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ABSTRACT. Polymorphonuclear leucocytes (PMNs) circulating in mammalian peripheral blood are termi-
nally differentiated cells, and once isolated in serum-free medium, they undergo apoptosis within 1 or 2 days. In
this study, we studied the effects of phorbol myristate acetate (PMA)on the viability of porcine PMNsin vi-
tro. PMAis known to suppress apoptosis in many cell types. PMAbut not dioctanoyl glycerol (DOG)in-
duced morphological degeneration and cell death within 3 to 5 hours as assessed by light microscopy observa-
tion and the MTTviability assay. This occurred despite the fact that DNAfragmentation associated with
"spontaneous apoptosis" was not observed. Morphological degeneration and death were not due to the oxida-
tive damage from superoxides or its metabolites produced by polymorphonuclear leucocytes, because PMAand
DOGsimilarly stimulated superoxide production. Several other inactive phorbol derivatives tested did not
cause cell death, suggesting that the toxicity of PMAdid not result from non-specific effect of the reagent.

Polymorphonuclear leucocytes (PMNs) from mamma-
lian peripheral blood are terminally differentiated cells
that spontaneously undergo apoptosis in serum-free cul-
ture.
It is widely accepted that protein kinase C plays a key
role in regulation of apoptosis, cell survival, and differ-
entiation (1). Phorbol esters, which selectively stimu-
late protein kinase C (PKC), block DNAfragmenta-
tion and cell death in thymocytes exposed to Ca2+ ion-
ophore or glucocorticoid hormone (2). In U937 cells,
DNA fragmentation induced by C2-ceramide is pre-
vented by phorbol 12-myristate 13-acetate (PMA) (3).
With respect to terminal neutrophil differentiation lead-
ing to apoptosis, modulation of PKCactivity also may
be important. For example, during HL-60 cell differen-
tiation into neutrophils, PKCa is specifically down reg-
ulated (4). In addition, treatment of human neutro-
phils with tumor necrosis factor a (TNF a) results in an
increase in concentration of ceramide and its metabo-
lite, shingosine, and it induces apoptosis. This suggests

that neutrophil apoptosis in response to TNFa maybe
related to inhibition of PKC activity (5). In this study,
we examined the effects of PKCactivators on viability
of porcine peripheral blood PMNssuspended in Ca2+,
Mg2+free phosphate buffer under conditions of serum
deprivation. Here we report that PMA,but not diocta-
noyl glycerol (DOG), induced degenerative changes in
cell morphology and cell death within 3 to 5 hours

without DNAfragmentation.

MATERIALS AND METHODS

Materials
4-/3-phorbol 12-myristate 13-acetate (PMA), 1 ,2-dioctanoyl-
sw-glycerol (DOG), 4-/3-phorbol 12-myristate, 4-/3-phorbol 13-
acetate, staurosporine, MTT, sodium-N-lauroylsarcosinate,

proteinase K, RNaseA and cytochrome c were puchased from
Sigma Chemical Co., USA. Phorbol derivatives including

PMA and DOG were dissolved in DMSO(500 ptg/ml) and
ethanol (10 mM), respectively. Methylcellulose 25cP and aga-
rose were from Wako Pure Chemical Co., Japan. Ficoll-400
was from Pharmacia Biotech, Japan. The 100 bp DNAladder
marker was from Life Technologies, Japan. All other chemi-
cals were analytical grade.

Isolation of PMNs
PMNswere isolated from 1 1 of porcine peripheral blood.

Erythrocytes were removed by 0.2% methylcellulose sedimen-
tation followed by hypotonic lysis. After centrifugation, cells
were resuspended in 25 ml of PBSG(Ca2+-, Mg2+- free phos-
phate buffered saline, pH 7.4, containing 5 mMglucose), lay-
ered on the same volume of 5.6% Ficoll-400, and centri-
fuged. PMNswere recovered from the bottom of the tube and
counted using hemocytometer. They were then suspended in
ice cold PBSG at 6x 107 cells/ml and used immediately for
experiments. Isolated cells were more than 95% polymorpho-
nuclear leukocytes most of which were neutrophils checked by
nuclear staining with 2%acetate.* To whomcorrespondence should be addressed.
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Incubation of cells with various agents
All incubations were performed at 37°C in 1 ml volumes as
described below. Cells were plated at 3 x 106 cell/ml in PBSG
into a 16 mmflat bottom polystyrene microplate (IWAKI,
Japan). Each agent or its solvent was added at various con-

centrations, and the neutrophils were incubated at different

incubation times (see Results).

