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Phospholipase D plays a key role in the biosynthesis of 
phosphatidic acid, a second messenger involved in es-
sential cellular processes. Oleate-activated phospholi-
pase D was the first mammalian phospholipase D iso-
form to be discovered but is the least known. The study 
was aimed to test a fluorometric method of assessment 
of oleate-activated phospholipase D activity in different 
biological materials. The brain cortex of male Wistar rats, 
cultured rat brain astrocytes, and human platelets were 
processed to yield plasmatic membranes for experi-
ments. To assess phospholipase D activity the modified 
fluorometric method was used. Previously, the method 
was used only to determine H2O2. In this enzyme-cou-
pled assay phospholipase D activity is monitored indi-
rectly using 10-acetyl-3,7-dihydroxyphenoxazine. First, 
phospholipase D cleaves exogenous phosphatidylcholine 
to yield choline and phosphatidic acid. Second, choline 
is oxidized by choline oxidase to betaine and H2O2. Final-
ly, in the presence of horseradish peroxidase, H2O2 reacts 
with 10-acetyl-3,7-dihydroxyphenoxazine to generate 
the highly fluorescent product, resorufin. The concen-
tration of resorufin was measured using excitation and 
emission at 560 nm and 590 nm, respectively. The pro-
posed optimal parameters of the tested assay are 25 μg 
of rat brain cortex protein, 50 μg of rat brain astrocyte 
protein, and 50 μg of human platelet protein in a reac-
tion volume of 200 μL, and 2 min enzymatic reaction at 
37 °C. The fluorometric method may be applied to assay 
phospholipase D in different biological materials. 
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InTRODuCTIOn

Phospholipase D (EC 3.1.4.4., PLD) is a widespread 
enzyme present in most known mammalian cells, except 
in some leukocytes (Liscovitch et al., 1999). PLD activity 
was first described in 1947 in carrot cells (Hanahan & 
Chaikoff, 1947). Until the early 1970s, PLD was thought 
to be present  in plant cells only. However, Saito and 
Kanfer (1973) found oleate-dependent PLD activity in 
rat brain. The finding of the enzyme in animal tissue 
opened a new chapter in the understanding of the role 
of phospholipids in brain function. It is now known that 
PLD plays an important role in mitogenesis and cell dif-
ferentiation, morphogenesis, synaptogenesis, intracellular 

transport and exocytosis, protein kinase activity regula-
tion, neurodegeneration, and apoptosis (Klein, 2005). To 
date, PLD has been shown to participate in the patho-
genesis of Alzheimer’s disease, Parkinson’s disease, al-
coholism, brain ischemia, and brain ageing (Lotharius & 
Brundin, 2002; Varga & Alling, 2002; Krzystanek et al., 
2006; Jin et al., 2007). The many functions performed by 
PLD in cellular physiology make oleate-activated PLD a 
candidate for a regulatory neuronal function.

Numerous PLD isoenzymes have been described, and 
in the future new isoforms will likely be characterized 
at various cell locations (Liscovitch et al., 1999). Those 
currently accepted include three human PLD isoforms 
(hPLD 1a, hPLD 1b, and hPLD 2) and four rat isoen-
zymes (rPLD 1a, rPLD 1b, rPLD 2, and the oleate-acti-
vated PLD discovered by Saito and Kanfer) (Liscovitch 
et al., 1999; Saito & Kanfer, 1973). 

Oleate-activated PLD is an integral membrane protein 
(Liscovitch et al., 1999). Its activity has been described 
in rat brain plasmatic membranes, synaptic membranes, 
microsomes, and neuronal nuclei (Liscovitch et al., 1999). 
The enzyme acts specifically on phosphatidylcholine 
(PC), a major structural component of the cell mem-
brane (Horwitz & Davis, 1993). The products of PC hy-
drolysis are phosphatidic acid (PA) and choline. PA is 
thought to be a key element of a PLD-dependent intrac-
ellular messenger system (English et al., 1996). However, 
the exact role played by oleate-activated PLD in cells is 
still poorly understood and requires further research. 

In 1990, Chalifa and coworkers described a radiomet-
ric assay for oleate-activated PLD in rat brain plasmatic 
membranes. This method provided a reliable tool for 
experiments on the role of the enzyme in intracellular 
processes in the brain, but it is somewhat cumbersome. 
The purpose of the present paper is to present the re-
sults of our efforts to find a useful way of assessment 
of oleate-activated PLD in different biological materi-
als: rat brain cortex, rat astrocytes, and human platelets.  
We reasoned that a fluorometric assay would be more 
convenient than a radiometric one. We therefore used 
a modification of Zhou and coworkers method for the 
fluorometric determination of H2O2 (Zhou et al., 1997), 
employing 10-acetyl-3,7-dihydroxyphenoxazine in an 
enzyme-coupled assay to indirectly monitor the activity 
of oleate-activated PLD in plasmatic membranes of rat 
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brain cortex, cultured rat brain astrocytes, and human 
platelets. 

