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lntracellular Signaling by 
Hydrolysis of ~hospholipids and 
Activation of Protein Kinase C 

Yasutomi Nishizuka 
Hydrolysis of inositol phospholipids by phospholipase C is initiated by either receptor 
stimulation or opening of Ca2+ channels. This was once thought to be the sole mechanism 
to produce the diacylglycerol that links extracellular signals to intracellular events through 
activation of protein kinase C. It is becoming clear that agonist-induced hydrolysis of other 
membrane phospholipids, particularly choline phospholipids, by phospholipase D and 
phospholipase A, may also take part in cell signaling. The products of hydrolysis of these 
phospholipids may enhance and prolong the activation of protein kinase C. Such prolonged 
activation of protein kinase C is essential for long-term cellular responses such as cell 
proliferation and differentiation. 

Protein kinase C (PKC) takes part in 
cellular responses to various agonists in- 
cluding hormones, neurotransmitters, and 
some growth factors. The enzyme is acti- 
vated by increased amounts of diacylglyc- 
erol in membranes that result from ago- 
nist-induced hydrolysis of inositol phos- 

The author 1s a professor of biochem~stry and the 
chairman of the Department of Blochemistry, Kobe 
University School of Medicine, Kobe, Japan 650, and 
the d~rector of the B~os~gnal Research Center, Kobe 
Univers~ty Kobe, Japan 657. 

pholipids ( I ) .  However, hydrolysis of 
other phospholipids, particularly phos- 
phatidylcholine, produces diacylglycerol 
at a relatively later phase in cellular re- 
sponses, and a possible function of phos- 
pholipase D in cell signaling has been 
suggested (2).  In fact, sustained activation 
of PKC is essential for subsequent respons- 
es such as cell proliferation and differen- 
tiation (3, 4). It is also plausible that 
phospholipase A2 is activated by most of 
the agonists that induce inositol phospho- 
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lipid hydrolysis (5-7). Although arachi- 
donic acid regulates many physiological 
processes through its conversion to various 
eicosanoids, several cis unsaturated fatty 
acids and lysophosphatidylcholine, which 
are the primary products of phosphatidyl- 
choline hydrolysis catalyzed by phospholi- 
pase A,, potentiate PKC activation and 
thereby contribute to signal transduction 
through the PKC pathway (8-1 1). The 
biochemical mechanism of interaction be- 
tween various phospholipases remains 
largely to be explored, but in this article 
evidence is  resented that an aeonist- " 
induced cascade of degradation of various 
membrane phospholipids is important for 
transmitting information from extracellu- 
lar signals across the membrane. Most 
results appear to indicate that PKC partic- 
ipates in this process. The heterogeneity 
of the PKC family and its possible impli- 
cations in cellular regulation are also sum- 
marized. 

Agonist " P 

............ .......... , ............ ............................................... ; 

I Cellular Responses 1 

Sustained PKC activation 

......... ................ 
'-iFAs&LYSoPC ....... 

' from PC 
C - - - - - _ _ _ _ _  ..... 

A 
Agonist Time 

Fig. 1. Schematic representation of agonist- 
induced membrane phospholipid degradation 
for sustained PKC activation (A). Time course 
of generation of various signalling molecules 
(B). PIP,, phosphat~dylinositol 4,5-bisphos- 
phate; PC, phosphatidylcholine, IP,, inos~tol 
1,4,5-tr~sphosphate; DG, diacylglycerol; FFAs, 
free cis unsaturated fatty aclds, LysoPC, 
lysophosphatidylcholine. 

Diacylglycerol and Sustained the cellular responses caused by phorbol 
Activation of PKC esters differ somewhat from those caused by 

Upon cell stimulation, diacylglycerol is de- 
tected in various intracellular compart- 
ments at different times during the cellular 
response. In response to agonists, diacyl- 
glycerol is initially produced as a result of 
hydrolysis of inositol phospholipids, partic- 
ularly phosphatidylinositol 4,s-bisphos- 
phate (1, 12). This diacylglycerol produc- 
tion is normally transient and temporally 
corresponds to the formation of inositol 
1,4,5-trisphosphate (IP,). It is frequently 
followed by a more sustained increase in the 
amount of diacylglycerol (Fig. 1) (1 3). Ex- 
tensive analysis of fatty acid compositions 
has indicated that this second uhase of 
diacylglycerol formation probably results 
from hvdrolvsis of ~hosuhatidvlcholine in , , . . 
various stimulated cells including neutro- 
phils, hepatocytes, fibroblasts, and mast 
cells (1 4-1 6). Phosphatidylethanolamine 
appears to be a minor source of this diacyl- 
elvcerol. The sustained increase in the u ,  

amount of diacylglycerol occurs in response 
to some mitogens and growth factors (1 7), 
phorbol esters (15), and oncogenic Ras 
(18), all of which induce activation of 
PKC. Activation of PKC itself may be 
responsible for causing the sustained eleva- 
tion of diacylglycerol. 

