cytosolic Ca2+, which further indicates the 
involvement of conventional isoforms in this pathway. It seems 
interesting that the effects on lysosomal pH were not reflected in the 
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secretory response, which implies a compensatory positive PKC-
dependent pathway acting down-stream of lysosomal pH. This was 
confirmed by experiments where signaling to lysosomal alkalinization 
was bypassed using bafilomycin A1. In this case the results from 
measuring translocation, down-regulation and effects of depletion of 
cytosolic Ca2+ indicate a possible role for PKC β in downstream 
enhancement of lysosomal secretion.     
Further detail regarding the precise roles of PKC in regulating 
degranulation in different leukocytes is likely to evolve as new 
approaches develop in the search for specific functions of PKC 
isoforms. Effects of anti-sense treatment and transfection with PKC 
isoforms, for instance, on lysosomal secretion, and on other functional 
responses in monocyte and macrophage cell-lines, have yet to be 
studied.
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Popularized summary in Swedish 
(Populärvetenskaplig sammanfattning) 
 
Makrofager återfinns i stort sett överallt i kroppen. De bildas från 
stamceller i benmärgen och cirkulerar i blodomloppet tillsammans 
med andra vita blodkroppar i form av monocyter, som kan vandra 
igenom blodkärlens väggar och vidareutvecklas till makrofager ute i 
vävnaderna. Makrofagen spelar en viktig roll i kroppens totalförsvar 
genom att vägleda och orkestrera immunförsvarets övriga celler, t ex 
genom att producera prostaglandiner och utsöndra cytokiner. 
Cytokiner är immunförsvarets egna hormoner som verkar såväl lokalt 
på grannceller som systemiskt via blodbanan. Makrofager har i likhet 
med vissa andra blodkroppar förmåga att äta (fagocytera) och dricka 
(pinocytera) av sin omgivning. Därav kommer namnet makrofag som 
betyder stor ätarcell. En måltid kan bestå av t ex vävnadsvätska, 
infektiösa mikroorgansimer, tumörceller, döda celler och andra 
vävnadsmaterial. Bakterier kan bindas till makrofagen m h a olika 
cellytereceptorer. Dessa receptorer aktiverar olika signalsystem inuti 
cellen. Sådana signaler kan bestå av spridning av vissa joner såsom 
kalcium eller av en slags kedjereaktion där olika enzymer i tur och 
ordning påverkar varandra. En sådan påverkan kan bestå av att fosfat 
fästs vid ett enzym. Sammantaget kan dessa signalsystem, som för 
övrigt ofta interagerar inbördes på ett komplext sätt, ses som cellens 
sätt att tänka och är därmed avgörande för dess handling. Bakterier 
och svamporganismer som fastnar på makrofagens receptorer aktiverar 
signalsystem som leder till att de fagocyteras. Väl inne i cellen 
sammansmälter dessa fagosomer med lysosomer. Lysosomen är en 
membranomsluten behållare som kan ses som cellens soptipp eller 
snarare som cellens återvinningscentral. Här finns en stor uppsättning 
nedbrytande enzymer som fungerar bäst i en sur miljö. Till skillnad 
från den neutrala cellvätskan har lysosomerna ett pH-värde under 5, 
som bibehålles av speciella protonpumpar belägna i 
lysosommembranet. Tyvärr kan vissa bakteriefamiljer överleva inuti 
makrofager t ex genom att se till så att lysosomen blir mer basisk eller 
genom att helt enkelt undvika att hamna i lysosomen.  Parallellt med 
bekämpning av t ex bakterier inuti cellen sker en utsöndring av 
lysosomala enzymer ut ur cellen. Syftet med detta tror man vara att 
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åstadkomma bekämpning av bakterier i cellens omgivning samt att 
bryta ner vävnad för att underlätta upprensning och återuppbyggnad i 
inflammatorisk vävnad. Dessvärre kan sådan sekretion av lysosomala 
enzymer eventuellt bidra till bestående vävnadsskador vid långvariga 
inflammatoriska tillstånd som ses t ex vid autoimmuna sjukdomar. 
Syftet med denna avhandling är att belysa hur olika signalsystem inuti 
makrofagen påverkar utsöndringen av lysosomala enzymer. Till 
skillnad från i många andra celltyper, där en ökning av kalciumjoner i 
cellvätskan sätter igång sekretionen, så verkar aktivering av 
makrofager i stället leda till att dess lysosomer blir mer basiska, vilket 
i sin tur leder till att den lysosomala sekretionen sätts igång. 
Alkalinisering av lysosomer styrs bl a av de två olika enzymerna 
fosfatidylinositol 3-kinas och proteinkinas C. Kinas betecknar här att 
de vidarebefordrar signaler genom att koppla fosfatgrupper på lipider 
respektive proteiner. Proteinkinas C har utöver en reglerande funktion 
på lysosomalt pH även en pH-oberoende förstärkande effekt på den 
lysosomala sekretionen i makrofager.       
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Dexamethasone lowers cytosolic pH in macrophages by altering
alkalinizing pH-regulatory mechanisms

Claes Nauclér, Roger Sundler, and Hans Tapper
Department of Cell and Molecular Biology, Section for Molecular Pathogenesis, Lund University, Sweden

Abstract: The effect of dexamethasone on cyto-
solic pH (pHc) in resident mouse peritoneal macro-
phages was investigated using the fluorescent probe
2’,7’-bis(carboxyethyl)-5(6)-carboxyfluorescein
tetra-acetoxymethyl ester (BCECF-AM). Dexa-
methasone was found to significantly lower pHc and
this reduction of pHc evolved gradually with time,
was near maximal at 10 nM dexamethasone, and
could be prevented by the glucocorticoid receptor
antagonist RU-38486. The lower pHc of dexametha-
sone-treated cells was neither due to a reduction of
cellular buffer capacity nor to an altered regulation
of pHc by Na�/H�-exchange or by acidifying Na�-
independent Cl�/HCO3

� exchange, as assessed by
studies of pH recovery after acute acid and alkali
loads, respectively. Instead, an impaired pHc recov-
ery by both the H�-ATPase and the alkalinizing
Na�-dependent Cl�/HCO3

� exchange was ob-
served. This impairment was most likely not caused
by an altered expression or localization of the
39-kDa subunit of the proton pump. Dexametha-
sone treatment caused a reduction of pHc also in a
HCO3

�-containing solution, suggesting that acid
extrusion by both the H�-ATPase and Na�-depen-
dent Cl�/HCO3

� exchange is important for mainte-
nance and regulation of macrophage resting pHc.
The lowering of macrophage pHc might be one
mechanism whereby glucocorticoids exert their
anti-inflammatory effects. J. Leukoc. Biol. 67:
876–884; 2000.

Key Words: glucocorticoid · cytosolic pH · H�-ATPase · Cl�/
HCO3

�-exchange

INTRODUCTION

Macrophages are present in virtually all types of tissue and
have important immunological and pathological functions. As
effector cells they are able to directly kill microorganisms and
tumor cells and they also partake in tissue remodeling pro-
cesses. Furthermore, by their ability to secrete various sub-
stances they affect other cell types, and macrophage-derived
products have been implicated in pathological processes such
as atherosclerosis and rheumatoid arthritis [1]. At an inflamma-
tory site, macrophages are exposed to a variable environment
(pH, nutritional status, oxygenation) in which they must defend
and maintain a closely regulated cytosolic pH (pHc) [2]. This is

in part accomplished by a tight regulation of plasma membrane-
localized alkalinizing and acidifying mechanisms. Macro-
phages utilize bicarbonate for pH regulation by an alkalinizing
Na�-dependent Cl�/HCO3

�-exchanger and an acidifying Na�-
independent Cl�/HCO3

�-exchanger [3]. These mechanisms,
together with a H�-ATPase [4], operate in the physiological pH
range and determine baseline pHc in resting macrophages.
These cells also express a Na�/H�-exchanger, but this mecha-
nism operates only after a larger acidification of the cytosol in
quiescent macrophages [3, 5].

A permissive pHc is required for some highly pH-sensitive
macrophage functions like phagocytosis [6], lysosomal secre-
tion [7], superoxide production [6, 8], and cytokine release [6].
Cytosolic pH regulation is crucial for these important immune
functions and also for the function of several cytosolic enzymes
with pH optima in the physiological range [9]. Effects of pHc on
transactivation of transcription factors [10, 11] and apoptosis
[12] have also been suggested.

If a therapeutic agent interferes with H�-ATPase-mediated
acid extrusion, this would affect pHc in cell types that rely on
this transporter for maintenance of steady-state pHc. A selec-
tive lowering of macrophage pHc at an inflammatory site could
allow therapeutic intervention by selectively targeting a cell
type important for the regulation of the inflammatory process. In
this study, we show that dexamethasone lowers pHc in mouse
macrophages by inhibition of both H�-ATPase and Na�-
dependent Cl�/HCO3

� exchange, the two mechanisms that
normally determine the resting pHc of the macrophage [3].

MATERIALS AND METHODS

Materials

Bafilomycin A1 was kindly provided by Prof. Altendorf, Osnabrück, Germany.
Bafilomycin A1 was also purchased from Biomol (Plymouth Meeting, PA).
4,4’-Diisothiocyanatostilbene 2,2’-disulfonic acid (DIDS), choline chloride
(99% purity), choline bicarbonate (80% aqueous solution), fluorescein isothio-
cyanate-dextran (mol. wt. 40,500, FD), amiloride, dexamethasone, and nigeri-
cin were purchased from Sigma (St. Louis, MO). 2’,7’-Bis(carboxyethyl)-5(6)-
carboxyfluorescein tetra-acetoxymethyl ester (BCECF-AM) was purchased
from Molecular Probes (Eugene, OR). RU-38486 was kindly provided by
Roussel Uclaf (Paris, France).
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Solutions

Na medium contained the following (in mM): NaCl, 127; KH2PO4, 1.2; KCl, 5.4;
MgSO4, 0.8; CaCl2, 1.8; glucose, 5.6; 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), 10; and pH was adjusted with NaOH.

In Ch medium, NaCl was exchanged for choline chloride and pH was
adjusted with KOH.

K medium contained the following (in mM): NaCl, 5.4; KCl, 127; MgSO4, 0.8;
CaCl2, 1.8; glucose, 5.6; HEPES 10; NaH2PO4, 1.2; and pH was adjusted with
KOH.

Na/HCO3 medium contained the following (in mM): NaCl, 108.5; KH2PO4,
1.2; KCl, 5.4; MgSO4, 0.8; CaCl2, 1.8; glucose, 5.6; NaHCO3, 18.5; pH was
adjusted by varying the CO2 partial pressure.

Ch/HCO3 medium contained the following (in mM): choline chloride, 108.5;
KH2PO4, 1.2; KCl, 5.4; MgSO4, 0.8; CaCl2, 1.8; glucose, 5.6; choline HCO3,
18.5; pH was adjusted by varying the CO2 partial pressure.

Cell harvest and culture

Four milliliters of Medium 199 containing 1% heat-inactivated fetal calf serum
was used for peritoneal lavage of female outbred NMRI mice (Bommice,
Copenhagen, Denmark). Macrophages pooled from 6–12 mice were used for
each experiment. The peritoneal cells thus obtained were adhered onto
12-mm-diameter coverslips for 2 h at 37°C in a humidified atmosphere
containing 5% CO2. Thereafter, nonadherent cells were washed away with
phosphate-buffered saline. Medium 199 (2 mL) containing 10% serum with or
without dexamethasone was then added to each well and the cells were further
cultured for 20 h. When cells were cultured for measurement of lysosomal pH
the medium also contained FD (0.5 mg/mL).

Measurement of cytosolic and lysosomal pH

All measurements were performed on a SLM 8000 spectrofluorometer equipped
with magnetic stirring and a thermostated perfusion system for control of media
temperature and flow rate. Coverslips were placed in Na medium without serum
at 37°C for 30 min before experiments. For measurement of pHc, cells were
loaded with BCECF by incubation with its acetoxymethyl ester (0.2 µM) for 10
min in atmospheric CO2 partial pressure. When measuring pH recovery, cells
were acid-loaded by adding NH4Cl for 15 min followed by its removal before
measurements of pH recovery. Alkali loading was performed by a similar
preincubation using Na-acetate. Before experiments, extracellular BCECF-AM
was removed by washing twice with the experimental medium. When ammo-
nium or acetate was removed, this resulted in a rapid acidification or
alkalinization of the cytosol. The recording of the experimental traces was then
initiated within 1 min. The coverslip was placed in a specially designed holder
in a standard fluorescence cuvette holding 2 mL through which the experimen-
tal medium was perfused at a flow rate of 1 mL/min. When inspected in a
standard fluorescence microscope, macrophages showed a cytosolic distribu-
tion of BCECF both in control cells and in cells treated with dexamethasone. In
experiments where Na/HCO3 medium was used, a gas mixture of 75% N2, 20%
O2, and 5% CO2 was applied in order to maintain pHe at 7.2. The pH of this
medium was spectrofluorometrically assured by the addition of BCECF (10
nM). For experiments in bicarbonate-containing media, loading of the cells with
BCECF was performed in an atmosphere of 5% CO2. For measurements of pHc,
the wavelengths for excitation were 506/456 nm and for emission 527 nm. The
fluorescence ratio obtained was calibrated by clamping the pHc to the pHe

using K medium and nigericin (10 µM). The fluorescence ratio was determined
at various pHe and showed linearity between pH 6.25 and 7.5. For measure-
ment of lysosomal pH, overnight culture of the cells was in the presence of 0.5
mg/mL FD. This pH-sensitive fluorescent probe is pinocytosed and accumu-
lates in the lysosomal compartment. The same experimental procedure as for
measuring pHc was used, but with wavelengths for excitation set at 497/456 nm
and for emission at 518 nm.

Measurement of buffer capacity

Cellular buffer capacity was estimated using a method previously described
[13]. Briefly, pHc was measured in Ch medium containing amiloride (600 µM),
bafilomycin A1 (100 nM), and ammonium chloride at pHe � 7.2. The
concentration of ammonium was reduced stepwise (30, 20, 10, and 0 mM) by
rapid perfusion (10 mL/min) and for each change in concentration of

ammonium chloride, the �[H�] was calculated from the Henderson-
Hasselbach equation and the obtained steady-state pHc. Values of buffer
capacity (� � �[H�]i/�pHc) were determined at three different pHc in each
experiment.

Electrophoresis and Western blot analysis

Macrophages were cultured in 12-well plates with 1.5 million cells per well and
treated with or without dexamethasone for 20 h. Cells were washed twice in
phosphate-buffered saline (PBS) buffer and then lysed in sample buffer, boiled
for 10 min, and subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis according to the method of Laemmli [14], using 1.5-mm slab
gels. Separation and stacking gels contained 10 and 3% polyacrylamide,
respectively. Samples equaling 0.6 million cells were loaded in each lane.
Proteins were separated at 12 mA for 20 h and then electrophoretically
transferred to PVDF membranes (Millipore, Bedford, MA) at 100 V for 2 h. The
membranes were blocked by incubation in 3% gelatin (Bio-Rad, Hercules, CA)
in TBS (10 mM Tris, 150 mM NaCl, pH 7.5) for 2 h and probed with an antibody
to the H�-ATPase 39-kDa C-subunit, which is part of the V0 complex (kindly
provided by Prof. Sergio Grinstein, Toronto, Canada) at a 1:1000 dilution for 20
h. Membranes were washed and incubated with a goat anti-rabbit horseradish
peroxidase secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a
1:3000 dilution for 1 h. Bands were detected by chemiluminescence using
Super Signal (Pierce, Rockford, IL).

Immunofluorescence microscopy

Macrophages were adhered on 19-mm coverslips and cultured with or without
dexamethasone for 20 h. Cells were then put on ice, washed twice in cold PBS,
and fixed with 1% paraformaldehyde (Becton Dickinson, Franklin Lakes, NJ)
for 20 min on ice and for an additional 100 min at room temperature. After two
washes in PBS, the cells were permeabilized in cytoskeletal buffer containing
100 mM KOH, 2 mM MgCl2, 5 mM EGTA, 0.02% Triton X-100, and 100 mM
PIPES (pH 6.8) for 15 min on ice and thereafter blocked for 3 h in PBS
containing 5% donkey serum (Sigma, St. Louis, MO) at room temperature. Cells
were labeled with the antibody against the H�-ATPase C-subunit at a dilution
of 1:200 in PBS containing 1% BSA at 4°C overnight, washed twice, and probed
with a goat anti-rabbit Cy3 secondary antibody (Jackson Immunoresearch
Laboratories, West Grove, PA) at 1:800 dilution for 90 min at room temperature.
Coverslips were then washed three times and mounted with anti-fade mounting
medium (DAKO, Carpinteria, CA) for microscopic observation. Images were
recorded on a Nikon Eclipse TE300 inverted fluorescence microscope equipped
with a Hamamatsu C4742-95 cooled CCD camera, using a Plan Apochromat
�100 objective and a high N.A. oil condensor.