The principle of the assay is shown in Fig. 1.  To 
characterize this modified fluorometric method, we 
tested it under various conditions of PLD measurement 
similar to those described by Chalifa et al. (1990).

MaTeRIaLS anD MeTHODS

Materials. Bovine serum albumin was obtained from 
Genzyme (Neu-Isenburg, Germany). Ethylenediami-
netetraacetic acid disodium salt (EDTA disodium salt) 
and resorufin were from Sigma (St. Louis, MO, USA). 
TRIZMA base was from Serva (Heidelberg, Germany). 
Oleic acid (sodium salt) was from Sigma-Aldrich (Seelze, 
Germany). The following reagents were from the Am-
plex Red Phospholipase D Assay Kit, A-12219 (Mo-
lecular Probes (Invitrogen, Leiden, The Netherlands): 
dimethylsulfoxide (DMSO, anhydrous), L-alpha-PC (leci-
thin), 10-acetyl-3,7-dihydroxyphenoxazine, horseradish 
peroxidase (HRP), and choline oxidase from Alcaligenes 
sp. All other reagents were of analytical grade and were 
purchased from POCh S.A. (Gliwice, Poland).

Isolation of rat brain cortex (RBC) plasmatic 
membranes. Male Wistar rats weighing 220 ± 10 g 
were used to obtain brain plasmatic membranes. The 
experimental group consisted of eight rats. Plasmatic 
membranes of the rat brains were isolated according to 
the method described by Jelsema (1987) and modified 
by Strosznajder and Strosznajder (1989). Briefly, after 
decapitation, the brain was rapidly removed and put on 
ice. Dissected brain cortex was homogenized in an ice-
cold Potter-Elvenhjem homogenizer in a medium con-
taining 0.32 M sucrose, 10 mM Tris/HCl buffer (pH 
7.4), and 1 mM EDTA. The homogenate (10 %, w/v) 
was centrifuged for 3 min at 1 100 × g. The supernatant 
was centrifuged for 10 min at 17 000 × g to obtain a P2 
fraction. Subsequently, the P2 fraction was dispersed in 
1 mM Tris/HCl buffer (pH 7.4) for hypotonic shock, 
then vortexed and centrifuged for 20 min at 48 000 × g. 
The resulting pellet contained brain plasmatic mem-
branes. The pellet was gently resuspended in the modi-
fied buffer used by Chalifa et al. (1990) (50 mM Tris/
HCl, 1 mM MgCl2, 1 mM EDTA, pH 7.2) and imme-

diately frozen at –70 oC for further experi-
ments. 

Isolation of rat brain astrocytes (RBA) 
plasmatic membranes. Cultured RBA were 
obtained using the method of Hertz et al. 
(1985). RBA normoxemic cultures were used. 
Astrocytes from 10 cultures were sonicated 3 
times for 10 s at energy lower than 3 W, af-
ter sonication the homogenate was vortexed 
for 10 s and used to examine membrane 
PLD activity. 

Isolation of human platelets (HP) plas-
matic membranes. Human cells were isolat-
ed according to modified methods of David 
and Herion (1972) and Girotti et al. (1991). 
Platelets were collected from 20 healthy sub-
jects and stored at –70 o C. The platelets were 
unfrozen, vortexed for 10 s and sonicated 
as described for RBA. Later on the material 

was vortexed for 10 s and used to assess PLD 
activity in HP membranes. 

Protein determination. Protein was de-
termined in the plasmatic membrane samples, 

using the method described by Lowry et al. (1951).
Determination of PLD activity in RBC, RBA 

and HP. The fluorometric assays were carried out in 
a Fluoroscan Ascent FL device type 374 (Labsystems, 
Helsinki, Finland). The filters were set for excitation at 
560 nm and emission at 590 nm. The standard reaction 
mixture contained 50 mM Tris/HCl (pH 7.2), 1 mM 
MgCl2, 1 mM EGTA, 100 μM 10-acetyl-3,7-dihydroxy-
phenoxazine, 2 U/mL HRP, 0.2 U/mL choline oxidase, 
0.5 mM lecithin and 4 mM sodium oleate (Chalifa et al., 
1990). The final reaction volume was 200 μL per assay. 
Assays were performed using 96-well microplates (Black 
Cliniplate, Labsystems, Breda, The Netherlands) at 37 °C 
with jet sample addition of initiating reagents. 