Isotope-labeling studies indicate that di- 
acylglycerol is metabolized very rapidly 
both when it is produced endogenously (1 9) 
or when it is added exogenously to intact 
cells (3, 20). In platelets, diacylglycerol is 
largely converted to phosphatidic acid by 
the action of diacylglycerol kinase and then 
to inositol phospholipids (20), whereas in T 
lymphocytes, diacylglycerol exogenously 
added is hydrolyzed quickly by diacylglyc- 
erol lipase and presumably by nonspecific 
esterases (3). Tumor-promoting phorbol es- 
ters, which mimic diacylglycerol and acti- 
vate PKC, are metabolically stable. Thus, 

membrane-permeant diacylglycerols (2 1 ) . 
Ex~eriments with multiule additions of a 
membrane-permeant diacylglycerol have 
confirmed that sustained activation of PKC 
is a prerequisite for long-term cellular re- 
sponses such as activation of T lymphocytes 
(3) and differentiation of HL-60 cells into > ,  

macrophages (4). In contrast, only a single 
dose of phorbol ester is required to produce 
similar cellular responses (22). 

Role of Phospholipase D in 
Activation of PKC 

Several mechanisms have been postulated 
for the agonist-induced formation of diacyl- 
glycerol from phosphatidylcholine (Fig. 2). 
Cell-free preparations from various mam- 
malian tissues contain enzymatic activities 
that hydrolyze phosphatidylcholine, and a 
phospholipase C that utilizes this phospho- 
lipid as a substrate has been proposed to 
occur in dog heart cytosol. (23), bull semi- 
nal plasma (24), and promonocytic cells 
(25). This type of phospholipase C may 
require tyrosine phosphorylation for its ac- 
tivation (26). However, phospholipase C 
reactive with phosphatidylcholine has not 
been ~urified extensivelv. The occurrence 
of thi; enzyme in tissues is expected because 
an enzvmatic activitv exists that ~roduces 
choline phosphate from phospha;idylcho- 
line (2 7) . 

On the other hand, several lines of 
evidence suggest that phosphatidylcholine 
is hydrolyzed by phospholipase D in ago- 
nist-dependent manner, resulting in the 
formation of uhos~hatidic acid. which is 

L .  

then converted to diacylglycerol by the 
action of phosphatidic acid phosphomono- 
esterase (2, 15) (Fig. 2). Mammalian phos- 
pholipase D was detected in rat brain (28), 
and subsequently in homogenates and mem- 
branes from various tissues and cell types 

Fig. 2. Potentla1 path- 
ways for diacylglycerol C e r a m i d V  
formation Three path- 
ways to produce dla- 
cylglycerol from phos- 
phatidylcholine that in- 
volve phospholipase C 
and phospholipase D 
are discussed in the 
text. The reverse reac- SM 
tion of phosphatidyl- 
choline synthesis (105) 
to produce diacylglyc- 
erol mav take dace un- 
der ischemic donditions (106) but not in an agonlst-dependent manner. Diacylglycerol may also be 
produced In association with sphlngomyelin synthesis In the Golgi apparatus but ~ts  physiological 
funct~on IS unclear. PC, phosphatidylchol~ne, PI, phosphat~dylinos~tol; PE, phosphat~dylethanol- 
amine, PS, phosphatldylserlne, PA, phosphatldic acid; SM, sph~ngomyelln; TG, tr~acylglycerol; 
P-Choline, choline phosphate; P-lnositol, inositol phosphate; CMP, cytidine 5'-monophosphate; 
CDP, cytidine 5'-diphosphate. 
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(29-32). The enzyme is found primarily in 
particulate fractions, presumably mem- 
branes, and has been purified partially from 
rat brain (30), human eosinophils (3 I), and 
rat neutrophils (32). However, a soluble 
phospholipase D has been detected in bo- 
vine tissues (33). Phospholipases D from the 
plasma membranes of rat brain synaptosomes 
(30) and hepatocytes (34) require Ca2+ but 
exhibit considerable activity in the presence 
of Ca2+ concentrations less than 1 kM. 
However, kinetic properties of phospholi- 
pase D vary from tissue to tissue (29), sug- 
gesting its extensive heterogeneity. The en- 
zyme reacts preferentially with phosphatidyl- 
choline and to a lesser extent with phospha- 
tidylethanolamine. 