Cell viability assay
Cell viability was assessed by the MTTassay. After various
incubation times cells were transferred at 3 x 105 cell/100 [A
into a 96-well microplate (CORNING). Ten [A of a 5 mg/ml
MTTstock solution in PBSGwas added, and cells were incu-
bated for 6 hours at 37°C. Finally, the formazan precipitate
was eluted by mixing it thoroughly with isopropanol-HCl
containing 0.04 N HC1. Absorption at 570 nm minus 630 nm
were determined using a MTP-22 2-wavelength microplate
photometer (CORONAELECTRIC, Japan).

Superoxide production by neutrophils
Superoxide was measured as the rate of superoxide dismu-

tase-inhibitable reduction of cytochrome c. This was deter-
mined from the increase of absorbance at 550 nm using a U-

3200 spectrophotometer (HITACHI, Japan). The reaction
mixture contained 3x 106PMNs/ml in PBSGand 50fiM
cytochrome c. After baseline monitoring, PMNswere acti-
vated by addition of PMAor DOGat appropriate concentra-
tions, and monitoring was continued.

DNAfragmentation assay
For DNAanalysis, 1.5 x 106 cells were resuspended in 30 /A of
lysis buffer (50mM Tris-HCl, pH 7.8, 10mM EDTA, 0.5%
sodium-N-lauroylsarcosinate), then 3 /4 of 10 mg/ml RNase
A was added and incubated for 30 min at 55°C. Three [A of 10
mg/ml proteinase K was added, and the mixture was incu-

bated for 1 hour at 55°C. DNA samples were loaded into

wells of a 2% agarose gel and electrophoresed in TE buffer (10
mMTris-HCl, pH 7.5, 1 mMEDTA) using a Mupid electro-
phoresis apparatus (ADVANCE,Japan). DNAwas visual-
ized by staining with ethidium bromide and viewing in ultra-

violet light.

Cell morphology
Cells were mountedon glass slides, and morphology was ex-

amined using a DIAPHOTO-TMD phase-contrast micro-
scope. Photographs were taken at a magnification of 200.

RESULTS

Spontaneous PMNapoptosis
PMNs are known to be short-lived in circulation, be-

cause they spontaneously undergo apoptosis (6). In this
study, we measured the lifespan of porcine PMNsin se-
rum-free condition employed here. PMNsisolated from
porcine peripheral blood as described in Materials and

Methods were suspended in ice cold PBSGand imme-
diately used for experiments. As a negative control,
PMNs at 3x 106ml in PBSG without Ca2+ and Mg2+
were incubated at 37°C. Cell shape was normal after
5 hours (see Fig. 6a and b) and 10 hours (data not
shown), and cells were viable when tested by trypan
blue exclusion. At later times, cell permeability in-
creased progressively (data not shown). Cell viability
also was measured by the MTTassay, which reflects
mitochondrial function (7, 8). The results show that
mitochondrial activity persisted for at least 5 hours of
incubation (Fig. 1). Although activity in control cells
appeared to increase in Fig. 1, this was not reproduci-
ble (see Fig. 3). Thereafter, activity decreased time de-
pendently. Finally, DNAfragmentation, known as a
characteristic of apoptosis, was assessed. As shownin
Fig. 4, DNAfragmentation occurred time dependently
(Fig. 4, lanes 2-6).
In many cell types, PMAactivates PKCand sup-
presses apoptotic signals induced by various reagents
(2, 3, 9). Therefore, we next examined the effect of
PMAon the cell survival of porcine PMNsisolated in
PBSGas described above (see below).

PMAbut not DOGinduces a rapid decrease in PMN
vi ability
PMNs were incubated with 100 ng/ml PMAor 10 fiM
DOG, and cell viability was assessed by the MTTas-
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Fig. 1. Viability of PMNs assessed by the MTT assay. 3 x 106cells
/ml were incubated for the indicated times at 37°C in the absence
(open circles) or in the presence of 100 ng/ml of PMA(open trian-
gles) or 10 fiM of DOG(open squares). Vertical axis shows absorb-
ance at 570nmminus 630 nmregarded as cell viability. Bars show
standard errors (n= 3). Almost all the bars were within the symbols.
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Fig. 2. Staurosporine inhibits PMA-induced cell death. PMNswere
incubated with (open triangles) or without (open circles) 100 ng/ml
PMAfor 10 hours at 37°C after preincubation for an hour with stau-
rosporine at different concentration. Error bars (n=3) were within

the symbols.
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Fig. 3. Effect of temperature shift on PMA-inducedreduction of
PMNviability. PMNswere incubated in the absence (open circles) or
in the presence (open triangles) of 100 ng/ml of PMAfor the indi-
cated times at 37°C. Plates containing cells were placed immediately
on ice and incubation was continued for a total of 5 hours. MTTas-
say was performed as described. Error bars (n=3) were within the
symbols.
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Fig. 4. DNAdegradation analysis of PMNs.PMNswere incu-
bated with 100 ng/ml PMAor 10 fiM DOGfor the indicated times.
Aliquots representing 1.5 x 106 cells were processed for DNAanaly-
sis and electrophoresed. Control cells were incubated with DMSO.