RESULTS

A lower pHc was observed after dexamethasone
treatment

Dexamethasone treatment (10 nM for 20 h) significantly
lowered resting pHc of mouse peritoneal macrophages (Stu-
dent’s t test, P � 0.005, Fig. 1A). At pHe � 7.2, control cells
maintained a pHc of 7.24 � 0.009 (SEM, n � 53) while the pHc

in dexamethasone-treated cells was lowered by 0.087 � 0.008
pH units (SEM, n � 38). This effect of dexamethasone on pHc

was dose-dependent and near maximal at a concentration of 10
nM (Fig. 1A). Of note is that a significant dexamethasone-
induced (10 nM for 20h) lowering of pHc was found also when
measured in HCO3

�-containing media (P � 0.01, �pH �
0.140 � 0.028, SEM, n � 6). Dexamethasone had no immediate
effect on pHc, and the decrease in pHc appeared gradually with
dexamethasone treatment (P � 0.05 at 4 h, Fig. 1B). Further-
more, the effect appeared to be mediated through the glucocor-
ticoid receptor because the reduction of pHc was abrogated
when the antagonist RU-38486 (1 µM) was added to the cell
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cultures before treatment with dexamethasone (Fig. 1A). Ob-
serve that the difference in pHc between dexamethasone-
treated and control cells was even larger in a more acidic
medium (P � 0.05 at pHe � 6.0, Fig. 1C) and somewhat
smaller in a more alkaline medium. When pHc was clamped in
K medium containing nigericin (10 µM), the recorded pH level
was identical in dexamethasone-treated and control cells
(results not shown). An inhibition of proton-pumping into acidic
compartments could manifest as a lower cytosolic pH, and

therefore we assessed the effect of dexamethasone on the
lysosomal pH of macrophages pre-loaded with FD. Lysosomal
pH was similar in control cells and dexamethasone-treated
cells (results not shown).

Neither cellular buffer capacity nor metabolic
acid production was altered by
dexamethasone treatment

Dexamethasone (10 nM for 20 h) did not significantly change
the intrinsic buffer capacity recorded in the absence of HCO3

�,
and the dependence of cellular buffer capacity on pHc was
similar in dexamethasone-treated and control cells (Fig. 2, A
and B). Furthermore, we examined the spontaneous acidifica-
tion of cells under conditions where all alkalinizing pH-
regulatory mechanisms should be inhibited (Ch medium,
pHe � 7.2, supplemented with an inhibitor of Na�/H�-
exchange (amiloride, 600 µM) and a specific inhibitor of
vacuolar type H�-ATPase (bafilomycin A1, 15 nM). The
acidification rate did not differ between control and dexametha-
sone-treated cells with or without prior acid load (Fig. 2C). Nor
was there any difference in acidification rate after a preincuba-
tion in glucose-free medium, a treatment that was previously
shown to inhibit lactate-mediated proton extrusion to the
extracellular medium [4]. Hence, the lowered pHc observed in
dexamethasone-treated cells was neither due to an altered
buffer capacity of the cells nor to an increased cellular
production of acidic metabolites.

Effects of dexamethasone treatment on
HCO3

�-dependent mechanisms

Because the decrease in pHc caused by dexamethasone treat-
ment was observed also in a HCO3

�-buffered medium (Fig. 1A),
we studied the effect of dexamethasone on the bicarbonate-
utilizing pH-regulatory mechanisms in isolation. The activity of
the acidifying Na�-independent Cl�/HCO3

� exchanger was
measured as the rate of recovery from an alkali load induced by
acetate pretreatment in a Ch/HCO3 medium containing bafilo-
mycin A1 and amiloride. The rapid phase of the recovery of pHc

was identical in dexamethasone-treated and control cells (Fig.
3, A and B). In a Na/HCO3 medium containing bafilomycin A1

and amiloride, control cells recovered their pHc after an acid
load to a higher level than dexamethasone-treated cells (Fig. 4,
A and B). The difference seen in pHc between control and

;
Fig. 1. Reduction of cytosolic pH by dexamethasone (A). Measurements of
pHc in Na medium, pHe � 7.2. Data are presented as means with standard
errors. Bars show pHc in control cells and in cells treated with 1, 10, 100, and
1000 nM dexamethasone for 20 h (SEM, n � 53, 6, 42, 10, 7). Also shown is pHc

measured in Na/HCO3 medium, pHe � 7.2 in control cells and cells treated
with 10 nM dexamethasone for 20 h (SEM, n � 6, 6). The right bars show pHc

measured in Na medium, pHe � 7.2, in cells treated with RU-38486 (1 µM for
20 h), and cells treated with both RU-38486 and dexamethasone (10 nM for 20
h, SEM, n � 3, 3). (B) pHc in control cells and cells treated with dexamethasone,
10 nM, for 0, 1, 2, 4, 6, and 20 h (SEM, n � 10, 6, 5, 7, 7, 11). Cells were first
cultured for 20 h without dexamethasone and then treated with dexamethasone
(10 nM). Control cells were cultured in parallel without the addition of
dexamethasone. Measurements were performed in Na medium, pHe � 7.2. (C)
Measurements of pHc in Na medium at various pHe. Control cells, open bars;
cells treated with dexamethasone, 10 nM for 20 h, filled bars (SEM, n � 4, 4, 3,
3, 4, 4, 53, 42, 7, 7).
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dexamethasone-treated cells after 20 min recovery is main-
tained and resembles the approximate resting pH values under
these conditions (Fig. 1A). Although the conditions of this
experiment would allow the activity of both Na�-dependent and
Na�-independent Cl�/HCO3

� exchangers, the presence of Na�

is required in order to make a dexamethasone-induced lowering
of pHc in a bicarbonate-containing medium evident (Fig. 4A,
see Fig. 3A).

Effects of dexamethasone treatment
on Na�/H� exchange

The activity of Na�/H�-exchange was measured in Na medium
containing bafilomycin A1 and an inhibitor of bicarbonate-

dependent pH-regulatory mechanisms (DIDS, 600 µM). Under
these conditions, there was no difference in recovery rate after
an acid load between control and dexamethasone-treated cells,
and they recovered to the same level of pHc (Fig. 5, A and B).
pHc recovery under these conditions was mediated by Na�/H�-
exchange because it was inhibited in the presence of amiloride
(Fig. 5A, lower solid trace).

Effects of dexamethasone treatment on
H�-ATPase-mediated pH regulation

In a Ch medium containing amiloride, H�-ATPase-mediated
proton extrusion should be the only pH-regulatory mechanism
operative after an acid load [4, 5]. When observing recovery
from an acid load in such a medium, a lower recovery rate was
always observed in cells treated with dexamethasone. These

Fig. 2. Effect of dexamethasone treatment on the intrinsic buffer capacity and
production of acidic metabolites The intrinsic buffer capacity was calculated as
described in Materials and Methods. (A) Control cells; (B) dexamethasone-
treated cells (10 nM, 20 h). Data were obtained from five separate experiments
(filled circles). Data were grouped in 0.5 pH-unit intervals and are presented as
means with standard errors (open triangles). Solid lines are regressions of the
second order. (C) Measurements of pHc were performed in Ch medium, pHe �

7.2, containing amiloride (600 µM) and bafilomycin A1 (15 nM). In the two
middle traces, cells were incubated in Na medium devoid of glucose for 30 min
before measurement of pHc performed in Ch medium without glucose, pHe �

7.2, containing amiloride (600 µM) and bafilomycin A1 (15 nM). For the two
lower traces, cells were acid-loaded with NH4Cl (20 mM) before registration of
pHc. Control cells are denoted by solid traces; dexamethasone-treated cells (10
nM, 20 h) are denoted by dotted traces. Traces in panel C are representative of
at least three separate experiments.

Fig. 3. Recovery from alkali load by Na�-independent Cl�/HCO3
� exchange.

(A) Cells were alkali loaded with 60 mM acetate 15 min before experiments.
Measurement of pHc was performed in Ch/HCO3 medium containing bafilomy-
cin A1 (15 nM) and amiloride (600 µM). pHe was maintained at 7.2 by
controlling the CO2 partial pressure. Control cells are denoted by a solid trace;
dexamethasone-treated cells (10 nM, 20 h) are denoted by a dotted trace. (B)
dpHc/dt was calculated from measurements performed as in panel A. The data
were taken from six traces from three separate experiments for control cells
(filled circles) and dexamethasone-treated cells (open triangles), respectively.
Lines for control cells (solid) and dexamethasone-treated cells (dashed) are
regressions of the second order.
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cells also attained a final pHc lower than in control cells (Fig.
6, A and B). A lag period was often seen in these experiments
before pH recovery was initiated, as noted previously [4].
Inhibition of the H�-ATPase by bafilomycin A1 (15 nM)
completely prevented recovery of pHc in both control and
dexamethasone-treated cells and an increase in the concentra-
tion of bafilomycin A1 to 100 nM did not further inhibit the
recovery of pHc (Fig. 6A, lower solid traces).

Effects of dexamethasone on expression and
localization of H�-ATPase

We next studied whether the reduced rate of pH recovery
observed after treatment with dexamethasone was caused by a
decreased expression or altered subcellular distribution of the
proton pump. No effect on the expression of the 39-kDa pump
subunit was detected after dexamethasone treatment for 20 h at
concentrations up to 1000 nM (Fig. 7A). Also, when using this

antibody for immunocytochemistry, a predominantly punctuate
staining pattern was observed (Fig. 7, B and C), consistent with
the notion that the bulk of the proton pump is expressed in
endosomal and lysosomal compartments. It is important to note
that we could not detect an altered expression pattern after
dexamethasone treatment by blinded inspection in the micro-
scope (Fig. 7C). Immunofluorescence studies of the proton
pump were also performed after acid loading of the cytosol
using the same conditions as in Figure 6A. This treatment did
not alter the expression pattern of neither control nor dexametha-
sone-treated cells (results not shown). It should be observed
that any selective effect of dexamethasone on a low expression
of the pump in the plasma membrane would be hard to detect by
either immunofluorescence techniques or by analysis of puri-
fied plasma membrane fractions.

Fig. 4. Recovery from acid load by Na�-dependent Cl�/HCO3
� exchange. (A)

Cells were acid loaded with 20 mM NH4Cl 15 min before experiments.
Measurements of pHc were performed in Na/HCO3 medium (pHe � 7.2)
containing bafilomycin A1 (15 nM) and amiloride (600 µM). Control cells are
denoted by a solid trace; dexamethasone-treated cells (10 nM, 20 h) are
denoted by a dotted trace. (B) dpHc/dt was calculated and the data were taken
from six traces from three separate experiments for control cells (filled circles)
and dexamethasone-treated cells (open triangles), respectively. Lines for
control cells (solid) and dexamethasone-treated cells (dashed) are regressions
of the second order.

Fig. 5. Recovery from acid load by Na�/H� exchange. (A) Measurements of
pHc in Na medium containing bafilomycin A1 (100 nM) and DIDS (600 µM),
pHe � 7.2. Cells were acid loaded with NH4Cl (20 mM, 15 min) before
measurements. The upper solid trace denotes control cells; the dotted trace
denotes dexamethasone-treated cells (10 nM, 20 h). The lower solid trace
denotes control cells to which were added 600 µM amiloride. (B) dpHc/dt was
calculated and the data were taken from 46 traces from 17 separate experiments
for control cells (filled circles) and dexamethasone-treated cells (open tri-
angles), respectively. Lines for control cells (solid) and dexamethasone-treated
cells (dashed) are regressions of the second order.
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DISCUSSION

The mechanism of action of glucocorticoids involves their
binding to an intracellular receptor, and the regulation of gene
expression by this complex, causing either an increased or a
decreased synthesis of many proteins. In the macrophage,
dexamethasone has been shown to inhibit the production of
certain cytokines [15], nitric oxide [16], the mobilization of
arachidonate [17], phagocytosis [18], and lysosomal secretion
[19]. The exact mechanisms by which dexamethasone inhibits
these processes is not known, however. We hypothesized that
some of the beneficial effects of glucocorticoids in the treatment
of chronic inflammatory conditions could be ascribed to a
lowering of pHc in macrophages. A number of important
cellular responses to inflammatory stimuli like the production
of oxidative metabolites, lysosomal secretion, endocytosis [20]
and cell movement [21] can in fact be modulated by small

changes in pHc. The mechanisms responsible for pH regulation
in the macrophage are depicted in Figure 8 and briefly
discussed below.

A vacuolar-type H�-ATPase is present in many internal
membranes of eukaryotic cells and can acidify compartments
that have endocytic, biosynthetic, or storage functions. This
H�-ATPase consists of two large subunit complexes, one of
which (the V0-complex) forms a proton-translocating pore in the
membrane. The other complex (V1) can hydrolyze ATP and is
thought to attach to the V0-complex upon activation of the

Fig. 6. Recovery from acid load by H�-ATPase. (A) pHc was measured in Ch
medium containing amiloride (600 µM), pHe � 7.2. Cells were acid-loaded with
NH4Cl (25 mM, 15 min). Solid traces show pHc in control cells; dotted traces
show pHc in cells pretreated with dexamethasone (10 nM, 20 h). The two lower
solid traces show experiments where bafilomycin A1 (15 or 100 nM) was
present. In the lower dotted trace, bafilomycin A1 (15 nM) was present. dpHc/dt
was calculated and the data were taken from 46 traces from 36 and 30 separate
experiments for control cells (filled circles) and dexamethasone-treated cells
(open triangles), respectively. Lines for control cells (solid) and dexamethasone-
treated cells (dashed) are regressions of the second order.

Fig. 7. Effect of dexamethasone on expression and localization of the 39-kDa
C-subunit (A) Western blot showing the expression of the 39-kDa C-subunit in
macrophages after a 20-h exposure to increasing concentrations of dexametha-
sone, as indicated. These results are representative of three separate experi-
ments. Densitometric scanning of the 39-kDa band showed that dexamethasone
treatment had no significant effect on its expression. (B, C) Permeabilized
macrophages stained with an antibody to the 39-kDa C-subunit, as described in
Materials and Methods. Panel B shows control cells and panel C shows cells
cultured in presence of 100 nM dexamethasone for 20 h. These results are
representative of three separate experiments.
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proton pump [for review see refs. 22, 23]. An involvement of
this vacuolar type of proton-translocating ATPase also in the
regulation of cytosolic pH has been demonstrated in several
cell types [23–26]. In macrophages, the H�-ATPase operates in
the physiological pH range and has been shown to be important
for maintenance of baseline pHc [27]. It is activated upon
intracellular acid loads and it can be inhibited by plasma
membrane hyperpolarization [5]. Also, the proton pump is
activated by stimulators of protein kinase C [28]. The regulation
of the activity of the proton pump is poorly understood but
phosphorylation of H�-ATPase subunits [29] and stimulatory
and inhibitory accessory proteins have been described in other
cell types [30, 31]. Furthermore, a mobilization of H�-ATPase
from intracellular stores to the plasma membrane has been
suggested to occur in cells from turtle bladder [32], medullary
collecting duct cells [33], and in neutrophils [34], but such a
mechanism has not yet been demonstrated in macrophages. At
the low pH of an inflammatory lesion, phagocyte function could
depend upon ATP-dependent extrusion of protons because
other pH-regulatory mechanisms, like the Na�/H�-exchanger
and the HCO3

�-dependent exchangers, would be inhibited due
to unfavorable proton and bicarbonate gradients [2, 8].

In a physiological buffer containing bicarbonate, macro-
phages utilize two additional mechanisms for the regulation of
their resting cytosolic pH. The alkalinizing Na�-dependent
Cl�/HCO3

� exchanger is activated by cytosolic acidification,
whereas the acidifying Na�-independent Cl�/HCO3

� ex-
changer is activated by cytosolic alkalinization [3].

Na�/H�-exchange, the main mechanism for regulation of
pHc in many cell types, is predominantly expressed as the
NHE-1 isoform in macrophages [35]. This mechanism is not
active in the range from pH 6.8 up to baseline pH in the
quiescent macrophage, but is activated upon larger acid
loading of the cytosol [5]. This occurs through a pH-sensitive
allosteric modification of a site in its cytosolic domain [36]. The
cytosolic pH level at which the NHE-1 becomes activated by

protons is called the set-point of the exchanger. Growth factors
can induce an alkaline shift of pHc by altering this setpoint, and
phosphorylation of serine residues and/or the binding of
calmodulin to the cytosolic domain of the exchanger have been
suggested to regulate its activity [for review see ref. 37].

Another alkalinizing pH-regulatory mechanism that is nor-
mally quiescent is an H� conductance that is activated during
the oxidative burst of phagocytic cells. This mechanism is gated
by depolarization of the plasma membrane and modulated by
the proton concentration in the cytosol and extracellular
environment [38].

The main finding of the present study is that dexamethasone
treatment lowers pHc in mouse macrophages. The decrease in
pHc appeared gradually during treatment, was maximal at 10
nM dexamethasone, and was most likely glucocorticoid receptor-
mediated because it was observed not to occur in the presence
of RU-38486, an antagonist of the glucocorticoid receptor [39,
40]. By studying each pH-regulatory mechanism in isolation we
investigated possible mechanisms by which dexamethasone
might alter pHc. Cellular buffer capacity was found not to differ
between dexamethasone-treated and control cells. Nor did the
rate of production of metabolic acids differ to the extent that it
was likely to account for the observed difference in pHc.
Furthermore, we found that the activity of the Na�/H�-
exchanger in macrophages was not altered by dexamethasone
treatment. Dexamethasone has been shown to increase the
expression of NHE-3 but not NHE-1 isoforms of the Na�/H�

exchanger in various tissues [41, 42] and to stimulate the
activity of Na�/H� exchange in OKP cells [43].

The dexamethasone-induced lowering of pHc was evident
when pH measurements were performed in HCO3

�-containing
media (Fig. 1A), suggesting an effect on HCO3

�-dependent
mechanisms. Altered recovery from an acid load in Na/HCO3

medium was demonstrated and the pH levels after 20 min of pH
recovery differed with and without dexamethasone treatment.
However, at a reduced pHe of an inflammatory lesion, the
activity of the Na�-dependent Cl�/HCO3

� exchanger would
tend to be inhibited due to a reduced bicarbonate content [2].
The proton pump is therefore more likely to be responsible for
any difference in pHc caused by dexamethasone at acidic pHe

becaue it is fueled by ATP and possibly less sensitive to
external acidification.