Phospholipases D from mammalian tis- 
sues also catalyze a transphosphatidylation 
reaction (base exchange reaction) and in- 
corporate choline, ethanolamine, and ser- 
ine into phospholipids (35). The base 
exchange reaction appears to represent a 
minor pathway for the synthesis of most 
phospholipids (36), except for phosphati- 
dylserine, which is produced in mammali- 
an tissues mainly from phosphatidylcho- 
line and serine (37). Apparently, multiple 
enzymes with different kinetics and dis- 
tinct substrate specificities for base ex- 
change reactions are present in various 
tissues with different intracellular localiza- 
tions. 

In several intact cell systems, phorbol 
esters stimulate breakdown of phosphatidyl- 
choline to produce choline and choline 
phosphate (2, 27). In fact, phospholipase D 
is activated by a phorbol ester or a mem- 
brane-permeant diacylglycerol, sometimes 
synergistically with Ca2+ ionophore (15). 

In various membrane fractions and per- 
meabilized cell preparations, both base ex- 
change reactions and phospholipase D ac- 
tivities are stimulated by guanosine triphos- 
phate (GTP) analogs (2, 34, 38). Phorbol 
esters also cause activation of phospholipase 
D in membrane preparations obtained from 
hepatocytes (34), platelets (39), and brain 
synaptosomes (40), and in crude homoge- 
nates from HL-60 cells (41). 

An assay to measure the phospholipase 
D and base exchange reactions has been 
developed. Cells, such as human neutro- 
phils and HL-60 cells, are incubated with 
3H- or 32P-labeled 1-0-alkyl-2-lyso-sn-glyc- 
ero-3-phosphorylcholine, which is incorpo- 
rated selectively into phosphatidylcholine 
in the form of alkyl-phospholipid (32, 41- 
43). In membrane preparations endoge- 
nously labeled by this procedure, both 
phosphatidic acid generation and the 
transphosphatidylation reaction are activat- 
ed by GTP analogs and phorbol esters (32, 
4143) .  This activation by phorbol esters 
requires adenosine triphosphate (ATP) and 
is inhibited by staurosporine and peptides 

that inhibit PKC. Studies with fibroblasts 
overexpressing PKC suggest that this en- 
zyme may participate in agonist-dependent 
activation of phospholipase D (44). How- 
ever, it is not known whether PKC directly 
phosphorylates phospholipase D (45). 

The choline moiety of phosphatidylcho- 
line appears to be exchanged with free 
inositol to produce phosphatidylinositol, 
and this exchange reaction is stimulated by 
phorbol esters or a membrane-permeant 
diacylglycerol in HL-60 cells (46). Thus, it 
is oossible that. uoon stimulation of the 
celi, phosphatidylckoline is first converted 
to phosphatidylinositol by an exchange re- 
action catalyzed by phospholipase D, and 
the resulting phosphatidylinositol is subse- 
quently hydrolyzed by phospholipase C to 
produce diacylglycerol and inositol phos- 
phate in agonist-dependent manner (Fig. 
2). The concentration of free myo-inositol 
within the cell is about 1 mM. If this 
mechanism of diacylglycerol formation 
from phosphatidylcholine operates in many 
tissues and cell types, it would be consis- 
tent, at least in part, with the prediction 
(47) that, after breakdown, inositol phos- 
oholioid is not re-svnthesized simdv from 
A A 

the corresponding phosphatidic acid: 
However, inositol phospholipid hydroly- 

sis may not always be essential or sufficient 
for agonist-induced phosphatidylcholine 
hvdrolvsis. Several mechanisms mav be re- 
sponsible for agonist-induced phospholipase 
D activation. Protein tyrosine phosphoryla- 
tion is proposed to be necessary for phos- 
pholipase D activation (48). PKC, which is 
activated by inositol phospholipid hydroly- 
sis, may take part in activation of phospho- 
lipase D, which would then enhance phos- 
phatidylcholine hydrolysis. This may result 
in continuous production of diacylglycerol 
and prolonged activation of PKC (Fig. I). 

Role of Phospholipase A, in 
Activation of PKC 

Phospholipase A,, which hydrolyzes phos- 
pholipids to liberate free fatty acids and 
lysophospholipids, is ubiquitously present 
in mammalian tissues (7, 49) and receptor- 
mediated activation of this enzyme has 
been proposed (5). Agonists that provoke 
hydrolysis of inositol phospholipids usually 
also cause release of arachidonic acid. Al- 
though arachidonic acid can be produced 
from diacylglycerol by the action of diacyl- 
glycerol lipase, it is mainly derived from 
phospholipids by the activation of phospho- 
lipase A,. 