say. PMAbut not DOGrapidly caused decrease of the
viability of PMNs(Fig. 1). At the first sampling point at
30 min, PMAtreatment increased the absorbance prob-
ably reflecting functional activation (10, ll). PMAin-
duced cell death at above 1 ng/ml (data not shown).
WhenPMNswere preincubated with staurosporine, a
PKC inhibitor, PMA-induced death was inhibited dose
dependency (Fig. 2). This phenomenon was tempera-
ture dependent (Fig. 3). At first, PMNswere incubated
with PMAat 37°C for the indicated times. The cells
were then placed on ice immediatedly, and the incuba-
tion was continued for a total of 5 hours. PMNsex-
posed to PMAon ice for 5 hours were as viable as con-
trol cells. However, viability decreased in proportion to
the incubation time at 37°C. This indicates that the ac-
tion of PMAleading to PMNdeath was temperature
dependent.

Effect of PMAand DOGon spontaneous DNA
fragmentation
As shown in Fig. 4, in contrast to control cells under-
going spontaneous DNA fragmentation over time
(lanes 2-6), DNAfragmentation was not observed when
treated with PMA(lanes 7-1 1). DOGhad little effect on
DNAfragmentation (lanes 13-16). Staurosporine inhib-
ited the effect of PMAdose dependently and the cells
underwent apoptosis (Fig. 4). Dimethyl sulfoxide and
ethanol, the solvents used in this study, had no effect.
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Fig. 5. Staurosporine prevents the effect of PMAon DNAdegrada-
tion. PMNswere preincubated for 1 hour with staurosporine at
different concentrations (10 nM, 20nM, 50 nM, 100 nM and O nN)
before 5 hours incubation with PMA.DNAdegradation was ana-
lyzed as described in Fig. 3.
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Fig. 6. Morphology of treated PMNs (200x). PMNs were incu-

bated in the absence (b) or, in the presence of (c) 100 ng/ml PMAor
(d) 10 fiM DOGfor 5 hours at 37°C. (a) shows PMNsphotographed
immediately after isolation from blood.
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Fig. 7. Cytotoxicity of various phorbol derivatives. PMNswere in-
cubated at 37°C for 5 hours in the absence or presence of PMA(100
ng/ml) or other phorbol derivatives at different concentrations (100
ng/ml, 500 ng/ml and 1,000 ng/ml) as indicated. MTTassay was per-
formed as described. P12M and P13A indicates 4-/3-phorbol 12-myri-
state and 4-/3-phorbol 1 3-acetate, respectively. Bars show standard er-
rors (n=3).

PMAbut not DOGinduces degenerative morpho-
logical changes in PMNs
As shown in Fig. 6, incubation of PMNswith 100ng
/ml of PMAfor 5 hours resulted in morphological de-
generation (Fig. 6c) as compared to control cells (Fig.
6b). Cell volume was increased, and a certain structure
was formed in the cell treated with PMA(Fig. 6c).

PMAwas effective at the concentration of 1 ng/ml and
the incubation time of 3 hours (data not shown). Stau-
rosporine inhibited the PMA-induced morphological
degeneration (data not shown). On the other hand,
when PMNswere treated with 10 /iM DOGand incu-
bated, morphological changes like those seen in the
treatment with PMAdid not occur (Fig. 6d).

Inactive phorbol derivatives have no effect on PMN
viability and morphology
Cytotoxicity of various inactive phorbol derivatives
also was tested (Fig. 7). Except PMAall of the phor-
bol derivatives employed were inactive and lacked abili-
ty to stimulate PMNsuperoxide production (data not
shown). All the inactive phorbol derivatives had no
effect on PMNviability at concentrations up to 1,000
ng/ml, with the exception that 4-^-phorbol 12-myri-
state caused a slight decrease in viability at 1,000 ng
/ml. Only PMAinduced morphological changes. These
results suggest that the toxic effect of PMAdid not re-
sult from nonspecific effect of the reagent.
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Effects of PMAon morphology and viability of PMNs
is not due to superoxides or hydrogen peroxides
produced by the activated NADPHoxidase
In response to various stimuli including PMAand diac-
ylglycerols, PMNsproduce superoxides and hydrogen
peroxides by activation of the NADPHoxidase (12,
13). Therefore, it is possible that the effects of PMAde-
scribed above are due to these reactive oxygen species
produced by the PMNs. However, this is unlikely for
the following reasons: 1) Although both lOOng/ml
PMAand 10 pM DOGstimulated PMNsuperoxide
production to a similar extent (total increase in absorb-
ances at 550 nm were 0.34 and 0.33, respectively), DOG
had little effect on morphology and viability; 2) Exoge-
nous addition of superoxide dismutase and catalase had
only partial effect on the PMAaction (MTT assay data
were 0.447±0.008, 0.111±0.006 and 0.172±0.002 for
control, PMA in the presence and absence of 500U
/ml SODand 150 U/ml catalase, respectively).