Part of the effect of dexamethasone on the cytosolic pH of
macrophages was caused by inhibition of the proton pump. Both
the activity and the operational range of this mechanism were
reduced in cells treated with dexamethasone. To our knowl-
edge, effects of glucocorticoids on the activity and/or expres-
sion of the H�-ATPase have not previously been described. Our
initial attempts to define the mechanisms causing the suppres-
sion of proton pump activity did not show an altered expression
or subcellular localization of the 39-kDa proton pump subunit.
However, dexamethasone-induced alterations in the assembly
of the V0/V1 complexes or expression of pump-regulatory
factors like various upstream kinases/phosphatases could not
be ruled out. Neither could a selective effect of dexamethasone
on some other proton pump subunit be excluded. It is also
conceivable that the pump-mediated proton transport occurs
into pinosomal compartments rather than directly across the

Fig. 8. Schematic view of pH-regulatory mechanisms in mouse peritoneal
macrophages. Solid arrows indicate ion transport, whereas dotted arrows
indicate a putative shuttle of protons through the recycling of vesicular
compartments containing the proton pump. It should be noted that the
stoichiometry of the Na�-dependent Cl�/HCO3

�-transport could differ, and
that the proton conductance of activated phagocytes and lactate transporters are
not depicted.
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plasma membrane. If such tentative compartments recycle
rapidly, they could represent a functional equivalent to pumps
actually present in the plasma membrane, and would be another
target for dexamethasone-mediated regulation of proton extru-
sion. These possibilities are currently under investigation.
Regardless of the mechanism, the reduced activity of the proton
pump caused by corticosteroids could have important patho-
physiological consequences. It has been claimed that the
plasma membrane-localized H�-ATPase can operate to acidify
the microenvironment of macrophages [44, 45] and that this
might increase the activity of secreted acid hydrolases. By
inhibiting the H�-ATPase, dexamethasone could act to reduce
the extracellular acidity locally, thus influencing the effects of
released mediators of inflammation.
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Abstract: The present study demonstrates that 
the secretion of azurophilic granules occurring 
during Fc-receptor-mediated attachment and 
spreading of neutrophils is highly localized to 
the adhering region of the cell. In contrast, the 
secretion of specific granules occurs in a non-
polarized fashion. This implies that unique 
signals are involved in the regulation of 
azurophilic degranulation. Assembly of actin 
filaments, as visualized by staining with 
rhodamine phalloidin, neither hindered nor 
facilitated degranulation. Further, the 
azurophilic secretory response remained 
localized in the presence of cytochalasin B. 
Release of azurophilic granule content was 
inhibited by genistein and erbstatin, inhibitors 
of tyrosine kinases, and by GF109203X, a 
protein kinase C inhibitor. We could also 
demonstrate a relative enrichment of syk 
tyrosine kinase and the protein kinase C (PKC) 
isoforms αααα and ββββ1 in adherent plasma 
membranes. 
 
Keywords: secretion, exocytosis, neutrophil, 
inflammation, cellular activation 
 
INTRODUCTION 

 
Neutrophils are important cells in our first 

line of defense against invading microorganisms. 
These cells recognize, phagocytose and kill 
bacteria by producing reactive oxygen species 
and by releasing lytic enzymes through 
degranulation. These responses can be triggered 
in neutrophils interacting with antigen-antibody 
(immune) complexes deposited in the circulation 
or in tissues and are potentially contributing to 
host tissue damage. Neutrophils are thus involved 
in diseases like vasculitis and nephritis. 
Neutrophils interact with immune complexes 
through the low affinity IgG receptors FcγRIIA and 
FcγRIIIB [1] and this interaction can trigger a 
degranulation response [2]. Engagement of these 
receptors leads to phosphorylation of 
immunoreceptor tyrosine-based activation motifs 
(ITAMs) by src-related protein tyrosine kinases 
such as Hck and Lyn [3, 4]. Phosphorylation of 
two such YXXL motifs, typically located 10 to 12 
amino acids apart in the intra-cytoplasmic tails, 
mediates association of proteins containing SH2-
domains such as the protein tyrosine kinase syk. 
Activation of this kinase, which in turn contains 
tyrosines that are phosphorylated upon binding to 
ITAMs, leads to propagation of the signaling 
cascade to several down-stream pathways 

eventually leading to production of diacylglycerol 
[5] and initiation of Ca2+-transients [6] which in turn 
cause the activation of PKC. Neutrophils harbour 
at least four distinct types of granules that differ in 
regards to content, membrane proteins and their 
propensity to be secreted [7]. The secretion of 
neutrophil granules can be triggered by an 
increase in intracellular Ca2+, but additional 
signals are involved in the regulation of azurophilic 
degranulation [8-10] and a role for G-proteins, 
tyrosine kinases and PKC has been proposed [11, 
12]. Neutrophil functions, such as phagocytosis 
and migration, are dependent on remodeling (and 
polymerization) of actin filaments [13]. Fc-
receptor-triggered reorganization of actin filaments 
could possibly determine localization of a 
secretory response through their association with 
various signaling molecules. In this study, the 
spatial distribution of actin filaments during 
neutrophil adhesion was analyzed to evaluate a 
potential role in determining the localization of 
azurophilic degranulation.  

A highly localized azurophilic 
degranulation targeted towards forming 
phagosomes has recently been shown to occur in 
neutrophils phagocytosing IgG-opsonized 
zymosan [14]. It is not fully understood what 
determines the localization of this secretory 
response. The target membrane might be 
rendered "fusogenic" due to an enrichment of 
proteins that are part of a fusion complex or, 
alternatively, a spatially restricted production of 
second messengers could act to direct vesicle 
movement towards the target site where 
degranulation occurs. We devised a system to 
study the localization of tentative signaling 
molecules involved in the regulation of 
degranulation triggered by adhesion to surfaces 
coated with immune complexes.  
 
MATERIALS AND METHODS 
 
Chemicals. 

Anti-CD63 and anti-CD66b were kind 
gifts of Dr. A. J. Verhoeven (Red Cross Blood 
Transfusion Centre, Central Laboratory of the 
Netherlands). Rabbit polyclonal antibodies against 
PKC β1 and syk, and monoclonal anti-
phosphotyrosine antibody (PY99) used for 
Western blot, were purchased from Santacruz 
Biotech (SantaCruz, CA). Monoclonal antibodies 
against PKC α, δ and ζ were purchased from 
Transduction Laboratories (Lexington, KY). Anti-
phosphotyrosine monoclonal antibody (G410) was 
bought from Upstate Biotechnology (Lake Placid, 
NY). Donkey serum and secondary antibodies 
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were purchased from Jackson Immuno Research 
(West Grove, PA). GF109203X was purchased 
fom Calbiochem (La Jolla, CA). FM1-43, ProLong 
and rhodamine phalloidin were purchased from 
Moleular Probes (Eugene, OR). Paraformaldehyde 
was from J.B.EM Services Inc (Dorval, Quebec). 
Dextran T500, Ficoll, Sepharose 4B and cyanogen 
bromide-preactivated Sepharose 4B were 
purchased from Pharmacia Biotech (Uppsala, 
Sweden). All other chemicals including RPMI-
1640 and 4-methyl umbelliferyl N-acetyl-β-D-
glucosaminide were purchased from Sigma 
Chemical Co. (St. Louis, MO). Human IgG was a 
kind gift from the Department of Immunology at 
the Hospital for Sick Children, Toronto, Canada. 
 
Buffers. 

All experiments were performed in 
medium containing 127 mM NaCl, 5.6 mM 
glucose, 5.4 mM KCl, 1.2 mM KH2PO4, 0.8 mM 
MgSO4, 1.8 mM CaCl2 and 10 mM HEPES. The 
pH was adjusted to 7.4 using NaOH and the 
medium was filtered before use. Coupling buffer 
contained 0.5 M NaCl and 50 mM NaHCO3 and 
pH was adjusted to 8.0 using NaOH. Acetate 
buffer contained 0.5 M NaCl and 5 mM Na acetate 
and pH was adjusted to 4.0 using acetic acid. 
Borate buffer contained 0.5 M NaCl and 0.56 mM 
Na borate and pH was adjusted to 8.0 by addition 
of boric acid. 
 
Preparation of neutrophils.  

To 60 ml fresh blood from healthy donors 
was added 9 ml 4.5% dextran. After 45 min, the 
top layer was centrifuged at 1500 rpm for 5 min. 
The pellet was re-suspended in PBS and layered 
on top of 4 ml of Ficoll. After centrifugation for 20 
min at 3000 rpm, the pellet was resuspended in 
0.5 ml HEPES-buffered RPMI. Any remaining 
erythrocytes were lysed by incubation with NH4Cl 
at 37 °C for 10 min. Neutrophils were then washed 
twice in RPMI and counted in a Coulter counter. 
Neutrophils were kept on rotation at a 
concentration of 107 neutrophils/ml RPMI until 
experiments were performed.    

 
Preparation of heat-aggregated IgG (HAIgG) 
and coating of beads.  

HAIgG was prepared by heating human 
IgG for 1 hr at 63°C. CnBr-activated Sepharose 
beads were washed 3 times in 1 mM HCl and 3 
times in coupling-buffer (pH 8.0). 10 mg HAIgG 
was diluted in coupling buffer pH 8.0 to a final 
volume of 8 ml. Diluted HAIgG was mixed with 800 
mg of the washed Sepharose and coupling was 
performed at room temperature under constant 
rotation for 2 h. The coated Sepharose was 
washed 3 times in coupling buffer and rotated for 
2 h at room temperature in 10 ml of coupling-
buffer containing 1 M ethanolamine to block 
remaining non-coupled sites on the Sepharose 
beads. A two-step washing procedure was then 
performed with acetate-buffer pH 4.0 followed by 
borate-buffer pH 8.0. This was repeated 3 times. 
The coated Sepharose was rotated in borate-
buffer overnight, washed and re-suspended in 

borate-buffer to a final concentration of 100 mg 
Sepharose per ml borate-buffer. The Sepharose 
was stored at 4°C not more than one week before 
use. The coated Sepharose was always washed 3 
times in experimental medium before use.  
 
Immunofluorescence and confocal 
microscopy.  

Cells adherent to Sepharose-beads were 
fixed in 1.6% paraformaldehyde for 15 min on ice 
followed by 45 min at room temperature. When 
imaging phosphorylated tyrosine and actin 
filaments, cells were permeabilized using ice-cold 
permeabilization buffer containing 0.1% Triton X-
100, 100 mM PIPES (pH 6.8), 5 mM EGTA, 100 
mM KOH and 2 mM MgCl2 for 5 min. When 
studying tyrosine phosphorylation or degranulation 
of specific or azurophilic granules, cells were 
washed 3 times in PBS and then blocked with 5% 
donkey serum for 1 h. After 2 washes in PBS, 
cells were incubated for 4 h with the primary 
antibody in PBS containing 1% BSA. Cells were 
then washed 3 times and incubated for 1 h with a 
secondary Cy3-conjugated antibody in PBS 
containing 1% BSA. After final washing steps, all 
buffer was replaced by ProLong mounting medium 
and the stained preparations were mounted on 
coverslips. Confocal microscopy was performed 
using a Leica TCS confocal microscope.  
 
Quantification of localized versus non-
localized degranulation.  

Microscopy slides were prepared as 
described above where exocytosis of azurophilic 
and specific granules was detected by antibodies 
against CD63 and CD66b, respectively, in non-
permeabilized cells. Light microscopy (DIC) was 
used for selection of intact cells that were firmly 
attached to beads. Thereafter, the distribution of 
the markers for azurophilic and specific 
degranulation were further analyzed in these 
adherent cells. Degranulation was scored as 
localized to the adherent aspect of the cell when 
approx. >75% of the staining was in the adherent 
membrane. Otherwise, the degranulation was 
scored as occuring in a non-localized fashion. 
Similar results were obtained by 3 different 
observers. 
 
Enzyme assay for N-acetyl-ββββ-D-
glucosaminidase (NAG).  
In these experiments, Na-medium was 
supplemented with 10 µM aprotinin, 10 µM 
leupeptin and 1µM pepstatin A and experiments 
were performed in culture dishes containing 24 
wells. 40 mg HAIgG-Sepharose in 0.5 ml Na-
medium was sedimented in a culture-dish well on 
ice. 2x106 neutrophils in 0.5 ml Na-medium were 
added and the cells were allowed to sediment for 
10 min on ice. The culture dish was then placed in 
a 37°C water-bath for various times to allow cell 
adhesion. Adhesion was terminated by placing the 
dish on ice. Cells and beads were re-suspended 
and placed in an eppendorf tube, spun down and 
the medium collected. The pellet was then re-
suspended in Na-medium containing 0.1% Triton 
X-100. This solution was also used to wash off any 
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remaining cells from the culture dish. To the 
medium-sample was added Triton X-100 to a final 
concentration of 0.1% and samples were kept on 
ice until enzyme-measurements were performed.  
 

 
 
Fig. 1. Adhesion of neutrophils to immune complex-
coated Sepharose beads. Neutrophils and beads were 
incubated for 60 sec at 37ºC in Na-medium. In (A) and 
(B), beads were coated with HAIgG. In (B), the medium 
contained soluble IgG (10µg/ml). In (C), non-coated 
beads were used. Images were captured on Kodak slide 
film (ASA 400) using a Nikon F-601M camera mounted 
on a Nikon diaphot-TMD inverted microscope (40x 
objective, phase contrast). Slides were scanned in a 
Nikon slide-scanner. 
 

The substrate-buffer contained 0.1 mg/ml 
4-methyl umbelliferyl N-acetyl-β-D-glucosaminide 
and 0.3 M citric acid, pH 4.5. 1.6 ml substrate-
buffer was heated to 37°C and mixed with 0.4 ml 
sample and analysis was performed at 37°C. 
Where pharmacological inhibitors were used, the 
cells were pre-incubated with the inhibitor at 37°C 
for 30 min (erbstatin) or 10 min (GF109203X or 
genistein). Enzyme release (%) was calculated as 
enzyme activity in the medium divided by the total 
activity in the medium and cell lysate. 
 
Separation of adherent plasma membrane by 
sonication.  

50x106 neutrophils were suspended in 
150 µl experimental medium and mixed with 60 mg 

HAIgG-Sepharose on ice. After incubating cells 
and beads for 1 min at 37°C to allow adhesion, 
cross-linking was performed at 4°C for 15 min and 
at room temperature for 45 min in 1 ml PBS 
containing 2 mM 3,3´-dithio-bis(propionic acid H-
hydroxysuccinimide ester) and 10% DMSO. Non-
adherent cells were washed away by 
centrifugating 3 times at 100 rpm for 10 min in 
PBS containing 5 mM EDTA, 1 mM PMSF, 10 
µg/ml aprotinin, 10 µg/ml leupeptin and 1 µg/ml 
pepstatin A. Beads were then re-suspended in 1 
ml ice-cold PBS and repeatedly sonicated for 10 
sec in a Fisher sonic dismembrator model 300 
until all adherent cells were broken and only 
plasma membrane patches remained on the 
beads (verified by repeated inspection of FM1-43-
labeled samples in a fluorescence microscope). 
The Sepharose was then pelleted and the 
supernatant containing the ripped-off cells was 
collected. This was repeated 3 times by washing 
the Sepharose in 20 times diluted PBS containing 
5 mM EDTA, 1 mM PMSF, 10 µg/ml aprotinin, 10 
µg/ml leupeptin and 1 µg/ml pepstatin A. The 
ripped-off cells were further sonicated 3 times for 
10 sec in a Heat Systems Ultrasonic processor XL 
sonicator, nuclei and intact cells spun down for 5 
min at 3000 rpm and membranes retrieved by 
ultracentrifugation for 1 hr at 200000 g. The pellet 
was re-suspended in 200 µl Laemlli sample buffer 
containing 50 mM DTT, boiled for 15 min and DNA 
was spun down. Supernatants were passed 10 
times through a thin-gauged syringe. To samples 
containing beads with adherent plasma 
membranes were added 200 µl boiling 2x 
concentrated Laemlli sample buffer containing 100 
mM DTT. These were then boiled for 15 min and 
passed through a syringe with a layer of glass 
fiber wool to remove the Sepharose. The final 
volume was approximately 400 µl due to fluid from 
the beads. Samples were separated on 7.5% gels, 
transferred onto PVDF-membranes and probed 
with antibodies. Protein-bands were scanned and 
densities analyzed using NIH imaging software. In 
order to estimate the relative enrichment of 
signaling molecules in fractions containing 
adherent membranes we used two different 
approaches to determine the percent of total 
plasma membranes present in the adherent patch. 
In the first approach, cell-surface proteins were 
biotinylated prior to adhesion. Neutrophils were 
spun down and re-suspended in 2 ml ice-cold PBS 
(pH 7.8) containing 200 µg/ml biotin-NHS-LC. The 
cells were then washed in two steps. In each step, 
the cells were incubated for 10 min on ice in PBS 
containing 1% BSA to block residual biotin. Such 
treatment has been shown not to activate 
neutrophils [15, 16]. Experiments were then 
performed as described and membrane pools 
collected and run on SDS-PAGE. Biotin was 
labeled using avidin-HRP at the dilution 1:5000 for 
1 h. A distinct band at approximately 150 kDa, 
visualized on Western blot using Avidin-HRP, was 
present in both adherent and ripped-off samples. 
Protein densities were measured as described 
above and the presence of biotinylated 150 kDa 
protein in adherent samples as percentage of total 
contents (adherent plus ripped-off samples) was 
calculated. 24.9±2.9% (SEM, n=6) of the total 
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amount of 150 kDa protein was present in the 
adherent samples. In the second approach, 
neutrophils were pretreated with tritiated 4,4´-di-
isothiocyanatostilbene-2,2´-disulphonic acid 
(DIDS) before adhesion. Aliquots from adherent 
plasma membranes and non-adherent plasma 
membranes were taken before running SDS-
PAGE and quantified in a scintillation counter.  
28.1±2.4% (SEM, n=5) of the plasma membrane 
was adhered to beads as estimated by amount of 
bead-associated DIDS-labeled proteins. Values 
from the latter approach were used to normalize 
protein content in adherent and non-adherent 
pools for plasma membrane content. 
 