Diacylglycerol produced in membranes 
increases the apparent affinity of PKC for 
Ca2+, and thereby renders the enzyme ac- 
tive in the presence of micromolar concen- 
trations of Ca2+ (1, 50). Several cis unsat- 
urated fatty acids activate PKC to various 

degrees, and a potential role of free fatty a) 
acids as second messengers has been sug- # 
gested (51). Cis unsaturated fatty acids 
including oleic, linoleic, linolenic, arachi- 
donic, akd dodosahexaknoic acid;, which 
are all produced from phospholipids by the 
action of a nonselective type of phospholi- 
pase A2, enhance the diacylglycerol-depen- 
dent activation of PKC (8, 9) ,  and allow 
PKC to exhibit nearly full activity in the 
presence of Ca2+ concentrations less than 1 
kM (8). Kinetic analysis with intact human 
olatelets revealed that these fattv acids en- 
Lance activation of PKC if a Aembrane- 
permeant diacylglycerol is also present 
(10). Measurements of concentrations of 
intracellular Ca2+ with the Ca2+-sensitive 
fluorescent dye fura-2 indicate that platelets 
are activated by the simultaneous addition 
of diacylglycerol and cis unsaturated fatty 
acid without an measurable increase in the 
intracellular Ca2+ concentration (10). Sat- ~, 

urated fatty acids and trans unsaturated 
fattv acids do not have this effect. 

Potentiation of cellular .responses by cis 
unsaturated fatty acids has also been report- 
ed for diacylglycerol-induced interleukin-2 
synthesis by human T lymphocytes (52) 
and for diacylglycerol-induced reduction of 
K+  channel conductance in Hermissenda 
photoreceptor cells (53). It is possible that 
in stimulated cells, the activity of PKC is 
increased initiallv bv the increase in the , , 
concentrations of intracellular Ca2+ and 
diacylglycerol that result from inositol 
phospholipid hydrolysis. The activity of 
PKC may then be sustained, even after the 
concentration of intracellular Ca2+ is no 
longer increased, if diacylglycerol and cis 
unsaturated fatty acids both become avail- 
able (Fig. 1). 

Lysophosphatidylcholine, the other 
product of phosphatidylcholine hydrolysis, 
has membrane-lytic 'activity and is toxic to 
cells (54). When added to a cell, lysophos- 
phatidylcholine is either converted rapidly 
to phosphatidylcholine by acyltransferases 
or metabolized further by lysophospholi- 
pase. However, lysophosphatidylcholine 
has several biological actions including 
chemotaxis (55) and relaxation of smooth 
muscle (56). In the presence of diacylglyc- 
erol, lysophosphatidylcholine potentiates 
cellular responses, especially long-term re- 
sponses such as cell proliferation and differ- 
entiation. For instance, lysophosphatidyl- 
choline enhances the activation of human 
T lymphocytes induced by a membrane- 
permeant diacylglycerol and ionomycin, as 
determined bv interleukin-2 receotor-a ex- 
pression and thymidine incorporation (Fig. 
3) (1 1, 57). This action of lysophosphati- 
dylcholine can also be observed when dia- 
cylglycerol is replaced by phorbol esters. 
Similarly, lysophosphatidylcholine stimu- 
lates HL-60 cell differentiation into macro- 

SCIENCE * VOL. 258 * 23 OCTOBER 1992 



phages as measured by expression of a 
specific cell surface marker, CDl  l b  (the a 
subunit of the complement receptor type 
3) (58). In either case, lysophosphatidyl- 
choline has an effect only when both 
diacylglycerol and ionomycin are present, 
indicating that this lysophospholipid in- 
teracts with the PKC pathway. Other 
lysophospholipids are ineffective except 
for lysophosphatidylethanolamine, which 
is much less effective than lysophosphati- 
dylcholine. Upon stimulation of platelets 
with thrombin (59) and T lymphocytes 
with an antigenic signal (I I ) ,  lysophos- 
phatidylcholine accumulates in a time- 
dependent manner. 

The biochemical mechanism of the ef- 
fects of lysophosphatidylcholine remains 
unexplored, but it may result partly from 
direct potentiation of the diacylglycerol- 
dependent activation of PKC (60). Howev- 
er, kinetic analysis in vitro and in intact 
cell systems has revealed that, unlike cis 
unsaturated fatty acids, lysophosphatidyl- 
choline does not increase CaZ+ sensitivity 
of PKC activation (I I). The results out- 
lined above seem to indicate that agonist- 
induced activation of phospholipase A, 
may influence cell signaling through the 
PKC pathway. Addition of phospholipase 
A, to intact cells potentiates cellular re- 
sponses that are elicited by diacylglycerol 
and ionomycin (57). 

Several soluble phospholipases Az, 
both intracellular and extracellular, have 
been identified in mammalian tissues (7, 
49). The molecular size of intracellular . , 

phospholipase Az varies among different 
cells, ranging from 30 kD to 110 kD 
(61-63). The enzymes are active in the 
presence of Ca2+ concentrations less than 
1 yM, and appear to translocate to mem- 
branes in response to agonists that mobi- 
lize CaZ+ such as bradykinin, histamine, 
ATP, and thrombin (61, 62). There seem 
to be arachidonic acid-selective and non- 
selective phospholipases A, within the 
cell (63). However. onlv the arachidonic 

\ ,  , , 

acid-selective phospholipases A, have 
been well characterized (62), and one 
enzyme of 85 kD has been cloned (64). 