DISCUSSION

Certain phorbol esters including PMAcan penetrate
cellular membranes and directly activate PKC (14).
PKC takes part in cellular responses to various ago-
nists including hormones, neurotransmitters, and some
growth factors (1). Consequently, it is widely believed
that PKCalso has a key role in regulation of apopto-
sis, cell survival, and differentiation. PMNsare termi-
nally differentiated cells with a short life, because they
spontaneously undergo apoptosis. This raised the ques-
tion whether PMAhad an effect on PMNcell survival.
In this study, we found that PMA(above 1 ng/ml) in-
duced porcine PMNdeath accompanied by morpholog-
ical degeneration of cells within 3 to 5 hours, although
spontaneous DNA fragmentation was not observed.
PMAinhibition of DNAfragmentation is consistent
with previous reports (2, 3), but the rapid cell death
observed in this study was unexpected. The effects of
PMAwere temperature-dependent (Fig. 3). At low tem-
perature, PMNsneither underwent spontaneous apop-
tosis nor were killed by exposure to PMAeven if incu-
bation was continued for 10 hours (data not shown).
Since the inactive phorbol derivatives used in this
study were of without effect, it is unlikely that the ac-
tions of PMAwere due to nonspecific effects.
Robinson et al. (15, 16) reported that phorbol esters
including PMA that are capable of activating PKC
stimulated production of superoxide and changes in ul-
trastructure of guinea pig neutrophils. Unstimulated
neutrophils in suspension are spherical and contain nu-
merous cytoplasmic granules as well as some vesicles
(15). When treated with phorbol esters, these cells ex-
hibit a large increase in intracellular vesicles and a de-
crease in cytoplasmic granules within 5 min of expos-

ure (15). At this time the superoxide production is max-
imal (15). The morphological changes we observed in
this study were evident 3 hours after PMAtreatment.
It is unknownwhether this phenomenonwas a conse-
quence of the earlier events described above (15). Elec-
tron microscopy may be helpful in resolving this issue.

What caused the rapid cell death observed in this
study? PMAhas been shown to induce cell death in a
human prostate cancer cell line, LNCap. Death is pre-
ceded by chromatin condensation, nuclear fragmenta-
tion and so on, indicative of apoptosis (17, 18). The cell
death observed in this study was not apoptotic, but was
rather necrotic since the PMA-treated cells could not
exclude trypan blue dye (data not shown). It is possible
that the superoxide and hydrogen peroxide produced
by PMAtreated PMNs had a direct effect on viability.
Inappropriate oxidant production by PMNs in vivo
maybe of pathological importance in inflammation-
dependent host tissue damage (19). Moreover, lympho-
cytes from porcine blood, which hardly produce duper-
oxide in response to stimuli including PMA(data not
shown), showed no morphological changes or cell death
(data not shown). However, this possibility was ruled
out by the fact that treatment of PMNs with 10fiM
DOGhad little effect on cell viability or morphology
(Figs. 1 and 6), although both 100ng/ml PMAand 10
/jM DOGstimulated PMNsuperoxide production to a
similar extent. In addition, exogenous addition of su-
peroxide dismutase and catalase did not prevent the
PMAeffect. There is also a possibility that PMA-in-
duced cell death was due to self destructive processes by
action of proteases. Preincubation with a mixture of 2
mMDFP, 10 fiM PMSF and 10 fiM leupeptin which it-
self inhibits degradation of cellular proteins (12) and
had no toxicity could not inhibit PMA-induced cell
death at all (data not shown). However, the possibility
still remains because PMNspossess a variety of prote-
ases required for bactericidal activity.
Both PMAand DOGare known as PKCactivators.
Diacylglycerols compete directly with phorbol diesters
for commonbinding sites and rapidly activate PKCin
HL-60 cells (14) and Swiss 3T3 cells (20). However,

PMAbut not DOGinduced the responses described
above. Pretreatment with staurosporine before PMA
addition resulted in DNAfragmentation and apoptosis
(Fig. 5) indicating that, at least, PKC activation is re-
quired for PMA-treated non-apoptotic death. Phorbol
esters like PMAare metabolically stable. Thus the cel-
lular responses to these agents seemto differ somewhat
from those caused by membrane-permeating diacylglyc-
erols like DOG(1). PKCis known to be down regu-
lated by incubating HL-60 cells with PMAfor 3 h (21).
If it is also the case and affect the cell death described in
this study it remains to be elucidated.
Further investigations are now in progress to identi-
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fy the molecular basis of PMAeffects on PMNmor-
phology and death.
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