Time (min)

0 2 4 6 8 10

%
 N

AG
 s

ec
re

tio
n

0

5

10

15

20

25
HAIgG
sepharose

 
Fig. 2. Release of azurophilic granule content during 
neutrophil adhesion to immune complexes. Neutrophils 
were incubated with HAIgG-Sepharose (filled circles) or 
non-coated Sepharose (open circles) in Na-medium at 
37ºC. NAG enzyme activity was measured in a Hitachi 
F-4000 fluorescence spectrophotometer, with 
wavelengths for emission=365 nm and excitation=460 
nm. This experiment was repeated three times and one 
representative experiment is shown. 
 
RESULTS 
 
Adhesion of neutrophils to HAIgG-coated 
Sepharose. 

We devised an experimental system 
using Sepharose beads covalently coupled with 
heat-aggregated human immunoglobulin (HAIgG) 
in order to get an understanding of the signaling 
pathways that are involved in triggering and 
directing degranulation in human neutrophils. The 
use of Sepharose conveyed several advantages. 
Neutrophils adherent to porous Sepharose could 
not form sealed-off spaces between the plasma 
membrane and the substratum for adhesion. Such 
sealed-off spaces have been characterized in 
osteoclasts but have also been reported for 
adherent neutrophils [17]. Thus, the use of 
Sepharose as a substratum allowed secreted 
substances to escape a putative sealed-off space 
and it also allowed access to antibody for 
immunofluorescence studies of the adherent 
plasma membrane without permeabilization of the 
cells. Also, high-resolution confocal images of 

adhering neutrophils in profile could be obtained 
without using 3D-reconstruction of cells studied 
from a verticle angle. 

Figure 1A shows neutrophils adherent to 
HAIgG-Sepharose after 60 sec incubation at 37°C. 
Neutrophils did not adhere non-specifically to non-
coated Sepharose (Figure 1C). Further, adhesion 
to HAIgG-coated Sepharose was almost totally 
eliminated in the presence of soluble IgG (10 
µg/ml) (Figure 1B). 
 
Degranulation during adhesion.  

Adhesion to HAIgG-coated Sepharose 
triggered the release of NAG, an azurophilic 
granule content-marker [7]. This release was 
clearly measurable within 1.5 min of adhesion and 
increased during the first 5 min of adhesion 
(Figure 2). Neutrophils layered for 5 min on non-
coated Sepharose did not release azurophilic 
granule content. The minor release observed 
between 5 and 10 min during stimulation with non-
coated Sepharose could be due to interaction with 
tissue culture well-plastic (Figure 2). Adhesion of 
cells to HAIgG-Sepharose could be seen already 
within 15 sec of presentation to neutrophils (Figure 
3A). After an additional 15 sec, neutrophils started 
to spread on the surface (Figure 3C) and after 60 
sec most cells showed a flat appearance (Figure 
3E and G). Degranulation was also monitored 
using the azurophilic granule membrane-marker, 
CD63 [18]. No azurophilic degranulation could be 
detected within 15 sec of adhesion (Figure 3B). 
Azurophilic degranulation was initiated within 30 
sec of adhesion and was then confined to the 
center of the adherent plasma membrane (Figure 
3D). As the cells spread, the target was enlarged 
in a circular fashion towards the periphery of the 
adherent plasma membrane. The near maximal 
staining seen after 60 sec of adhesion was mainly 
located at the adherent surface of the cells. Also, 
the degranulation of specific granules was studied 
through the appearance of CD66b, a specific 
granule membrane-marker [19], on the cell 
surface. Degranulation of specific granules, which 
was also triggered within 60 sec of adhesion, 
showed a less localized staining-pattern than 
CD63 and was not restricted to the adherent 
membrane (Figure 3H). Quantitative data on 
percentage of adherent cells displaying 
azurophilic and specific degranulation localized to 
the site of adhesion is shown in Table 
1.
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Fig. 3. Time-course and spatial distribution of azurophilic 
and specific granule exocytosis during adhesion to 
immune complexes. Confocal immunofluorescence 
cross-sections (1µm) show CD63-staining of non-
permeabilized neutrophils (B, D and F). The 
corresponding DIC-images are shown in (A, C and E). 
(H) shows CD66b-staining of non-permeabilized cells 
and (G) shows the corresponding DIC-image. 
Neutrophils were allowed to adhere to HAIgG-Sepharose 
for 15 sec (A-B), 30 sec (C-D) or 60 sec (E-H) at 37ºC in 
Na-medium. 
 
Actin filaments and polarized secretion. 

In phagocytes, actin is assembled in the 
vicinity of a forming phagosome and phagocytosis 
is inhibited in the presence of cytochalasin B [20]. 
Localization of actin filaments and degranulation 
could be governed by common signaling pathways 
or localization of actin filaments might direct 
degranulation through their association with 
signaling molecules. Here we found an opportunity 
to assess the relationship between localization of 
actin filaments and degranulation in adhering 
neutrophils. Actin filaments, as visualized by 
staining with rhodamine phalloidin, were localized 
at the adherent surface of neutrophils after 60 sec 
of adhesion (Figure 4D) and images captured from 

a perpendicular angle from the adherent surface 
revealed an accumulation of actin filaments at the 
periphery of the cells, in spreading lamellopodiae 
(Figure 4D, inset). Actin filaments were scarce at 
the center of the adherent surface, where the bulk 
of azurophilic degranulation was seen (Figure. 4B 
cf D). 

Neutrophils adhered to HAIgG-beads 
also in the presence of cytochalasin B but did not 
spread (Figure 5A). This treatment greatly 
diminished assembly of actin at the periphery of 
the adherent surface and residual staining was 
probably due to re-localization of preformed actin 
filaments. The inhibition of spreading and actin 
filament assembly by cytochalasin B did not 
interfere with the localization of azurophilic 
degranulation (Figure 5B). 
 
Involvement of tyrosine kinases and PKC in 
regulation of neutrophil azurophilic 
degranulation.  
In addition to initiating the Fc-receptor-dependent 
signaling through phosphorylation of ITAMs upon 
cross-linking, activated tyrosine kinases also 
convey further propagation of signaling from 
activated Fc-receptors [21]. Phosphorylation of 
tyrosine was detected after 60 sec adhesion to 
HAIgG-sepharose as assessed by 
immunofluorescence using a monoclonal 
antibody. Phosphorylated tyrosine was 
accumulated at the adherent plasma membrane 
(Figure 4F) and was always highly co-localized 
with the up-regulation of CD63 (Figure 4B). The 
induction of tyrosine phosphorylations was 
confirmed by Western blot analysis. Neutrophils 
incubated with HAIgG-sepharose on ice showed a 
similar tyrosine phosphorylation pattern as 
neutrophils incubated without beads. However, 
cells adhered for 5 min at 37ºC to HAIgG-
sepharose exhibited increased tyrosine 
phosporylation in several protein bands (Figure 
4G). In the presence of cytochalasin B, the 
tyrosine phosphorylation appeared slightly 
diminished but was still localized to the site of 
adhesion (Figure 5F). We therefore postulated 
that tyrosine phosphorylation events might initiate 
degranulation through activation of downstream 
signaling-cascades. We next studied the effect of 
two different inhibitors of tyrosine kinases on the 
adhesion-induced release of NAG. Both genistein 
and erbstatin, inhibitors of tyrosine kinases [22], 
efficiently inhibited the release of NAG (Table 2). 
The effect of genistein on phosphorylation of 
proteins on tyrosine was confirmed by Western 
blot analysis (Figure 4G). Tyrosine 
phosphorylations in cells adhered to HAIgG-
sepharose for 5 min at 37ºC were effectively 
inhibited already at 50 µM genistein and this 
correlated with the inhibition of NAG secretion by 
genistein. 

A role for PKC in regulation of 
degranulation has been shown in both 
macrophages and neutrophils [11, 23]. 
Pretreatment of neutrophils with GF109203X, a 
specific inhibitor of PKC, decreased the release of 
NAG during adhesion and an almost total 
inhibition was observed at 2.5 µM GF109203X 
(Table 2). 
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Fig. 4. Organization of actin filaments and 
phosphorylation of tyrosine during neutrophil 
degranulation. Neutrophils were adhered to HAIgG-
Sepharose for 60 sec at 37ºC in Na-medium. (B) shows 
CD63-staining of non-permeabilized cells, (D) shows 
rhodamine phalloidin-staining of permeabilized cells and 
(F) shows phosphorylated tyrosine-staining of 
permeabilized cells.  The corresponding DIC-images are 
shown in (A, C and E). (G) shows a Western blot of 
neutrophils adhered to HAIgG-Sepharose for 0 or 5 min 
at 37ºC in Na-medium. Tyrosine-phosphorylated proteins 
were detected using a monoclonal antibody (PY99). 
Cells in the two rightmost lanes were pre-treated with 
genistein for 10 min at 37ºC. Neutrophils were presented 
to beads as in experiments where release of NAG was 
measured. 

 

 
 
Fig. 5. Effect of cytochalasin B on localization of 
azurophilic degranulation and phosphorylation of 
tyrosine. Neutrophils were pre-treated with 10 µM 
cytochalasin B for 20 min and then adhered to HAIgG-
Sepharose for 60 sec at 37ºC in Na-medium. (B) shows 
CD63-staining of non-permeabilized cells, (D) shows 
rhodamine phalloidin-staining of permeabilized cells and 
(F) shows phosphorylated tyrosine-staining of 
permeabilized cells. The corresponding DIC-images are 
shown in (A, C and E). 
 
 

 
 
Localized enrichment of syk and isoforms of 
PKC during neutrophil degranulation.  
In this study, we used sonication in order to 
separate the adherent plasma membranes from 
the rest of the cells. This allowed quantification of 
the relative enrichment of proteins associated with  
the adherent plasma membrane as compared to 
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Fig. 6. Removal of non-adherent membrane by 
sonication. Neutrophils were adhered to HAIgG-
Sepharose for 60 sec in Na-medium at 37ºC followed by 
cross-linkage and sonication as described in methods. 
Cells were stained with 5 µM FM1-43. (A) shows an 
intact cell and  (B) shows a cell after sonication. Images 
were captured using a Leica DM IRB fluorescence 
microscope equipped with a 100x oil-objective and a 
Princeton cooled CCD camera. 
 

the rest of the plasma membrane. A firm 
attachment of the adherent plasma membranes to 
the HAIgG-Sepharose beads was assured by 
treatment of adherent cells with a protein cross-
linker. Figure 6A shows an adherent neutrophil 
before sonication. Non-adherent parts of the cells 
were ripped-off by stepwise sonication with 
intervening controls of the results in a 
fluorescence microscope using the lipophilic dye 
FM1-43. This procedure was repeated until only 
adherent patches of membrane remained on the 
beads (Figure 6B). The purity of isolated adherent 
membranes was investigated by electron 
microscopy and the sonicated cross-linked 
membranes were found to be devoid of granules, 
ER, nuclei or other cellular debris (Figure 7B). A 
higher magnification of the adherent plasma 
membrane lipid bi-layer is shown as an inset in 
Figure 7B. Samples of adherent membranes and 
ripped-off non-adherent membranes were run on 
SDS-PAGE/Western blots in order to determine 
the distribution of proteins between the two pools 
of membrane. Relative amount of plasma 
membranes in the pools was determined using 
two separate approaches (see methods). When 
assessed by the distribution of a biotinylated 
membrane protein of approximately 150 kDa, 
24.9±2.9% (SEM, n=6) of the plasma membrane 
was found to be attached to the HAIgG-
sepharose. The 150 kDa protein was not identified 
and its relevance as a marker for the plasma 
membrane was not evaluated but similar results 
were obtained using a different protocol. 
Quantification of plasma membrane proteins pre-
labeled with tritiated DIDS showed that 28.1±2.4% 
(SEM, n=5) of the plasma membrane was 
attached to the beads. The latter method was 
used for calculation of the percentage of plasma 
membrane that was in contact with HAIgG-
sepharose. When separating proteins on Western 
blots, the IgG heavy chains from the HAIgG-
coated Sepharose appeared as a dense band at 
approximately 50 kDa. This leakage of aggregated 
IgG which was probably caused by the sonication 
procedure limited the analysis of the enrichment of 
signaling molecules to proteins that did not 
migrate between 40 and 60 kDa on SDS-PAGE. 

 
 
 
 
 
 
 
 
 
 

Fig. 7. Purity of sonicated adherent plasma 
membranes. Neutrophils were adhered to 
HAIgG-sepharose for 60 sec in Na-medium 
at 37ºC. Electron microscopy images of an 
intact neutrophil adherent to HAIgG-coated 
Sepharose (A, magnification 4000x) and 
adherent plasma membrane after 
sonication (B, magnification 12000x). Inset 
in (B) shows a higher magnification of the 
plasma membrane lipid bi-layer. Cells were 
fixed for 12 h with 4% glutaraldehyde at 
4°C and samples for EM were 90 nm thick. 
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We could study the localization of syk (72 kDa) 
during adhesion of neutrophils to HAIgG-
Sepharose. Syk is a non-receptor tyrosine kinase 
present in haematopoetic cells [21]. 
Phosphorylation and activation of syk by Fc-
receptor activation has been shown to occur in 
several cell-types [24, 25]. Syk cannot itself 
phosphorylate ITAM in vitro [26] but contains two 
SH2-domains that can interact with 
phosphorylated ITAMs and syk has been shown to 
associate with activated Fc-receptors [27]. Syk 
was found in the adherent plasma membrane after 
60 sec of adhesion (Figure 8). The density of 
these bands was measured and normalized for 
amount of attached plasma membrane and a 
relative enrichment of 3.10±0.82 (SEM, n=6) was 
found (Figure 9). Thus, syk was enriched at the 
site of adhesion when degranulation was 
occurring. Since azurophilic degranulation was 
sensitive to inhibition of PKC we analyzed the 
distribution of some isoforms expressed in 
neutrophils (Figure 8). Both PKC α and β1 were 
enriched in the adherent plasma membrane after 
60 sec of adhesion (Figure 9). The β1 isoform was 
slightly more enriched in the adherent plasma 
membrane (2.38±0.63, SEM, n=11), than the 
α isoform (1.98±0.46, SEM, n=8). PKC δ on the 
other hand, was evenly distributed after 60 sec of 
adhesion, with a relative enrichment in the 
adherent plasma membrane of 1.07±0.12 (SEM, 
n=7). Also the atypical isoform, ζ, was found not 
be enriched in the adherent plasma membrane 
(Figure 9). 
 
DISCUSSION 
 
A highly localized azurophilic degranulation has 
recently been demonstrated to occur in 
neutrophils during Fc-receptor-mediated 
phagocytosis [14]. In this study, also 
degranulation triggered by adhesion to immune 
complexes was found to be localized. It is not 
known, however, which mechanisms are involved 
in localization of degranulation. Fc-receptor 
stimulation triggers rapid activation of several 
signaling cascades including protein and lipid 
kinases [21] and degranulation was detected 
already within 30 sec of adhesion. Because of the 
role for actin in phagocytosis, cell adhesion, and 
spreading, we investigated the relation between 
the actin filament network and localization of 
degranulation. Actin polymerization might allow a 
localized assembly of signaling molecules that are 
involved in the polarization of neutrophil 
degranulation. In some systems, degranulation is 
facilitated by the disassembly of actin filaments 
[28-30].  However, no evidence for an involvement 
of actin in the targeting of degranulation was 
found. Actin filaments were located at the 
periphery of the adhering surface in neutrophils 
while degranulation was more evenly distributed 
over the adherent surface. Furthermore, a 
localized azurophilic degranulation was observed 
in the presence of cytochalasin B, although 
polymerization of actin at the site of adhesion was 
diminished and cells were prevented from 
spreading. This is in accordance with a study 

 
 
 
Fig. 8. Syk and PKC in adherent and non-adherent 
plasma membrane. Western blots of adherent (P) and 
non-adherent (S) plasma membrane fractions from 
neutrophils adherent to HAIgG-Sepharose in Na-medium 
for 60 sec at 37ºC. Syk, PKC α, β1, δ and ζ were 
detected using primary antibodies and secondary HRP-
labeled antibodies. 
 
showing that localized degranulation is initiated 
before phagosome sealing and is not inhibited by 
cytochalasin B [14]. 
For degranulation to occur, granules must 
translocate towards the target and then dock and 
fuse with the plasma membrane. In a model where 
a non-specific centrifugal movement of granules is 
triggered, localization of degranulation would 
depend on local accumulation of fusion proteins. 
In an alternative model, where the whole plasma 
membrane is accessible for docking and fusion, 
localization of degranulation would depend on 
guided movement of vesicles. We refined a 
technique to quantify the accumulation of 
signaling molecules in the adherent plasma 
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 Fig. 9. Enrichment of signaling molecules in adherent 
plasma membrane. Bars show relative enrichment of 
syk, PKC α, β1, δ and ζ in the adherent plasma 
membrane compared to the rest of the plasma 
membrane (see methods for calculations). 
 
membrane as compared to the non-adherent 
plasma membrane. An unequal distribution of a 
signaling molecule in the plasma membrane 
would indicate a possible role for such a protein in 
localization of degranulation.  