Phospholipase A, is activated in cells 
treated with some growth factors, such as 
epidermal growth factor and platelet-de- 
rived mowth factor (65). Studies with in- 
tact c h  systems have s"ggested that PKC 
functions in the agonist-stimulated pathway 
leading to activation of phospholipase A,. 
Phorbol esters and membrane-permeant di- 
acylglycerols provoke arachidonic acid re- 
lease, sometimes in synergy with physiolog- 
ical agonists (66). In neutrophils, phorbol 
esters activate both arachidonic acid-selec- 
tive and nonselective enzymes, thereby in- 
creasing the intracellular amounts of vari- 
ous unsaturated fatty acids (67). 

Further evidence for the role of PKC in 
the activation of intracellular phospholi- 
pase A, has been obtained with membrane 
preparations of mouse spleen macrophages 
(68) and Chinese hamster ovary (CHO) 
cells (69). Phospholipase A, isolated from 
cells pretreated with physiological agonists 
such as thrombin is ohos~horvlated on servl 
residues, and both tiis phosphorylation a id  
the activation of the enzyme in situ are 
blocked by staurosporin (69). The intracel- 
lular 85-kD phospholipase A, contains con- 
sensus phosphorylation sites for PKC and 
mitogen-activated protein kinase (MAP ki- 
nase) (64, 70). However, activation of 
PKC alone does not appear to be sufficient 
to cause release of fattv acids. Intermediarv 
proteins such as phospholipase Az-activat- 
ing protein (PLAP) (71) may also take part 
in activation of this enzyme. 

Although the mechanism by which ag- 
onists cause the activation of intracellular 
phospholipase A, remains unclear, it 
seems likely that activation of PKC by 
dia~~lglycerol leads to increased hydrolysis 
of phosphatidylcholine by phospholipase 
Az. This pathway would enhance PKC 
activation by providing not only arachi- 
donic acid but also other cis-unsaturated 
fatty acids and lysophosphatidylcholine 
(Fig. 1). The cessation of this phospholip- 
id degradation may depend on the amount 
of diacylglycerol in membranes and on the 
duration of agonist action. 

Calcium Signals and Phospholipid 
Degradation 

In most stimulated cells. the concentration 
of CaZ+ increases only transiently, whereas 
physiological responses persist long after the 
Ca2+ concentration returns to basal 
amounts. The prolonged activation of PKC 
is thought to be responsible for maintaining 
such cellular responses (72). CaZ+ mobili- 
zation and PKC activation act svnereistical- , " 
ly to cause a variety of cellular responses, 
but the biochemical mechanism of this 
synergism is not fully understood (73). 
CaZ+ mobilization and phospholipid degra- 
dation are intimately interrelated, and 
sometimes complementary to each other. 
In the presence of high concentrations of 
CaZ+, activation of PKC requires less phos- 
pholipid degradation, whereas in the pres- 
ence of intense phospholipid degradation, 
less Ca2+ is required to activate the en- 
zyme. Also, at an early phase of cellular 
response, the agonist-induced hydrolysis of 
inositol phospholipids is down-regulated as 
a result of activation of PKC (44, 73, 74) 
(Fie. 1). ~ " ,  

Activation of cell surface receptors often 
results in the generation of regular oscilla- 
tions in the intracellular CaZ+ concentra- 
tion (75). Several mechanisms mediated by 

-0 '0 20 40 60 80 100 
LysoPC (pM) 

Fig. 3. Potentiation of T lymphocyte activation 
by membrane-permeant diacylglycerol and 
ionomycin. Purified human peripheral resting T 
lymphocytes were stimulated with 1,2-di- 
octanoylglycerol (50 kM) and ionomycin (0.5 
kM) in the presence of various concentrations 
of lysophosphatidylcholine (LysoPC). The 
amount of the interleukin-2 receptor a-subunit 
(IL-2Ra) expressed and the amount of thymi- 
dine incorporated were measured after 16 
hours and 30 hours, respectively (11). The 
incubation medium contained serum and thus, 
the effective concentration of LysoPC is much 
lower than indicated. LysoPC alone was inac- 
tive in the absence of diacylglycerol and iono- 
mycin. 