Fc-receptor-mediated stimulation of 
neutrophils with immune complexes results in a 
rapid tyrosine phosphorylation of several proteins 
[1, 31] and involvement of tyrosine 
phosphorylation in the triggering of degranulation 
has been proposed also in several other cell types 
[32-34]. Signal propagation from cross-linked Fc-
receptors occurs by tyrosine phosphorylation of 
their ITAM motives [21] and a role for members of 
the src-family of tyrosine kinases in this event has 
been proposed [3]. Phosphorylated ITAMs can 
associate with several different tyrosine kinases 
containing SH2-domains and activation of 
FcγRIIA, in neutrophils and several other cell-
types, induces the association, phosphorylation 
and activation of the tyrosine kinase syk [24]. Our 
finding that the release of azurophilic granule 
content triggered by immune complexes was 
reduced by inhibitors of tyrosine kinases is in 
agreement with the central role of tyrosine 
phosphorylations in Fc-receptor-mediated 
signaling and degranulation. Immunofluorescence 
data presented here show that tyrosine 
phosphorylation occurred mainly in the vicinity of 
the adherent plasma membrane, highly co-
localized with azurophilic degranulation. Inhibition 
of actin filament-assembly diminished the 
accumulation of phosphorylated tyrosine, but did 
not affect its localization. In our system, syk was 
enriched in the adherent plasma membrane after 
60 sec of adhesion. Our system did not exclude 
granules from the fraction containing non-
adherent plasma membrane. The enrichment of 
syk in the adherent plasma membrane might be 
an underestimation, since part of the syk-content 
in the non-adherent plasma membrane could 
originate from granules. It is possible that altered 
distribution of syk or other proteins recruited to Fc-
receptor-associated multi-protein complexes could 

provide a localizing signal for azurophilic 
degranulation. 

Fc-receptor activation by immune 
complexes results in elevated cytosolic Ca2+ and 
production of diacylglycerol [35-37] and 
conventional isoforms of PKC are activated by 
diacylglycerol in a Ca2+-sensitive manner. Release 
of azurophilic granule content was inhibited by 
pretreatment with GF109203X, an inhibitor 
specific for PKC that does not discriminate 
between isoforms [38]. At least 12 different 
isoforms of PKC have been described of which 
neutrophils express the α, βΙ, βΙΙ, δ  and  ζ 
isoforms [39]. Besides differential modes of 
activation, the isoforms of PKC translocate to 
specific subcellular compartments upon activation 
[40]. PKC α has been detected in preparations of 
early phagosomes in monocytes [41] and PKC βII, 
δ and ζ have been shown to translocate to 
membranes in neutrophils stimulated with 
opsonized zymosan [42]. The isoforms of PKC are 
primarily located in the cytosol in resting 
neutrophils but the isoforms βII, δ and ζ have also 
been detected in granular fractions [42]. In 
neutrophils adhering to immune complexes, we 
found PKC α, βΙ, δ and ζ in the plasma membrane. 
The conventional isoforms, α and βI, accumulated 
in the adhering part of the plasma membrane, 
whereas isoforms δ and ζ were not enriched at 
this site. It can be noted that a slight shift in 
electrophoretic mobility of some PKC isoforms 
upon activation has been described earlier [43, 
44]. A possible granular location of PKC isoforms 
would lead to an undererstimation of the 
enrichment of PKC in the adherent aspect of the 
cells, since the enrichment was normalised using 
plasma membrane markers.  

Our data and several recent studies 
describe translocation of PKC to sub-cellular 
locations where azurophilic degranulation takes 
place [41, 45]. The inhibition of azurophilic 
degranulation by GF109203X and the enrichment 
of the conventional isoforms α and βΙ of PKC 
observed in the present study indicate a role for 
PKC in triggering and possibly also in localizing 
azurophilic degranulation. 
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Abstract: A rise in lysosomal pH acts to trigger 
lysosomal secretion in mouse macrophages. 
As shown here, lysosomal alkalinization 
induced by yeast-derived zymosan beads was 
not dependent on phagocytosis and thus not a 
result of fusion between phagosomes and 
lysosomes. The lysosomal alkalinization was 
reduced in the presence of the phorbol ester 
PMA. This effect of PMA on lysosomal pH was 
transient, its disappearance correlated to the 
downregulation of conventional isoforms of 
protein kinase C (PKC) and the effect was 
abrogated by cellular depletion of Ca2+. PMA-
induced modulation of lysosomal pH was 
prevented by inhibition of phosphatidylinositol 
3-kinase (PI3K) by wortmannin. Upon 
subsequent fractionation, the conventional 
isoforms αααα and ββββ were found to cofractionate 
with lysosomes in cells stimulated with PMA. 
PMA-induced appearance of these isoforms on 
lysosomes was prevented by wortmannin. The 
role of PI3K, PKC and the modulation of 
lysosomal pH for the process of lysosomal 
secretion is further discussed in our 
accompanying article [Nauclér and Sundler 
"Modulation of lysosomal secretion..."].   
 
Key Words: lysosome, pH, macrophage, zymosan, 
protein kinase C, phosphatidylinositol 3-kinase 
 
INTRODUCTION 
 

Macrophages take part in the first line of 
defence against infections and mediate an 
inflammatory response through production and 
release of mediators such as cytokines, 
eicosanoids, reactive oxygen species and 
lysosomal enzymes. Zymosan, a cell wall 
preparation from Saccharomyces cerevisiae, is one 
of several stimuli widely used in studies of 
pathogen-induced responses in macrophages. 
Stimulation of mouse peritoneal macrophages with 
zymosan has been shown to induce lysosomal 
alkalinization, which in turn triggers a PKC-
dependent release of lysosomal enzymes [1]. The 
mechanism for the PKC dependence has, 
however, remained unknown. Activation of PI3K 
and phospholipase C (PLC) are two early steps in 
zymosan-induced signaling in macrophages [2]. 
PLC generates diacylglycerol (DG) and inositol 3-
phosphate with subsequent elevation of 
intracellular Ca2+. Mouse macrophages express at 

least 5 isoforms of PKC [3, 4]. PKC α and β are 
conventional isoforms dependent on Ca2+ and 
activated by DG. PKC δ and ε are novel isoforms 
activated by DG but not dependent on Ca2+. PKC ζ 
is an atypical isoform, independent of Ca2+ and DG 
[5]. 

The aim of this study was to further 
investigate the role of PKC and the potential role of 
PI3K in zymosan-induced regulation of lysosomal 
pH. 
 
MATERIALS AND METHODS 
 
Materials 

4-Methylumbelliferyl N-acetyl-β-D-
glucosaminide (umb-NAG), 4-Methylumbelliferyl 
phosphate (MUP) Free Acid, wortmannin, 
fluorescein isothiocyanate (FITC), FITC dextran 
MW 40000 (FD), FITC concanavalin A and 
zymosan were purchased from Sigma (St Louis, 
MO, U.S.A.). Phorbol-12-myristate-13-acetate 
(PMA) and trichoroacetic acid (TCA) were from ICN 
(Costa Mesa, CA, U.S.A.). GF109203X was 
purchased from Calbiochem (La Jolla, CA, U.S.A.). 
Percoll was from Pharmacia Biotech (Uppsala, 
Sweden) and Optiprep from Nycomed Pharma 
(Oslo, Norway). Rabbit polyclonal antibodies 
against PKC α and δ were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The 
monoclonal antibodies against PKC β and ε were 
from Transduction Labs (Lexington, KY, U.S.A.). 
The monoclonal antibody against FITC was 
purchased from Sigma (St Louis, MO, U.S.A.). 
Cytochalasin B was purchased from Fluka 
(Switzerland). 
 
Solutions 

Na-medium contained the following (in 
mM): NaCl, 127; KH2PO4, 1.2; KCl, 5.4; MgSO4, 
0.8; CaCl2, 1.8; glucose, 5.6; 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid (HEPES), 10; and 
pH was adjusted with NaOH to 7.2. Ca-free 
medium was identical with Na-medium except the 
addition of 0.1 mM EGTA and absence of CaCl2. 
Ca-medium was made by adding 0.2 mM CaCl2 to 
Ca-free medium. Homogenizationbuffer contained 
0.25 M sucrose, 10 mM HEPES, 0.5 mM EDTA 
and pH was adjusted using NaOH to 7.4. Percoll 
gradient contained 0.25 M sucrose, 10 mM 
HEPES, 35% percoll and pH was adjusted to 7.4 
using NaOH. 50% optiprep was prepared by 
mixing 5 parts optiprep with one part buffer 
containing 0.25 M sucrose, 3 mM EDTA, 60 mM 
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HEPES, pH 7.4. The 50% optiprep was diluted to 
25% with a buffer containing 0.25 M sucrose, 10 
mM HEPES, 0.5 mM EDTA, pH 7.4. 
 
Cell harvest and culture 

Four milliliters of Medium 199 containing 
1% heat-inactivated fetal calf serum was used for 
peritoneal lavage of female outbred NMRI mice 
(Bommice, Copenhagen, Denmark). Macrophages 
pooled from 6–12 mice were used for each 
experiment. The peritoneal cells thus obtained 
were adhered for 2 h at 37°C in a humidified 
atmosphere containing 5% CO2. Thereafter, non-
adherent cells were washed away with PBS. 
Medium 199 (2 ml) containing 10% serum was 
then added to each well and the cells were further 
cultured for 20 h.  
 
Immunofluorescence microscopy and 
measurements of phagocytosis 

Zymosan was labeled by incubating 15 
mg zymosan with 1.5 mg FITC in 15 ml 0.1 M 
Na2CO3/NaHCO3 buffer pH 9 for 2.5 h at room 
temperature. Zymosan was then washed 5 times in 
PBS. Macrophages were adhered to 19-mm 
coverslips and cultured as described over night. 
Experiments were performed in Na-medium with a 
15 min incubation with or without cytochalasin B 
prior to stimulation. Cells were then stimulated with 
FITC-labeled zymosan for 15 min and then put on 
ice, washed twice in cold PBS, and fixed with 1% 
paraformaldehyde (Becton Dickinson, Franklin 
Lakes, NJ) for 20 min on ice and for an additional 
100 min at room temperature. After two washes in 
PBS, the cells were blocked for 3 h in PBS 
containing 5% donkey serum (Sigma, St. Louis, 
MO) at room temperature. Cells were labeled with 
the antibody against FITC at a dilution of 1:200 in 
PBS containing 1% BSA at room temperature for 
1h, washed twice, and probed with an anti-mouse 
Cy3 secondary antibody (Jackson 
Immunoresearch Laboratories, West Grove, PA) at 
1:800 dilution for 1 h at room temperature. 
Coverslips were then washed three times and 
mounted with anti-fade mounting medium (DAKO, 
Carpinteria, CA) for microscopic observation. 
Images were recorded on a Nikon Eclipse TE300 
inverted fluorescence microscope equipped with a 
Hamamatsu C4742-95 cooled CCD camera, using 
a Plan Apochromat 3100 objective and a high N.A. 
oil condensor. The percentage of phagocytosed 
particles was counted manually. 
 
Measurements of lysosomal pH  

Cells were cultured overnight on 10 mm 
coverslips as previously described but in the 
presence of 0.5 mg/ml FD. This pH-sensitive 
fluorescent probe is pinocytosed and accumulated 
in the lysosomal compartment. All measurements 
were performed on a SLM 8000 
spectrofluorometer equipped with magnetic stirring 
and a thermostated perfusion system for control of 
media temperature and flow rate. Coverslips were 

placed in Na-medium without serum at 37°C for 30 
min before experiments to allow recently 
pinocytosed FD to enter the lysosomal 
compartment. The coverslips were then placed in 
a specially designed holder in a standard 
fluorescence cuvette holding a volume of 2 ml 
through which the experimental medium was 
perfused at a flow rate of 1 ml/min. Fluorescence 
ratio was measured at wavelengths for excitation 
set to 497/456 nm and for emission to 518 nm. 
Calibration was performed in Na-medium 
containing 0.1 µg/ml FD at pH between 4 and 8. 
 
Preparation of cellular fractions 

12*106 macrophages were scraped in 1 
ml homogenizationbuffer, spun down at 800g for 
10 min, resuspended and disrupted by nitrogen 
cavitation at 400 psi for 10 min. Unbroken cells 
were spun down at 800g for 10 min. The 
supernatant was layered upon 5.5 ml of 35% 
percoll solution with 0.5 ml 2.5 M sucrose at the 
bottom. The percoll was centrifuged at 40000g for 
60 min in a 70.1Ti rotor (Beckman). Fractions were 
collected from the top of the gradient. 10 fraction 
of 0.65 ml each were collected for assessment of 
markers for plasma membrane, endosomes and 
lysosomes. For western blot analysis three 
fractions of 1.95 ml each were collected from the 
top. The first fraction was discarded directly and 
the other two were mixed with equal volume of 
50% optiprep in a centrifuge tube. A layer of 1.5 ml 
25% optiprep followed by a layer of 1.5 ml 
homogenization buffer was placed on top. 
Organells were then cleared from percoll by 
floatation at 75000g for 60 min. Membranes were 
recovered in the interface between 25% optiprep 
and homogenization buffer and proteins were 
precipitated using 6% TCA and 0.1% triton-X100 
and then boiled in Laemmli's sample buffer for 10 
min [6].  
 
Assays for detection of membrane markers 

FD, loaded into cells for 20 h (0.5 mg/ml) 
followed by a 30 min chase, was used as a marker 
for lysosomes. Subcellular fractionation was 
performed as described above. Alkaline 
phosphatase and FITC-conjugated concanavalin A 
were used as markers for plasma membranes. 
Cells were treated with 0.1 mg/ml FITC-conjugated 
concanavalin A at room temperature or on ice for 
20 min in Na-medium. Adherent cells were washed 
3 times in PBS before scraping and subcellular 
fractionation. Fractional content of FD and FITC-
conjugated concanavalin A were analyzed in a 
SLM8000 spectrofluoromenter using the 
wavelengths 490 nm for excitation and 525 for 
emission. Alkaline phosphatase was assessed 
using 4-methylimbelliferyl phosphate (MUP) as 
substrate. A 280 µl sample was taken from each 
fraction and mixed with 200 µl substrate buffer 
containing 0.2% BSA, 73 µM MUP and 0.1 M Tris 
pH 8. The reaction was carried out at 37°C for 60 
min and was then stopped by adding 1.52 ml 0.2 M 
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Na2CO3. Measurements were made in the 
spectrofluorometer using wavelengths set to 358 
nm for excitation and 450 nm for emission. 
 
Electrophoresis, Western blot analysis and 
semi-quantitative protein density 
measurements 

Samples obtained from subcellular 
fractionation were subjected to sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis 
according to the method of Laemmli [6], using 1.5-
mm slab gels. Separation and stacking gels 
contained 8 and 3% polyacrylamide, respectively. 
Proteins were separated at 12 mA for 20 h and 
then electrophoretically transferred to PVDF 
membranes (Millipore, Bedford, MA) at 100 V for 2 
h. All membranes were blocked by incubation in 
3% gelatin (Bio-Rad, Hercules, CA) for 2 h except 
when analyzing PKC ε where 1% BSA in TTBS (10 
mM Tris, 150 mM NaCl, pH 7.5 with addition of 
0.1% tween-20) for 2 h was used. Primary 
antibodies for PKC α, β, δ and ε were used at 
dilutions 1:1000, 1:250, 1:500 and 1:500 in TTBS 
over night. Secondary antibodies against mouse 
and rabbit were used for 1 h at dilution 1:3000 in 
TTBS. Bands were detected by 
chemiluminescence using Super Signal (Pierce, 
Rockford, IL). Multiple exposures were performed 
to obtain films without visible saturation of signals. 
Bands were then scanned using an AGFA 
SnapScan 1236s and analyzed using NIH image 
software (NIH, Bethseda, Maryland, U.S.A.). 
Backgrounds were subtracted to obtain protein 
densities which were then related to protein 
densities in lanes containing control cells. 
 
RESULTS 
 
Zymosan and signaling to lysosomal 
alkalinization 

Stimulation of macrophages with zymosan 
led to alkalinization of lysosomes (figure 1). An 
immunoflourescence technique was used to 
monitor phagocytosis of zymosan. While control 
cells effectively ingested zymosan particles 
regardless whether zymosan was attached 
centrally or along lammellopodiae, cells treated 
with cytochalasin B showed a significantly reduced 
capacity for phagocytosis even of particles 
attached at central locations (figure 2 a-e). 
Reduction of phagocytosis was not associated with 
a reduced number of particles associated with 
each cell (not shown). Cell-free control 
experiments were performed wich assured that 
zymosan was homogenously tagget with FITC and 
that the red fluorescent antibody against FITC 
effectively labeled all particles (not shown). Cellular 
Interaction with non-phagocytosed particles still led 
to a lysosomal alkalinization (pH 5.22±0.02, SEM 
n=3) comparable to that seen in cells not treated 
with cytochalasin B (pH 5.26±0.02, SEM n=3). It 
should be noted that cytochalasin B  
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Fig. 1. Zymosan-induced lysosomal alkalinization. The 
upper trace shows lysosomal pH in zymosan-stimulated 
macrophages. Macrophages on coverslips were 
presented to 200 µg/ml zymosan for 25 min in Na-
medium and coverslips were then placed in a perfused 
cuvette for spectrofluorometrical measurement of 
lysosomal pH. The lower trace shows lysosomal pH in 
non-stimulated macrophages. 
 
by itself did not affect lysosomal pH in non-
stimulated macrophages (not shown). Hence, 
receptor-mediated signaling rather than interaction 
of phagosomes with lysosomes is the likely 
mechanism of zymosan-induced lysosomal 
alkalinization. Inhibition of phagocytosis by 
cytochalasin B did not block zymosan-induced 
lysosomal secretion. On the contrary, lysosomal 
secretion stimulated by zymosan for 60 min was 
greatly enhanced in the presence of cytochalasin 
B. Cytochalasin B alone did not elicit a secretory 
response (figure 2f). 
 