IP3-induced CaZ+ release and Caz+-in- 
duced CaZ+ release'have been ~rooosed to . A 

explain this complex regulation of intracel- 
lular Ca2+ concentrations (76). On the 
other hand, PKC may participate in gener- 
ation of Ca2+ oscillations by exerting neg- 
ative feedback control over agonist-induced 
inositol phospholipid hydrolysis and setting 
up a new cycle of production of IP3 (77). 
This hypothesis is primarily based on the 
observation that Ca2+ oscillations are in- 
hibited by phorbol esters, and this inhibi- 
tion is prevented by PKC inhibitors (77). A 
consequence of this proposed mechanism is 
that the activities of phospholipases and 
PKC and the amounts of diacylglycerol and 
IP3 must also be oscillating with a rate or 
oattern similar to that of CaZ+. In throm- 
bin-stimulated human platelets, the 
amount of diacylglycerol does oscillate 
(78). It will be important to explore further 
the relationship between CaZ+ mobilization 
and phospholipid degradation, both of 
which may exert diverse actions eventually 
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Table 1. PKC subspecies in mammalian tissues 

Amino Molecular 

Sub- acid size Tissue Ref- 
(calcd.) Activators* 

Species residues (daltons) 
expression erences 

Group A: classical PKCs (cPKC) 
(Y 672 76.799 PS, Ca2+. DG. FFA, Universal (79, 80) 

LysoPCt 
76,790 PS, Ca2+, DG, FFA, Some tissues 

LvsoPC 
76,933 ps,.ca2+, DG, FFA, Many tissues 

LysoPC 
78,366 PS, Ca2+, DG, FFA, Brain only 

LysoPC 

Group B. new PKCs (nPKC) 
77,517 PS, DG Universal 
83,474 PS, DG, FFA Brain and others 
77,972 ?* Lung, skin, heart 
81,571 ? Skeletal muscle 

(mainly) 

Group C: atypical PKCs (aPKC) 
67,740 PS, FFA Universal 

Ovary, testis, 
etc. 

*The activators for each subspecies are determined with calf thymus HI  histone and bovine myelin basic protein 
as model phosphate acceptors. tDG, diacylglycerol; PS, phosphatidylserine; FFA, cis unsaturated fatty acid; 
LysoPC, lysophosphatidylcholine. +The detailed enzymological properties of the q(L), 9 ,  and A subspecies 
have not yet been clarified. 

Flg. 4. Structure of PKC 
subspecies. Four con- 
sewed (C, to C,) and 
five variable (V, to V,) 
regions of the cPKC 
group are indicated. 
Details are outlined 
elsewhere (79), and in 
the text. The pl and pll 
subspecies are derived 
from a single gene by 
alternative splicing. 

Subspecies Regulatory domain Protein kinase domain 
8 

1 ' 1 Cysteine-rich sequences ATP-binding site 

A A A I :(L) I Cysteine-rich sequences ATP-binding site 

A A W Cysteine-rich sequence ATP-binding site 

leading to the long-lasting control of phys- 
iological processes in a synergistic manner. 

Calcium and Lipid Requirements of 
PKC Subspecies 

Multiple discrete subspecies of PKC have 
been defined. These subspecies show subtly 
different enzymological properties, differen- 
tial tissue expression, and specific intracellu- 
lar localization (79). Ten subspecies of PKC 
have been identified in mammalian tissues 
(Table I) ,  but some of these subspecies do 
not show typical characteristics of the clas- 
sical PKC enzymes in their mode of activa- 
tion. An integrated nomenclature has been 
developed to categorize the PKC subspecies 
(79-93). Group A consists of four classical 
or conventional PKCs (cPKC): a, PI, PII, 

and y (79, 80). Group B consists of four new 
PKCs (nPKC): 6, E, q(L), and 0 (79-89). 
Group C consists of two atypical PKCs 
(aPKC): 4 and A (79, 83, 90-93). 

The cPKC enzymes of group A have four 
conserved (C1 to C4) and five variable (V, 
to V,) regions (Fig. 4). The C, region is a 
putative membrane-binding domain (94). 
The Cz gegion appears to be related to the 
Ca2+ sensitivity of the enzyme. The C3 
region contains the catalytic site. The C4 
region seems to be necessary for recognition 
of the substrate to be phosphorylated. The 
cPKC enzymes are activated by CaZ+, phos- 
phatidylserine, and diacylglycerol or phor- 
bol esters, and this activation is enhanced 
further by cis unsaturated fatty acids and 
lysophosphatidylcholine. 

The nPKC enzymes of group B, which 
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2 +  a) lack the Cz region, do not require Ca . 
The enzymes are activated by micelles com- * 
posed of phosphatidylserine and diacylglyc- % 
erol or phorbol esters (79-86). The E sub- 
species is activated by cis unsaturated fatty 
acids but the 6 subspecies is not. The 6 and 
E subspecies exist in phosphorylated forms 
in native tissues and appear as doublet 
bands after electrophoresis (82, 86). It is 
possible that the group B enzymes are inte- 
grated directly or indirectly in a protein 
kinase cascade that is initiated by the acti- 
vation of some growth factor receptors, 
eventually leading to the regulation of nu- 
clear events such as cell cycle control (95). 