Modulation of lysosomal pH by protein kinase C 
Lysosomal pH in resting macrophages was 
4.93±0.02 (SEM, n=9) but it should be noted that 
this is in the lower range of what can be accurately 
measured using FITC. Stimulation with zymosan 
for 30 min resulted in a lysosomal pH of 5.27±0.03 
(SEM, n=8). Simultaneous stimulation of PKC with 
the phorbol ester PMA (100 nM) diminished the 
zymosan-induced alkalinization (figure 3). This 
effect was also seen after treatment with 100 nM 
PMA for 1 h prior to zymosan stimulation. After 4 h 
of treatment a lowering of lysosomal pH was no 
longer seen The expression of PKC and its down-
regulation by PMA was monitored by Western 
blotting. At least four isoforms of PKC sensitive to 
PMA were expressed in mouse peritoneal 
macrophages. These were the conventional 
isoforms α and β and the novel isoforms δ and ε 
(not shown). α and β were most sensitive to down-
regulation by treatment with PMA. More than 50% 
(estimated from Western blots) was lost within 1 h 
of treatment with 100 nM PMA (figure 4). A near 
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Fig. 2. Effects of cytochalasin B on phagocytosis and 
lysosomal secretion Cells were stimulated with 150 µg/ml 
FITC-labeled zymosan for 15 min (green fluorescence). 
(a) and (b) show control cells and (c) and (d) show cells 
treated with cytochalasin B 1 µg/ml for 15 min prior to 
stimulation. An anti-FITC antibody followed by a Cy3-
tagged secondary antibody was used to label non-
phagocytosed zymosan (red fluorescence). Fluorescence 
images are shown in (b) and (d). (a) and (c) are DIC-
images of the same cells. (e) shows the effect of 
cytochalasin B on phagocytosis. Phagocytosis is 
presented as the percentage of cell-associated particles 
that has been ingested after 15 min of stimulation with 
150 µg/ml zymosan. Error bars denote SEM, n=3. (f) 
shows the effect of cytochalasin B on release of the 
lysosomal enzyme NAG induced by 600 µg/ml zymosan 
for 60 min (open bars). Secretion is presented as 
percentage of total cellular enzyme content. Filled bars 
denote secretion upon treatment with cytochalasin B only. 
Experimental variations are shown as SEM for control 
cells (n= 31 3, 4, 3, 4) and cells stimulated with zymosan 
(n= 28, 4, 5, 4, 5). 

complete down-regulation was seen after 4 h of 
treatment. PKC δ was still detectable after 8 h. 
PKC ε was not completely down-regulated within 
20 h of treatment with 100 nM PMA. Inhibition of 
PKC by 1 µM GF109203X for 15 min did not affect 
lysosomal pH in resting cells (4.95±0.02, SEM n=3) 
but enhanced zymosan-induced lysosomal 
alkalinization to pH 5.51±0.06 (SEM, n=8). 
 
PI3K and regulation of lysosomal pH 

PI3K plays a central role in macrophage 
signaling. We used the inhibitor wortmannin to 
investigate a potential role for PI3K in the 
regulation of lysosomal pH. Treatment with 100 nM 
wortmannin for 15 min only slightly lowered 
zymosan-induced lysosomal alkalinization (figure 
5) and did not by itself affect resting lysosomal pH. 
Surprisingly, this treatment blocked the effect of 
PMA on zymosan-induced lysosomal pH. Hence, 
PMA did not reduce zymosan-induced 
alkalinization after treatment with wortmannin. 
Neither after 1 h of treatment with 100 nM PMA 
was a lowered lysosomal alkalinization seen in the 
presence of wortmannin.  
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Fig. 3. Effects of PMA-induced stimulation and 
downregulation of PKC on lysosomal pH. Zymosan 600 
µg/ml was added 30 min before measurements. 100 nM 
PMA was used both in the culture-media for 
downregulation of PKC and as stimulus in the Na-
medium added at the same time as zymosan. 
Experimental variations are shown as SEM (n= 8, 8, 7, 4, 
9, 7). 
 
Effects of Ca2+-depletion on lysosomal pH 
As conventional isoforms of PKC are sensitive to 
calcium we performed measurements of lysosomal 
pH in cells treated with the ionophore A23187 in a 
medium devoid of calcium and supplemented with 
EGTA. These conditions enhanced zymosan-
induced lysosomal alkalinization (figure 6) but 
wortmannin was still effective resulting in a 
lysosomal pH resembling the level seen in 
zymosan-stimulated cells treated with wortmannin 
in the presence of calcium. Interestingly, part of the 
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negative effect of PMA on lysosomal alkalinization 
was lost in calcium-depleted cells.  
 
Translocation of conventional PKC isoforms to 
lysosomes  

The correlation between down-regulation 
of the α and β isoforms of PKC with the transient 
suppression of lysosomal alkalinization caused by 
PMA prompted us to study the association of these 
isoforms with lysosomes. Macrophages disrupted 
by nitrogen cavitation were centrifuged in Percoll to 
obtain purified subcellular fractions. Plasma 
membranes were identified in fractions 4 through 6 
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Fig. 4. Down-regulation of PKC isoforms. Cells were 
cultured in the presence of 100 nM PMA for 1, 2, 4, 8 and 
20 h before lysis and Western blot analysis. Protein 
densities were obtained as described in methods. Values 
are presented as percent of signal obtained from non-
treated cells. The figure shows down-regulation of PKC α 
(filled circles, SEM n= 10, 7, 5, 10, 5, 7), β (open circles, 
SEM n=12, 9, 6, 12, 4, 9), δ (filled triangles, SEM n= 14, 
10, 7, 14, 5, 10) and ε (open triangles, SEM n= 6, 5, 3, 6, 
3, 5). 
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Fig. 5. Effects of wortmannin on lysosomal pH. Cells 
were incubated in Na-medium with addition of 100 nM 
wortmannin at 37°C for 45 min prior to measurements of 
lysosomal pH. Zymosan 600 µg/ml was added 30 min 
before measurements. 100 nM PMA was used both in the 
culture-media for down-regulation of PKC and as stimulus 
in the Na-medium added at the same time as zymosan. 
Experimental variations are shown as SEM (n= 3, 7, 4, 4, 
6, 5). 
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Fig. 6. The role of intracellular Ca2+ in PKC-mediated 
regulation of lysosomal pH. Experiments were performed 
in Na-medium (filled bars) or Ca-free medium where cells 
were pretreated for 15 min with addition of 1 µM A23187 
(open bars). Wortmannin 100 nM was also added 15 min 
prior to stimulation. Cells were then stimulated for 30 min 
with 600 µg/ml zymosan with or without addition of 100 
nM PMA. Experimental variations are presented as SEM 
for filled bars (n= 9, 8, 7, 7, 4) and open bars (n= 3, 5, 4, 
3, 3). 
 
using alkaline phosphatase and pre-loaded FITC-
conjugated concanavalin A as markers (figure 7b 
and c). Fractions 4 through 6 were pooled and 
designated light fraction. Lysosomes were 
identified using FD as a marker (figure 7a). In this 
case the probe was loaded into cells over night 
followed by a 30 min chase. Lysosomes were 
found in fractions 7 through 9. These fractions 
were pooled and designated heavy fraction. Light 
and heavy fractions were analyzed through 
Western blotting using antibodies specific for PKC 
isoforms. 

An increase in signals of the PKC 
isoforms β, δ and ε was found in the light fraction 
following stimulation with 600 µg/ml zymosan for 
15 min. No signal could be detected in heavy 
fractions in control cells and cells stimulated with 
zymosan. However, when zymosan-treated cells 
were co-stimulated with 100 nM PMA, PKC α and 
β were found also in heavy fractions. This 
lysosomal translocation was abolished by 
treatment for 15 min with 100 nM wortmannin prior 
to stimulation. Occasionally PKC δ was also found 
in the heavy fraction from cells co-stimulated with 
zymosan and PMA but this was then never 
prevented by treatment with wortmannin.  
 
DISCUSSION 
 

The low pH of lysosomes, maintained by 
the vacuolar type H+-ATPase [7], plays a role in the 
import and release of vesicular cargo and creates 
a milieu were lysosomal enzymes can degrade 
endocytosed material. In macrophages it has also 
been shown that lysosomal pH controls transport 
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Fig. 7. Distribution of membrane markers in subcellular 
fractions. (a) shows the localization of lysosomes 
represented by FD pinocytosed over night. (b) shows 
distribution of alkaline phsophatase which is a marker for 
plasma membrane. (c) shows distribution of preloaded 
concanavalin A which is also a marker for plasma 
membrane. Concanavalin A was loaded at 4°C (open 
circles) or at 37°C (filled circles) for 20 min. 
 
of lysosomal content in the opposite direction 
where stimuli inducing lysosomal alkalinization 
trigger extracellular release of lysosomal enzymes 
[8]. As yet, not much is known about the regulation 
of the vacuolar H+-ATPase or the possible 
existence of additional mechanisms for regulation 
of lysosomal pH in macrophages. Zymosan is a 
particulate stimulus widely used in experimental 
inflammatory models. The receptors engaged by 
zymosan in macrophages are hitherto only 
characterized indirectly. The binding of zymosan to 
macrophages is competitively inhibited by soluble 
fragments of β-glucan [9], one of the major 
constituents of the yeast cell wall [10]. Several Toll-
like-Receptors (TLR) with roles in innate immunity 
have been cloned and TLR-2 was recently 
proposed as a putative receptor for zymosan in 
macrophages [11]. Ingestion of zymosan is 
initiated by outgrowth of pseudopod extensions. 
This embrace is supported by the underneath 
formation of actin filaments forming a phagocytic 
cup, which also provides force for the completion of 
phagocytosis. We show that zymosan induced a 
gradual lysosomal alkalinization in macrophages. 

 
Fig. 8. Subcellular distribution of PKC isoforms. 
Subcellular fractions were analyzed by western blots 
using isoform specific antibodies for PKC α, β, δ and ε. 
Lanes 1 and 2 show control cells. Lanes 3 and 4 show 
cells treated with zymosan (600 µg/ml for 15 min). Lanes 
5 and 6 show cells treated with zymosan and PMA (100 
nM for 15 min). Lanes 7 and 8 show cells pretreated with 
wortmannin (100 nM for 15 min) prior to stimulation with 
600 µg/ml zymosan and 100 nM PMA for 15min. Lanes 1, 
3, 5 and 7 contain light fractions. Lanes 2, 4, 6 and 8 
contain heavy fractions. 

 
By treating cells with cytochalasin B, an inhibitor of 
actin polymerization, phagocytosis was effectively 
blocked while the number of particles bound per 
cell was largely unaffected. Cytochalasin B blocks 
phagocytosis by preventing actin polymerization 
necessary for the extension of pseudopods [12]. 
The binding of zymosan at the cell surface was 
sufficient for induction of lysosomal alkalinization. 
This points to receptor engagement and signaling 
rather then subsequent phago-lysosomal fusion as 
being responsible for effects on lysosomal pH. It 
also argues against the possibility that the process 
of phagocytosis per se or through signaling would 
trigger lysosomal alkalinization. Our aim was then 
to further characterize signaling pathways involved 
in the zymosan-induced lysosomal alkalinization. 
Cytochalasin B was found to enhance zymosan-
induced lysosomal secretion. A similar effect on 
lysosomal secretion induced by opsonized 
zymosan has been shown in monocytes [13]. One 
explanation of this phenomenon could be that 
fusion of lysosomes normally occurs with both 
plasma membrane and phagosome membrane of 
which only the former would be detected in our 
assay. 

Macrophages stimulated with zymosan 
produce DG and inositol phosphates leading to an 
elevated concentration of intracellular Ca2+ [14-16] 
and activation of PKC. Most often, multiple 
isoforms of PKC are found in a single cell-type. Not 
only do these isoforms partly differ in pattern of 
activation but also in terms of preferred substrate 
sequence [17]. This calls upon designating 
isoforms with distinct functions within the cell. The 
expression of PKC α, β, δ and ε as well as ζ has 
been demonstrated in mouse macrophages [3, 4]. 
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We used the phobol ester PMA to 
investigate the effect of activation and down-
regulation of PKC on the regulation of lysosomal 
pH. PMA strongly inhibited zymosan-induced 
lysosomal alkalinization. As isoforms were down-
regulated during prolonged incubation with PMA, 
lysosomal alkalinization was again readily inducible 
by zymosan. The decline in PMA-induced lowering 
of lysosomal pH coincided with the down-
regulatory patterns of the conventional isoforms of 
PKC. After 4 h of incubation with PMA, when more 
than 95% of the α and β isoforms were down-
regulated while approximately 20% of δ still 
remained, no effect was seen on lysosomal pH. A 
much slower down-regulation was seen for PKC ε, 
still expressed after 20 h of treatment with PMA. 
Conclusions from these experiments cannot be 
drawn without caution since substrates and the 
levels of PKC required for  full activation of such 
substrates is not known. Next, we studied 
lysosomal pH in cells depleted of Ca2+. 
Conventional isoforms of PKC are sensitive to Ca2+ 
[5] and we show in our accompanying article in this 
issue that Ca2+-depletion indeed has a distinct 
effect on zymosan-induced translocation of PKC α 
and β [18]. Measurements of lysosomal pH 
revealed that Ca2+-depletion enhanced zymosan-
induced lysosomal alkalinization and diminished 
the acute effect of PMA on pH. We found in our 
accompanying article that stimulation of 
macrophages with PMA in addition to zymosan 
induces a near complete translocation of PKC to 
membranes. Interestingly, only PMA-induced 
translocation of PKC α was affected by depletion of 
Ca2+ [18]. We also looked for isoforms of PKC in 
direct association with lysosomes purified on 
continuous Percoll gradients. Zymosan did not 
alone cause detectable PKC-translocation to 
lysosomes. Addition of PMA on the other hand 
caused significant translocation to plasma 
membrane and also translocation of PKC α and β 
to lysosomes. 

PI3K plays an important role in signal 
transduction in many different cell-types. 
Stimulation of macrophages with zymosan results 
in activation of PI3K [2]. This is an early signaling 
step controlling functions such as phagocytosis 
and production of superoxide anions and lipid 
metabolites for prostaglandin synthesis [2, 12, 19]. 
The specific inhibitor, wortmannin, was used to 
investigate the involvement of PI3K in zymosan-
induced lysosomal alkalinization. Inhibition of PI3K 
resulted in lowered zymosan-induced lysosomal 
alkalinization thus pointing out its role in signaling 
that regulates lysosomal pH. Inhibition of PI3K 
when stimulating cells with both zymosan and 
PMA, on the other hand, revealed an additional 
opposite role for PI3K. In this case inhibition of 
PI3K prevented the lowering of zymosan-induced 
lysosomal pH caused by activation of PKC. Hence, 
PI3K might also convey acidifying signals through 
the action of PKC. This opens for the possibility of 
a second pool of PI3K acting downstream of PKC, 

closer to the lysosome. This might not be the 
correct explanation since inhibition of PI3K 
prevented PKC α and β from appearing in the 
lysosomal fraction, indicating an upstream role of 
PI3K in activation of conventional isoforms of PKC. 
The ability of wortmannin to inhibit different PMA-
induced responses in various cell-types has 
recently been noted in other studies [20, 21].  

Taken together, zymosan-induced 
signaling through PI3K involves both an alkalinizing 
signal and an acidifying signal through activation of 
PKC. The pattern of down-regulation of PKC in 
comparison to the temporal aspects of the effect of 
PMA on lysosomal pH points to the isoforms α and 
β rather than δ and ε in transduction of the 
acidifying signal. These isoforms were also the 
ones found on purified lysosomes from PMA-
stimulated cells and this translocation was inhibited 
by wortmannin. Depletion of Ca2+ slightly increased 
zymosan-induced lysosomal alkalinization and 
prevented the effect of PMA, which is consistent 
with the behavior of conventional isoforms [22]. 
Ascribing either α or β to this pathway is more 
difficult. The PMA-induced membrane translocation 
of PKC α, on one hand, was inhibited by depletion 
of Ca2+, which was in agreement with inhibition of 
PMA-induced effects on lysosomal pH. The 
zymosan-induced translocation of this isoform, on 
the other hand, was both slower and less extensive 
compared to that of the β isoform. It is not certain 
that PKC plays a role in zymosan-induced 
regulation of lysosomal pH also in the absence of 
PMA. Inhibition of PKC by GF109203X, however, 
had an opposite effect on zymosan-induced 
lysosomal pH compared to PMA.  

It is not clear through which mechanisms 
these signaling pathways regulate lysosomal pH. 
The zymosan-induced alkalinization could be a 
result of a direct inhibition of the H+-ATPase 
possibly by means of dissociating its V1-complex 
from the V0-complex. PKC has earlier been shown 
to accelerate extrusion of protons from the cytosol 
by the H+-ATPase regulating cytosolic pH [23]. The 
vacuolar type H+-ATPase is electrogenic and could 
also be regulated through opening channels for 
counterions [24]. 

Finally, it should be stressed that although 
PI3K and PKC acted as modulators of zymosan-
induced lysosomal alkalinization, the data 
presented indicate the existence of additional 
signaling pathways acting in parallel as regulators 
of lysosomal pH. These pathways remain to be 
discovered.  
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Abstract: The involvement of protein kinase C 
(PKC) in regulation of zymosan-induced 
lysosomal secretion in mouse peritoneal 
macrophages was investigated using phorbol-
12-myristate-13-acetate (PMA). We show in our 
accompanying article that activation of 
conventional isoforms of PKC leads to a 
reduction in zymosan-induced lysosomal 
alkalinization [Nauclér and Sundler " 
Regulation of lysosomal pH..."]. In this study 
the absence of effects of PMA on lysosomal 
secretion revealed a compensatory modulation 
of lysosomal secretion by PKC counteracting 
the effect of a reduction in lysosomal pH. The 
enhancing effect of PMA was even more 
evident when secretion was triggered by 
bafilomycin A1-induced alkalinization of 
lysosomes. The enhancement of zymosan-
induced secretion was sensitive to depletion of 
intracellular Ca2+ and down-regulation of 
conventional isoforms of PKC but not sensitive 
to inhibition of phosphatidylinositol 3-kinase 
(PI3K) by wortmannin as was the case for PMA-
induced effects on lysosomal pH.  
 