On the other hand, the aPKC enzymes 
of group C, which have only one cysteine- 
rich zinc finger-like motif (79, 83, 90-93), 
are dependent on phosphatidylserine but 
not affected by diacylglycerol, phorbol es- 
ters, or CaZ+ (90-92). The 4 subspecies is 
activated by cis unsaturated fatty acids 
(92). The signal to activate the group C 
enzymes remains unknown. 

The known members of the PKC family 
all depend on phosphatidylserine, but show 
different requirements of phospholipid me- 
tabolites for their activation. S~ecies of 
diacylglycerol that contain various fatty 
acids and are derived from phosphatidylino- 
sitol, phosphatidylcholine, or ether-linked 
diglycerides (16) can activate the PKC 
subspecies to various degrees (1 7, 96, 97). 
However, alkyl analogs of some mem- 
brane-permeant diacylglycerols appear to 
be inactive (98). The members of the PKC 
family probably respond differently to var- 
ious combinations of Caz+, phosphatidyl- 
serine, diacylglycerol, and other phospho- 
lipid degradation products. Thus, the pat- 
terns of activation of the enzvmes mav 
vary in extent, duration, and intracellular 
localization. Detailed spatiotemporal as- 
pects of phospholipid degradation and ac- 
tivation of PKC enzymes within the cell 
are poorly understood. 

implications and Perspectives 

Despite extensive studies, our knowledge of 
specific functions of the individual PKC 
subspecies is still limited. However, in the 
nucleus, the signal pathway through PKC 
appears to be indispensable for the control 
of gene expression and the cell cycle. Treat- 
ment of CHO cells overexpressing the 6 
subspecies with phorbol esters prevents pro- 
gression of the cell cycle through M phase, 
suggesting that some members of the PKC 
family may function in the regulation of 
specific points of the cell cycle (99). In the 
membrane, crucial roles have been assigned 
to PKC in down-regulation of receaors, - 
modulation of ion channels, release of hor- 
mones and neurotransmitters, and exocyto- 
sis (Fig. 5) (73). Biochemical and electro- 



Control of membrane functions 

Fig. 5. Potential roles of PKC pathway in cellular regulation. IP3, inositol 1,4,5-trisphosphate; FFAs, 
free cis unsaturated fatty acids; and LysoPC, lysophosphatidylcholine. 

physiological evidence for a role of PKC in 
modulating Na + channels has been pre­
sented (100). The distinct modes of activa­
tion, together with the apparent patterns of 
tissue expression and intracellular localiza­
tion of the various PKC subspecies, implies 
their specialized functions in cell signaling. 

PKC participates in inflammatory pro­
cesses and immune responses. The signaling 
pathway through PKC is essential for the 
activation of platelets, neutrophils, macro­
phages, lymphocytes, and fibroblasts, and 
for the function of vasculoendothelial sys­
tems (73). When added to intact cells, the 
extracellular, secreted phospholipase A2 

(group II) potentiates the agonist-induced 
activation of cellular functions such as an­
tigen-induced T lymphocyte activation 
(101). Phospholipase A2 alone is inactive. 
The secreted phospholipase A2 may take 
part in the propagation of inflammatory 
responses by hydrolyzing cell membrane 
phospholipids directly to produce cis unsat­
urated fatty acids and lysophosphatidylcho­
line. The phospholipase A2 (group II) is 
secreted by a variety of cells such as plate­
lets, neutrophils, and mast cells at various 
sites of inflammation (63, 102). This en­
zyme requires more than 1 mM Ca2+ for 
activity, and releases various fatty acids 
from membrane phospholipids (63). Such 
an extracellular phospholipase A2 has been 
identified in neuronal cells (103), where it 
may function in synaptic transmission. The 
cis unsaturated fatty acids such as arachi-
donic and oleic acids together with diacyl-
glycerol may function in long-term poten­
tiation of synaptic processes (53, 104). 

Because of its diverse functions in signal 
transduction, research on the PKC family 
has spread over many fields of biology and 
medicine. The signaling pathway through 
PKC interacts with several other pathways 
that include cyclic adenosine monophos-
phate-dependent protein kinase and many 
other protein kinases. Further exploration 
of the networks of various signaling path­
ways such as those described in this article 

is important to our understanding of the 
dynamic aspects of cellular regulation. 
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The Economics of 
Health Care in Japan 

Naoki l kegami 
Japan's health care system balances universal coverage at reasonable cost. The gov- 
ernment has taken on the responsibility of acting as insurer and subsidizing health care 
spending for the employees of small enterprises and the self-employed. Despite the 
fee-for-service form of payment, costs have been contained by the use of a nationally 
uniform fee schedule that is mandatoryfor all providers. However, the increasingly affluent 
and aging population is making new demands on the system that can only be met by a major 
restructuring. 