Key words: lysosome, secretion, macrophage, 
zymosan, protein kinase C, phosphatidylinositol 3-
kinase 
 
INTRODUCTION 
 

While the mechanisms regulating 
exocytosis in excitable cells have been much 
clarified over the past years our knowledge of the 
molecular mechanisms of exocytosis in 
inflammatory cells is still limited and contradictory. 
Little is known about the regulation of macrophage 
lysosomal secretion which in addition seems to 
differ in some crucial aspects from exocytosis in 
granulocytes. Macrophages secrete lysosomal 
enzymes in response to a broad variety of 
inflammatory stimuli [1]. Besides the immunoligical 
significance of lysosomal enzyme release from 
macrophages, a potentially detrimental effect 
through tissue remodeling and degradation can be 
anticipated in inflammatory diseases [2]. Lately, 
lysosomal secretion has again come into focus as 
a Ca2+-triggered plasma membrane repair-
mechanism common to a broader spectrum of cell-
types [3]. Macrophages secrete lysosomal 
enzymes in response to phagocytic stimuli such as 
zymosan. In macrophages, as opposed to 
exocytotic responses in other inflammatory cells, 

lysosomal secretion is not triggered by elevation of 
intracellular Ca2+ and zymosan-induced secretion 
proceeds in macrophages depleted of Ca2+ [4]. 
Instead, elevation of lysosomal pH has been 
identified as a triggering signal for induction of 
exocytosis in macrophages [5]. Agents causing 
lysosomal alkalinization through accumulation 
(primary amines), perturbation of ion equilibria (e.g. 
monencin and nigericin) and inhibition of the 
vacuolar proton pump (bafilomycin A1) all trigger 
lysosomal secretion in macrophages [5-7]. 
Zymosan also causes lysosomal alkalinization and 
release of lysosomal content. This stimulation, 
however, acts synergistically with other agents 
causing lysosomal alkalinization which implies 
additional zymosan-induced signaling pathways 
modulating lysosomal secretion [6, 7]. Upon 
zymosan stimulation of macrophages 
phosphoinositide turnover leading to intracellular 
elevation of Ca2+, production of diacyl glycerol (DG) 
and activation of PKC occurs. Macrophages 
express at least 5 isoforms of PKC [8, 9] of which α 
and β are conventional isoforms sensitive to Ca2+ 
and DG, δ and ε are novel isoforms activated by 
DG and ζ is an atypical isoform not sensitive to 
Ca2+ or DG [10]. Although differences with regard 
to substrate preferences have been shown [11] 
unique functions among the isoforms are also likely 
to be a consequence of differential activation and 
localization within the cell. The aim of our study 
was to elucidate the role of PKC isoforms in 
regulation of zymosan-induced lysosomal 
secretion. 
 
MATERIALS AND METHODS 
 
Materials 

4-Methylumbelliferyl N-acetyl-β-D-
glucosaminide (umb-NAG), wortmannin and 
zymosan were purchased from Sigma (St Louis, 
MO). PMA was from ICN (Costa Mesa, CA) and 
bafilomycin A1 from Biomol (Plymouth Meeting, 
PA). GF 109203X was purchased from 
Calbiochem (La Jolla, CA). Rabbit polyclonal 
antibodies against PKC α and δ were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). 
The monoclonal antibodies against PKC β and ε 
were from Transduction Labs (Lexington, KY).  
 
Solutions 

Na medium contained the following (in 
mM): NaCl, 127; KH2PO4, 1.2; KCl, 5.4; MgSO4, 
0.8; CaCl2, 1.8; glucose, 5.6; 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid (HEPES), 10; and 
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pH was adjusted with NaOH to 7.2. Ca-free 
medium was identical with Na medium except the 
addition of 0.1 mM EGTA and absence of CaCl2. 
Ca-medium was made by adding 0.2 mM CaCl2 to 
Ca-free medium.  
 
Cell harvest and culture was performed as 
described earlier [12]. 
 
Measurements of lysosomal secretion 

Cells were cultured in 12-welled culture 
dishes under conditions described above. After 
two washes with PBS cells were added 0.5 ml of 
experimental medium with or without 
pharmacological inhibitors dissolved in DMSO and 
incubated for 15 min. Zymosan 600 µg/ml or 
bafilomycin A1 1 µM was then added with or 
without addition of 100 nM PMA. The 
concentration of DMSO never exceeded 0.3%. 
After 60 min at 37°C stimulation was terminated on 
ice. When measuring time-course of zymosan-
induced lysosomal secretion all cells were 
incubated in parallel for 60 min and stimuli added 
at appropriate time-points. Media were removed 
and isolated from non-adherent cells by 2 min 
centrifugations. Media were then added Triton X-
100 to a concentration of 0.1%. Adherent cells 
were scraped using a rubber policeman in 
experimental medium containing 0.1% Triton. 
Lysosomal secretion was measured as release of 
N-acetyl-β-D-glucosaminidase compared to total 
content of the enzyme. The assay reaction was 
performed in 96-welled plastic dishes at room 
temperature. 140 µl sample was mixed with 210 µl 
substrate buffer containing 1.2 mM umb-NAG and 
0.5 M citrate pH 4.5. Measurements were made 
every 3 min for 30 min in a Perkin-Elmer micro-
plate reader with excitation and emission 
wavelengths set to 341 and 447 nm, respectively. 
The increase in fluorescence was linear with time 
and taken as a measure of the enzyme activity. 
 
Electrophoresis, western blot analysis and 
semi-quantitative protein density 
measurements 

Macrophages were cultured in 6-well 
plates with 1.5 million cells per well for 20 h. Cells 
were washed twice in PBS. Experiments were 
performed at 37ºC and terminated on ice. Cells 
were again washed twice in PBS and then 2 wells 
were scraped in series in 400 µl buffer containing 
80 mM KCl, 1 mM EDTA, 10 mM HEPES pH 7.4, 
25 mM β-glycerophosphate, 10 mM NaF, 0.1 mM 
Na-orthovanadate, 2.5 mM DTE, 1 mM PMSF, 1 
µg/ml pepstatin and 5 µg/ml leupeptin. After cell 
disruption using sonication with 20 pulses samples 
were centrifuged at 100000g for 60 min. 
Supernatants were added a 5 times concentrated 
laemmli's sample buffer while pellets were 
dissolved in laemmli's sample buffer to equal 
volumes. Samples were then boiled for 10 min, 
and subjected to sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis according to 
the method of Laemmli [13], using 1.5-mm slab 
gels. Protein separation, transfer to membranes, 
detection PKC isoforms using specific antibodies 
and measurements of protein densities was 
performed as described previously [12]. 
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Fig. 1. Zymosan-induced lysosomal secretion in mouse 
macrophages. The plot shows lysosomal secretion 
presented as percentage of total cellular lysosomal 
content in non-stimulated macrophages and 
macrophages stimulated with 600 µg/ml zymosan for 5 to 
60 minutes in Na-medium at 37°C. Data are presented as 
mean±S.E.M. (n=3). 
 
RESULTS 
 
Translocation of PKC and induction of 
lysosomal secretion 

When primary cultures of mouse 
macrophages were stimulated with zymosan, an 
increase in lysosomal secretion was detectable at 
5 min and increased linearly up to 17.1±2.5% 
(SEM, n=3) at 60 min (figure 1). To investigate the 
role of PKC in onset and maintenance of zymosan-
induced lysosomal secretion we analyzed the 
distribution of PKC isoforms between cytosol and 
membranes at different times of zymosan 
stimulation. Assessment of membrane 
translocation is widely used as an indicator of 
activation of PKC. A low membrane association of 
the isoforms α, β and δ was seen in non-stimulated 
cells (figure 2). PKC ε, on the other hand, was 
partly localized to membranes also in resting cells. 
The isoforms β, δ and ε behaved in a similar 
manner upon zymosan stimulation. Onset of 
translocation appeared within 5 minutes and the 
near maximal level, which was reached at 15 min 
of stimulation, was then maintained throughout the 
60 min experimental period. PKC α behaved 
slightly differently. Less translocation compared to 
other isoforms occurred over the whole 
experimental period and in particular during the 
first 30 min of zymosan stimulation. Hence, 
translocation of isoforms β, δ and ε was detected at 
onset of zymosan-induced lysosomal secretion and  
remained translocated during the period of linear 
lysosomal secretion. 
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Fig. 2. Zymosan-induced membrane translocation of 
PKC. Symbols denote membrane translocation of PKC α 
(filled circles), β (open circles), δ (filled triangles) and ε 
(open triangles) in non-stimulated macrophages and 
macrophages stimulated with 600 µg/ml zymosan for 5 to 
60 minutes in Na-medium at 37°C. Data are presented as 
mean±S.E.M. (n=4 for isoforms α and δ and n=3 for β 
and ε). 
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Fig. 3. Effects of PKC activation and down-regulation on 
lysosomal secretion. Bars show lysosomal secretion in 
non-stimulated macrophages and macrophages 
stimulated with 600 µg/ml zymosan with or without 
addition of 100 nM PMA for 60 min at 37°C in Na-
medium. In the three rightmost bars cells were pre-
treated with 100 nM PMA for 1, 4 and 20 h. Data are 
presented as mean±S.E.M. (n=30, 27, 10, 14, 19 and 13). 
 
Effects of activation and down-regulation of 
PKC on lysosomal secretion 

Interaction of zymosan beads with 
macrophages leads to alkalinization of lysosomes 
and this alkalinization is an important triggering 
signal for macrophage lysosomal secretion [4, 5]. 
In macrophages, secretion can be initiated by 
raising lysosomal pH either with lysosomotropic 
agents, ionophores or inhibitors of the lysosomal 
proton pump [5-7]. In our accompanying article we 
report that activation of PKC inhibited zymosan- 
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Fig. 4. Bafilomycin A1-induced lysosomal secretion. All 
experiments were performed in Na-medium using 1 µM 
bafilomycin A1 as stimulus for 60 min. Leftmost bars 
show cells without pretreatment (-) and cells pretreated 
for 15 min with 100 nM wortmannin (wt) or 1 µM 
GF109203X (GF). Middle bars show cells co-stimulated 
with 100 nM PMA and cells pretreated with 100 nM PMA 
for 1, 4 and 20 h prior to stimulation with PMA and 
bafilomycin A1. Rightmost bars show cells pretreated for 
15 min with 100 nM wortmannin or 1 µM GF109203X and 
then stimulated with 100 nM PMA in addition to 
bafilomycin A1. Data are shown as mean±S.E.M. (n= 13, 
5, 6, 8, 8, 8, 7, 3 and 5). 
 
induced alkalinization of lysosomes [12]. Here we 
studied the involvement of PKC activation in 
signaling steps down-stream of lysosomal 
alkalinization and how this affected the secretory 
response. Lysosomal secretion was studied in cells 
stimulated with the phorbol ester PMA. PMA is a 
potent and rapid activator of conventional and 
novel isoforms of PKC [10]. Treatment with 100 nM 
PMA in addition to zymosan for 15 min caused a 
near complete membrane translocation of all 
studied isoforms (figure 6). Prolonged stimulation 
resulted in differential down-regulation and 
disappearance first of conventional and then novel 
isoforms [12]. Simultaneous addition of PMA with 
zymosan did not alter the secretory response seen 
with zymosan alone (figure 3). After 1 to 4 h of 
treatment with PMA an increase in zymosan-
induced lysosomal secretion was observed. This 
increase was then reversed after 20 h of PMA-
mediated down-regulation of PKC. These complex 
effects of PMA on lysosomal secretion could be 
due to activation of PKC as well as termination of 
PKC-mediated signaling due to down-regulation 
and indicate the existence of multiple targets in 
PKC-mediated modulation of lysosomal secretion. 
As lysosomal alkalinization is an important 
triggering event in macrophage secretion, further 
expermients were performed to investigate the role 
of lysosomal pH as a target in PMA-induced 
modulation of lysosomal secretion and thereby to 
clarify possible down-stream targets of PMA on 
late steps in the secretory process. 
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Fig. 5. Effects on zymosan-induced lysosomal secretion 
by inhibition of PI3K and PKC. Bars show lysosomal 
secretion in macrophages. Experimental setup was the 
same as in figure 3 except that the cells were pretreated 
prior to stimulation with either 100 nM wortmannin (a) or 1 
µM GF109203X (b) for 15 min in experimental media at 
37°C. Data are shown as mean±S.E.M. (n= 3, 12, 5, 7, 8, 
6 in a and n= 3, 7, 4, 3, 3, 3 in b). 
 
Effects of PKC-activation on late steps in the 
secretory pathway 

In macrophages, Bafilomycin A1 is a non-
particulate trigger of lysosomal secretion acting 
through binding and inhibiting the lysosomal proton 
pump which results in alkalinization [7]. Lysosomal 
secretion is thus triggered under circumstances 
where signaling events leading to lysosomal 
alkalinization are bypassed. In our hands treatment 
with 1 µM bafilomycin A1 for 60 min stimulated 
secretion of 11.5±1.1% (SEM, n=13) of total 
lysosomal enzyme content. Non-stimulated cells 
secreted 4.57±0.24% (SEM, n=31) of their total 
lysosomal enzyme content. Bafilomycin A1-induced 
secretion was greatly enhanced by PMA-induced 
activation of PKC (figure 4). As PKC isoforms were  
disappeared. No enhancement of secretion down- 
regulated, this enhancement of secretion remained 
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Fig. 6. Effects of wortmannin and Ca2+-depletion on 
translocation of PKC. The figure shows membrane 
translocation of PKC α (a), β (b), δ (c) and ε (d) in 
macrophages. The two leftmost bars show translocation 
in non-stimulated cells (A) and in cells stimulated with 
600 µg/ml zymosan for 15 min (B). Bar C shows cells 
treated with 1 µM A23187 in Ca-medium for 15 min. Bars 
D, E and H show cells depleted of Ca2+ by 15 min 
pretreatment in Ca-free medium with addition of 1 µM 
A23187. Cells in E were stimulated with 600 µg/ml 
zymosan for 15 min while cells in F, G and H were 
stimulated with both 600 µg/ml zymosan and 100 nM 
PMA for 15 min. Cells in F were stimulated with both 600 
µg/ml zymosan and 100 nM PMA for 15 min in Na-
medium. Cells in G were pretreated for 15 min with 100 
nM wortmannin prior to stimulation. Data are presented 
as mean±S.E.M. and experiments were performed at 
least 3 times. 
 
after 4 h of treatment with 100 nM PMA. The effect 
of PMA on the secretory machinery downstream of 
lysosomal alkalinization was inhibited by 15 min 
pretreatment with 1 µM GF109203X but not with 
100 nM wortmannin. Neither wortmannin nor 
GF109203X significantly inhibited lysosomal 
secretion induced by bafilomycin A1 alone. 
 
The role of lysosomal pH in PKC-mediated 
modulation of lysosomal secretion 

As seen in bafilomycin A1-treated cells, a 
great enhancement of zymosan-induced lysosomal 
secretion by PMA could be expected. Instead, 
zymosan-induced lysosomal secretion was initially 
not affected by PMA-induced PKC activation. This 
was probably due to the inhibiting effect of PMA on 
lysosomal alkalinization identified in our 
accompanying article [12]. A reduction of 
lysosomal pH could counteract and mask effects of 
PKC-activation on late steps in the secretory 
machinery. This conclusion was indeed supported 
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by the finding that pre-treatment with wortmannin 
which reversed PMA-induced effects on lysosomal 
alkalinization also unmasked the enhancement of 
zymosan-induced lysosomal secretion caused by 
PMA (figure 5 a). When the effects of PMA-
treatment on lysosomal pH was prevented by 
wortmannin, the PMA-induced enhancement of 
zymosan-induced lysosomal secretion was down-
regulated by PMA in a pattern very much 
resembling that seen with bafilomycin A1 as 
stimulus (figure 5 a cf 4). Prevention of PKC-
activation by a 15 min pretreatment with 1 µM 
GF109203 was in the accompanying article found 
to enhance zymosan-induced lysosomal 
alkalinization. These conditions also enhanced 
lysosomal secretion further stressing the 
importance of lysosomal pH in macrophage 
lysosomal secretion (figure 5 b). 
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Fig. 7. Effects of cytosolic Ca2+ on lysosomal secretion. 
Filled bars denote cells stimulated in Na-medium and 
open bars denote cells pretreated for 15 min and 
stimulated in Ca-free medium containing 1 µM A23187. 
100 nM wortmannin was present for 15 min prior to 
stimulation in the middle bars and the rightmost bars. 
Cells were stimulated with 600 µg/ml zymosan with or 
without 100 nM PMA for 60 min. Data are presented as 
mean±S.E.M. for cells stimulated in Na-medium (n= 31, 
28, 12, 12 and 5) and cells stimulated in Ca-free medium 
(n= 4, 11, 4, 5 and 4).  
 
The role of Ca2+ in PKC-mediated modulation of 
lysosomal secretion 

Since the effects of PMA were transient 
resembling the down-regulatory pattern of 
conventional isoforms of PKC we studied 
lysosomal pH and secretion under conditions 
where cells were depleted of Ca2+. Novel isoforms 
are activated by cellular production of DG while 
conventional isoforms are also sensitive to 
cytosolic Ca2+. Initially we analyzed the effect of 
Ca2+ depletion on the activation of PKC in mouse 
macrophages. Activation of PKC was assessed by 
measuring its translocation to the membrane 

fraction. Ca2+ was depleted using a Ca2+-free Na-
medium supplemented with 0.1 mM EGTA. 
Addition of 1 µM of the ionophore A23187 allowed 
free passage of Ca2+ out of the cells. This condition 
clearly reduced the membrane association of the 
conventional isoforms α and β with or without 
stimulation with zymosan (figure 6). A lesser effect 
was found on the novel isoforms δ and ε. PMA 
induced a near total translocation of all isoforms 
studied. Surprisingly, PMA-induced translocation of 
PKC α alone was partly sensitive to cellular 
depletion of Ca2+. To certify that our Ca2+-depletion 
procedure did not cause an initial intracellular Ca2+ 
peak that would affect localization of PKC we 
artificially elevated intracellular calcium by adding 1 
µM A23187 for 15 min to cells kept in a Ca2+-
containing medium. In contrast to Ca2+ depletion 
this condition caused a low translocation of 
conventional isoforms of PKC (figure 6).  

As shown in our accompanying article 
depletion of Ca2+ resulted in an enhancement of 
zymosan-induced lysosomal alkalinization [12]. 
Here we show a resulting increase in lysosomal 
secretion under these conditions (figure 7). The 
increase in secretion was small compared to the 
effect on lysosomal pH suggesting additional Ca2+-
sensitive modulators acting downstream of the 
triggered lysosomal alkalinization. This was even 
more evident in cells co-stimulated with PMA 
where Ca2+-depletion abolished PMA-induced 
diminution of lysosomal alkalinization. This effect of 
Ca2+-depletion was not followed by an 
enhancement of lysosomal secretion. Evidently, 
depletion of Ca2+ could prevent PMA-induced 
effects both on lysosomal pH and on downstream 
enhancement of lysosomal secretion. In figure 8, a 
scheme is presented summarizing the findings in 
the present and the accompanying article.  
 
DISCUSSION 
 

The macrophage lysosomal secretory 
response is in several regards unique in 
comparison to regulated secretion in other cell-
types. This is interestingly true also for cells of 
common hematopoietic lineage. For instance is 
degranulation in neutrophils [14], release of 
histamine from basophils and mast cells [15] and 
platelet granule exocytosis [16] sensitive to 
modulation of Ca2+. Degranulation in these cells is 
furthermore triggered in response to an elevation of 
cytosolic Ca2+. Elevation of calcium by entry into 
cells upon injury has recently gained focus as a 
triggering signal of lysosomal secretion with the 
purpose of self-healing the plasma membrane [3]. 
Lysosomal secretion may thus be common to a 
broader spectrum of cell-types including epithelial 
cells and fibroblasts. In macrophages, on the other 
hand, several reports point out lysosomal secretion 
as a process not dependent on intracellular Ca2+ 
and elevation of intracellular Ca2+ through 
treatment with Ca2+ ionophores does not evoke 



 6 

lysosomal secretion [4]. Ca2+ triggers degranulation 
in excitatory cells through opening of plasma 
membrane-localized voltage-gated Ca2+ channels 
and it is possible that the usage of Ca2+ as a trigger 
of degranulation in inflammatory cells is restricted 
to cells expressing the corresponding store-opened 
Ca2+ channel found in HL60 cells [17]. The lack of 
dependency on Ca2+ in macrophages is surprising 
since several proteins involved in vesicle 
recognition and fusion are regulated by or 
dependent on Ca2+ [18]. While lacking the 
machinery for Ca2+-induced degranulation, 
alkalinization of lysosomal pH seems to be an 
important triggering step in signaling to lysosomal 
secretion in macrophages. Correlation between 
lysosomal alkalinization and secretion has been 
shown using methylamine and chloroquine [6], 
monencin and nigericin [4] and bafilomycin A1 [7]. 
Macrophages respond also to particulate stimuli 
with a rise in lysosomal pH. This response is 
dependent on receptor-mediated signaling and not 
a result of phagolysosomal fusion since 
phagocytosis of latex beads fails to evoke 
lysosomal alkalinization [4]. We show in the 
accompanying article that treatment of 
macrophages with concentrations of cytochalasin B 
that cause a total prevention of zymosan 
phagocytosis does not reduce lysosomal 
alkalinization which further supports an 
involvement of signaling in zymosan-induced 
lysosomal alkalinization [12]. In addition to a 
triggering function of lysosomal alkalinization a 
correlation between the magnitude of zymosan-
induced alkalinization and the secretory response 
can be noted when comparing results in the 
present and the accompanying study. For instance, 
pretreatment with wortmannin slightly lowered 

zymosan-induced lysosomal alkalinization and the 
resulting secretion while Ca2+ depletion and 
GF109203X increased zymosan-induced 
lysosomal alkalinization and secretion. However, it 
should be noted that treatment with bafilomycin A1 
alone, which is believed to act solely through 
inhibition of the H+-ATPase causing a lysosomal 
alkalinization larger than that seen after zymosan-
treatment [19], resulted in a comparably low 
secretion. This might be explained by the fact that 
bafilomycin A1 lowers macrophage cytosolic pH 
[12] which is known to negatively modulate 
lysosomal secretion [5]. A more likely explanation 
is that signaling pathways activated by zymosan 
treatment also enhance secretion at steps 
downstream of the elevation of lysosomal pH. 
Bafilomycin A1 became a very potent secretagogue 
in synergism with PMA-induced activation of PKC. 
It is well known that zymosan-treatment of 
macrophages results in a phosphoinositide 
response, intracellular elevation of Ca2+ and 
production of DG [20-22] which are activators of 
PKC. 

We could here confirm the expression in 
macrophages of the conventional PKC isoforms α 
and β and the novel isoforms δ and ε as described 
earlier [8, 9]. PKC ζ is sensitive to neither cellular 
DG nor treatment with PMA and was not 
investigated in this study. Zymosan-induced 
lysosomal secretion was found to be linear with 
time and measurable within 5 min. A parallel 
analysis of the PKC isoforms also revealed 
increased membrane translocation within this time 
indicative of activation. Whether this activation 
preceded the initiation of secretion could not be 
determined. It can be noted that a partial 
translocation of isoforms δ and ε was found in 
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Fig. 8.Fig. 8.Fig. 8.Fig. 8. Schematic view of plausible signaling pathways involved in PKC-mediated modulation of lysosomal secretion
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resting macrophages as described in other cell-
types [23]. Membrane translocation of PKC is 
widely used as a measure of its activation [24].  

The litterature on PKC-involvement in 
degranulation is comprehensive including studies 
performed on cells of neuronal, digestive tract, 
endocrine and haematopoietic origin. A potential 
role of PKC in degranulative responses in 
inflammatory cells has been shown using phorbol 
ester-induced activation and down-regulation, 
depletion through leakage of PKC in permeabilized 
cells and through the use of pharmacological 
inhibitors. Treatment of cells with PMA alone can 
cause histamine release from basophils [25], 
specific granule exocytosis in neutrophils [26] but 
neither azurophilic granule exocytosis in 
neutrophils [26] nor lysosomal secretion in 
macrophages [4]. In RBL-2H3 mast and basophilic 
cells, involvement of PKC in degranulation has 
been reported with an apparent promoting role of 
PKC β [27, 28]. Others have shown that 
degranulation can occur independently of PKC in 
neutrophils [14, 26]. 

In this study we show that PMA treatment 
exerts a complex effect on zymosan-induced 
lysosomal secretion in mouse macrophages. 
Secretion was at first unaffected, elevated at 1 to 4 
h of PMA-pretreatment and then diminished after 
20 h of PMA-pretreatment. A possible explanation 
for these effects could be found in the differential 
down-regulation of specific isoforms of PKC. The 
existence of two isoforms with promoting and 
inhibiting functions, respectively, in secretion would 
at first leave the secretion unaffected by PMA-
treatment. A differential down-regulation with 
disappearance first of the inhibiting and then the 
promoting isoform could result in a pattern of the 
type found in zymosan-induced lysosomal 
secretion. This explanation is not plausible since 
Bafilomycin A1-induced lysosomal secretion was 
greatly increased by co-stimulation with PMA. This 
elevation was reduced after 1 h of PMA-
pretreatment and totally abolished after longer pre-
treatments. The explanation for the differential 
effect of activation and down-regulation of PKC 
found on secretion triggered by these two stimuli, 
both acting through elevation of lysosomal pH, is 
instead found in PMA-induced modulations of 
zymosan-triggered lysosomal alkalinization. As 
shown in the accompanying article, PMA treatment 
initially reduces zymosan-induced lysosomal 
alkalinization. This could initially balance the 
stimulating effect of PMA seen on bafilomycin A1-
induced secretion causing the more complex 
pattern seen in zymosan-induced secretion. Effects 
of PMA on bafilomycin A1-induced lysosomal 
alkalinization were not investigated but are not 
likely since signaling steps are bypassed by this 
agent which acts directly on the acidifying vacuolar 
H+-ATPase. The normalization seen in bafilomycin 
A1-induced secretion after longer times of PMA-
treatment coincided with the down-regulation of 
conventional PKC isoforms identified in the 

accompanying article. Secretion was normalized 
after 4 h of PMA treatment. Again, a discrepancy 
could be noted in comparison to zymosan-induced 
secretion. This discrepancy could again be 
explained by the fact that lysosomal pH was 
slightly increased after 4 h of PMA-treatment. The 
assumption that the complex pattern of zymosan-
induced secretion seen during down-regulation of 
PKC is due to dual effects on lysosomal pH and on 
downstream targets in the secretory process is 
supported by the fact that wortmannin which 
inhibits effects of PMA on lysosomal pH causes a 
secretory pattern identical to that seen with 
bafilomycin A1. 

The downstream effect of PMA on 
zymosan-induced secretion was partly dependent 
on intracellular Ca2+ since depletion of Ca2+ 
abrogated the effect of PMA on lysosomal pH 
which should unmask an enhancing effect of PMA 
on secretion. This was not the case, however, thus 
indicating the necessity for Ca2+ in PMA-induced 
activation of PKC. Synergism between Ca2+ and 
phorbol esters has been described in translocation 
and activation of conventional isoforms of PKC 
[29]. Interestingly, we found that only PMA-induced 
translocation of the conventional isoform α was 
partly sensitive to cellular depletion of Ca2+. A role 
for PI3K in PMA-induced regulation of lysosomal 
pH and translocation of PKC to lysosomes was 
identified [12]. In the present study we show that 
inhibition of PI3K by wortmannin did not prevent 
translocation of PKC isoforms to a total membrane 
fraction nor was PMA-induced enhancement of 
bafilomycin A1-triggered secretion blocked by 
wortmannin. 

PKC substrates responsible for PMA-
induced enhancement of lysosomal secretion 
remain to be identified. It has for instance been 
shown that enhanced degranulation by activation 
of PKC in excitable cells is due to an increased 
number of vesicles in the readily releasable pool 
[30, 31]. The readily releasable pool is thought to 
represent a primed state often involving a minority 
of the total number of cellular vesicles. These 
vesicles are docked at the plasma membrane 
awaiting a triggering signal. Several signaling 
molecules, cytoskeletal and motor proteins as well 
as members of the fusion complex are involved in 
inflammatory cell degranulation and are regulated 
by PKC and thus potential targets in PMA-induced 
enhancement of lysosomal secretion in 
macrophages. A role for phospholipase D (PLD) in 
HL60 cell degranulation has been demonstrated 
[32]. PKC is a known regulator of PLD together 
with ARF and Rho proteins [33]. Lysosomes 
associate with the motor proteins dynein and 
kinesin of which the latter has been shown to 
mediate radial movement along microtubules in 
macrophages [34, 35]. Organelle-association with 
kinesin can be regulated by phosphorylation [36, 
37]. Syntaxin 4 is a member of the SNARE fusion 
proteins and is involved in lysosomal exocytosis in 
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platelets and its protein interactions can be 
regulated in a PKC-dependent manner [38].     

Lately, an increasing number of reports 
have been presented ascribing cellular functions to 
specific isoforms of PKC. In HL60 cells, for 
example, a role for PKC β was proposed in the 
regulation of the respiratory burst [39]. With 
increased insight into the functional specialization 
among PKC isoforms and into their tissue-specific 
expression a new field for therapeutic intervention 
may well open up.  
 
Acknowledgements 

We thank Pia Lundquist for excellent 
technical. This work was supported by a grant from 
the Swedish Medical Research Council (Project 
5410), The Albert Påhlsson Foundation, King 
Gustav V´s 80-year foundation, The Greta and 
Johan Kock Foundation, The Royal Physiographic 
Society, The Crafoord Foundation and the Albert 
Österlund Foundation. 
 
REFERENCES 
[1] P. Davies, R.J. Bonney, (1980) in The Cell 

Biology of Inflammation, vol. 2 (G. 
Weissmann, ed.), pp. 497-542, Elsevier, 
Amsterdam. 

[2] J.I. Gallin, I.M. Goldstein, R. Snyderman, 
(1992) Inflammation. Basic principles and 
clinical correlates, Raven Press, N.Y. 

[3] N.W. Andrews, Trends Cell Biol. 10 
(2000) 316-321. 

[4] H. Tapper, R. Sundler, J. Leukoc. Biol. 58 
(1995) 485-494. 

[5] H. Tapper, R. Sundler, Biochem. J. 272 
(1990) 407-414. 

[6] D.W. Riches, D.R. Stanworth, Biochem. J. 
202 (1982) 639-45. 

[7] H. Tapper, R. Sundler, J. Cell Physiol. 163 
(1995) 137-144. 

[8] A. Huwiler, J. Pfeilschifter, Eur. J. 
Biochem. 217 (1993) 69-75. 

[9] M.M. Monick, A.B. Carter, G. 
Gudmundsson, L.J. Geist, G.W. 
Hunninghake, Am. J. Physiol. 275 (1998) 
L389-L397. 

[10] A.C. Newton, Curr. Opin. Cell Biol. 9 
(1997) 161-167. 

[11] K. Nishikawa, A. Toker, F.-J. Johannes, Z. 
Songyang, L.C. Cantley, J. Biol. Chem. 
272 (1997) 952-960. 

[12] C. Nauclér, R. Sundler, Regulation of 
lysosomal pH in macrophages via 
phosphatidylinositol 3-kinase and protein 
kinase C. 

[13] U.K. Laemmli, Nature 227 (1970) 680-
685. 

[14] H.W.M. Niessen, A.J. Verhoeven, 
Biochim. Biophys. Acta 1223 (1994) 267-
273. 

[15] T.M. Cunniffe, F.L. Pearce, Agents 
Actions 23 (1988) 170-172. 

[16] P.J. Padfield, N. Panesar, P. 
Henderson, J.J. Baldassare, Biochem. J. 
314 (1996) 123-8. 

[17] O. Nusse, L. Serrander, R. Foyouzi-
Youssefi, A. Monod, D.P. Lew, K.H. 
Krause, J. Biol. Chem. 272 (1997) 28360-
7. 

[18] T.C. Sudhof, Nature 375 (1995) 645-653. 
[19] K. Gewert, H. Tapper, C. Nauclér, R. 

Sundler, J. Inflamm. 47 (1995) 115-125. 
[20] M.J. Berridge, Nature 361 (1993) 315-25. 
[21] A. Emilsson, R. Sundler, J. Biol. Chem. 

259 (1984) 3111-6. 
[22] P. Dieter, E. Fitzke, Eur. J. Biochem. 218 

(1993) 753-758. 
[23] K. Miura, D.W.J. MacGlashan, Blood 92 

(1998) 1206-1218. 
[24] H. Hug, T.F. Sarre, Biochem. J. 291 

(1993) 329-43. 
[25] H. Bergstrand, B. Lundquist, P. 

Michelsen, Eur. J. Haematol. 41 (1988) 
467-77. 

[26] J.E. Merritt, J.A. Sullivan, J. Tse, S. 
Wilkinson, J.S. Nixon, Cell. Signal. 9 
(1997) 53-7. 

[27] K. Ozawa, Z. Szallasi, M.G. 
Kazanietz, P.M. Blumberg, H. 
Mischak, J.F. Mushinski, M.A. Beaven, J. 
Biol. Chem. 268 (1993) 1749-56. 

[28] E.Y. Chang, Z. Szallasi, P. Acs, V. 
Raizada, P.C. Wolfe, C. Fewtrell, P.M. 
Blumberg, J. Rivera, J. Immunol. 159 
(1997) 2624-32. 

[29] M. Wolf, H.d. LeVine, W.S.J. May, P. 
Cuatrecasas, N. Sahyoun, Nature 317 
(1985) 546-549. 

[30] C.F. Stevens, J.M. Sullivan, Neuron 21 
(1998) 885-93. 

[31] K.D. Gillis, R. Mössner, E. Neher, Neuron 
16 (1996) 1209-20. 

[32] J. Stutchfield, S. Cockcroft, Biochem. J. 
293 (1993) 649-55. 

[33] S.M. Hammond, J.M. Jenco, S. 
Nakashima, K. Cadwaller, Q.-M. Gu, S. 
Cook, Y. Nozawa, G.D. Prestwich, M.A. 
Frohman, A.J. Morris, J. Biol. Chem. 272 
(1997) 3860-3868. 

[34] P.J. Hollenbeck, J.A. Swanson, Nature 
346 (1990) 864-6. 

[35] S.X. Lin, C.A. Collins, J. Cell Sci. 101 
(1992) 125-137.  

[36] K.D. Lee, P.J. Hollenbeck, J. Biol. Chem. 
270 (1995) 5600-5605.  

[37] R. Sato-Yoshitake, H. Yorifuji, M. 
Inagaki, N. Hirokawa, J. Biol. Chem. 267 
(1992) 23930-6. 

[38] G.L. Reed, A.K. Houng, M.L. Fitzgerald, 
Blood 93 (1999) 2617-26. 

[39] H.M. Korchak, M.W. Rossi, L.E. Kilpatrick, 
J. Biol. Chem. 273 (1998) 27292-9. 