B y  broad measures of performance, Japan's 
health care system appears to have achieved 
a paragon of success. The gross health 
indicies are the best in the world: the infant 
mortality rate is 0.46% of live births and 
the life expectancy at birth is 75.9 for males 
and 81.8 for females ( 1  ). There is universal ~, 

coverage with virtually unlimited access to 
all health care facilities bv everv citizen. 
Moreover, because Japan's 'per capita rates 
of computer-aided tomography (CAT) 
scans and patients undergoing renal dialysis 
are among the highest of all nations, there 
would seem to be no overt signs of rationing 
(2). What  makes this record even more 
impressive is that the ratio of the gross 
domestic product (GDP) devoted to health 
care is 6.8%, little more than half the ratio 
of the United States (3). 

In this article, I briefly describe how the 
Japanese health care system works to pro- 
vide some general context for international 
comparison (4). Is Japan's system really a 
paragon? In particular, how is equity 
achieved? Whv has it been ~ossible  to 
contain costs under a fee-for-service sys- 
tem? Are there any negative effects coming 
from cost containment? What are the rela- 
tions between cost, access, and quality? 

The author is a professor in the Faculty of Poilcy 
Management, and in the Department of Hospitai and 
Medical Administration, School of Medicine, Kelo Uni- 
verslty, Shinjukuku, Tokyo 160, Japan 

The Delivery System: 
Functionally Undifferentiated 

About 81% of Japan's hospitals and 94% of 
its physicians' offices (referred to as clinics) 
are privately operated (5). Although hospi- 
tal beds have recently become regulated, 
there are still no restrictions on any other 
form of capital investment. However, this 
entrepreneurism has been permitted only by 
private practitioners. Investor-owned hos- 
pitals that are operated for profit are pro- 
hibited, and the hospital's chief executive 
must always be a physician. These legal 
limitations have effectively constrained the 
development of multihospital systems. 
Most of the hospitals are small, physician- 
owned family concerns that have developed 
from clinics. Few of them have ventured 
into high technology medicine because of 
the restraints posed by the financing sys- 
tem, so that this area tends to be dominated 
by the smaller but more prestigious public 
sector. 

Health care in Japan differs from the 
United States in that the physicians in 
clinics do not have any access to hospital 
facilities and must refer all patients needing 
care that they cannot provide within their 
own premises. O n  the other hand, hospitals 
employ their physicians on fixed salaries 
and maintain large outpatient departments 
from which they admit all their inpatients. 

Because of this mutually exclusive arrange- 
ment. both clinics and hos~itals  comwete 
for patients, who have freedom to choose 
the facility that they feel best fits their 
needs. This situation means that there is 
little fkc t iona l  differentiation between 
clinics and hospitals, and their boundary is 
further blurred because a third of the clinics 
have a small number of beds (the distinc- 
tion is primarily legal in that facilities with 
more than 20 beds are designated as hosoi- " 

tals, whereas those having fewer than 20 
are called clinics). Neither is there much 
differentiation between acute and long- 
term care. Hospitals have taken on the 
function of nursing homes in Japan, and 
45% of the inpatients over the age of 65 
have been hospitalized for more than 6 
months (6). 

The Financing System: 
Strictly Regulated 

In contrast to the basically laissez-faire pol- 
icy taken toward the delivery system, the 
financing system is highly regulated. First, 
although there are multiple payers, con- 
sumers have virtually no choice over the 
selection of their plan. They must join the 
one statutory plan offered by their employ- 
ers, or if they are self-employed, that ad- 
ministered by their local governments or 
trade associations. However, the lack of 
choice does not really affect the consumer 
because there is little flexibility. All plans 
offer basically the same set of comprehen- 
sive medical benefits, including medica- 
tions, long-term care, dental care, and 
some preventive care. 

Second. neither insurers nor oroviders 
have the fkedom to negotiate individually 
a different fee schedule. The fee-for-service 
system operates under a minutely defined 
price schedule set by the government. All 
providers are paid exactly the same amount, 
inclusive of physician's fees, for the same 
service regardless of the physician's exper- 
tise or the facility's characteristics or geo- 
graphical location. 

Third, consumers cannot opt out of the 
statutory system, and private health insur- 
ance, which is mainly limited to cash com- 
pensations to cover incidental expenses 
during hospitalizations, remains insignifi- 
cant. Providers are strictly prohibited from 
balance billing (charging more than the fee 
schedule allows). Extra charges are permit- 
ted only for private hospital rooms [only 
10% of the rooms are of this status in Japan 
(7)]  and a very restrictive range of new 
technology, which is still being evaluated. 

The insurance plans (Table 1) can be 
broadly divided into two categories. First is 
the insurance system for employees and 
their dependents, in which the premiums 
are generally paid on an equal basis between 
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