To optimize the time of reaction and amount of plas-
matic membrane protein in the reaction mix, the PLD 
assessments were performed after every minute for 
10 min and after 15 min with different amounts of pro-
tein (between 10 µg and 60 µg) in the reaction volume. 
An accumulation curve of resorufin was also calculated. 
The reaction was carried out under different conditions, 
i.e., varying pH and concentration of sodium oleate in 
the reaction mixture. 

Preparation of resorufin calibration curve. To cal-
culate PLD activity, Ascent FL Fluoroscan software 
was used to construct a calibration curve with arbitrary 
units of fluorescence plotted against resorufin concentra-
tion. The calibration curve was linear in the range used 
in these experiments (0 to 20 arbitrary units of fluores-
cence).

ReSuLTS

To assess the optimal concentration of the surface-
active agent sodium oleate in the reaction tested, we in-
cubated RBC, RBA and HP membranes (at 37 oC, pH = 
7.2) at different sodium oleate concentrations. The high-
est activity of the enzyme was obtained at 4 mM sodium 
oleate. When the incubation was carried out without so-
dium oleate, no production of resorufin was detected. 

We also varied the amount of RBC, RBA and HP 
membrane protein in the reaction mixture. The assess-
ments were performed at 37 oC and pH 7.2 in the pres-
ence of 4 mM sodium oleate. The kinetics of the reac-

Figure 1. Principle of fluorometric assay of phospholipase D (PLD) activity.
Used with permission of Molecular Probes (The Netherlands). PC, phosphatidyl-
choline; PA, phosphatidic acid.
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tion was slowed down at concentration higher than 25 
µg RBC protein, 50 µg RBA protein and 50 µg HP pro-
tein in the reaction well. At all concentrations, the dy-
namics of the reaction reached a peak within the first 
2 min and then the reaction slowed down. We assumed 
2 min as the optimal time to measure PLD activity in 
the biological materials examined.

To characterize the influence of different amounts 
of the plasmatic membrane protein on accumulation of 
PLD products, we calculated four accumulation curves. 
From the second through tenth minute of the experi-
ment, the accumulation of resorufin was near linear at all 
the protein concentrations tested.

It was confirmed that the PLD activity measured is 
dependent on lecithin concentration; with concentra-
tions of lecithin exceeding 0.5 mM, the enzyme became 
saturated. The hydrolysis of lecithin by PLD satisfied 
Michaelis-Menten kinetics.

To determine whether pH has an impact on PLD ac-
tivity, assays at different pH (6.8, 7.2 and 7.6) were per-
formed. The optimal pH for RBC, RBA and HP plas-
matic membrane enzyme was 7.2.

PLD activity measured under optimal experimental 
conditions was 10.05 ± 2.2 nmol/mg per min in RBC 
plasmatic membranes, 0.26 ± 0.07 in RBA membranes 
and 1.62 ± 0.49 in HP plasmatic membranes. 

DISCuSSIOn

The PLD described by Saito and Kanfer in 1973 is 
referred to as the oleate-activated isoform (Chalifa et 
al., 1990; Liscovitch et al., 1999). Despite many years of 
studies, the amino-acid sequence, regulation, and func-
tion of oleate-activated PLD have remained unknown 
(Liscovitch et al., 1999). However, because of the broad 
range of functions played by PA, which is produced by 
PLD in the membrane, oleate-dependent PLD may have 
an important role in proper neuronal function as well as 
in nervous system disorders. Indirect data suggest that 
PLD activity levels may influence the pathomechanisms 
of alcoholism (Varga & Alling, 2002), brain ischemia 
(Nishida et al., 1994), Parkinson’s disease (Lotharius & 
Brundin, 2002) and brain ageing (Venable & Obeid, 
1999). Our own experimental data indicate that oleate-
activated PLD may affect the mechanism of action of 
some psychotropic drugs (unpublished).

The PLD isoenzyme examined in our experiments is 
oleate-dependent and that makes it easy to distinguish 
from other isoforms of PLD. It has been previously 
shown that cloned PLD1 and PLD2 do not have trans-
membrane domains, and their activation depends on the 
presence of phosphatidylinositol-4,5-bisphosphate (PIP2) 
(Houle & Bourgoin, 1999). Oleate-activated PLD is an 
integral membrane protein and its activity is preserved 
after the isolation of brain plasmatic membranes. Both 
PLD1 and PLD2 are inhibited by sodium oleate (Meier 
et al., 1999). Because of the specificity of oleate-activated 
PLD towards lecithin, exogenous lecithin was used as a 
substrate in our experiments (Horwitz & Davis, 1993).

To confirm that the enzyme assessed in our experi-
ments is indeed the oleate-dependent PLD described by 
Chalifa et al. (1990), we examined its activity under simi-
lar conditions. The enzyme that we assessed fluorometri-
cally is indeed oleate-dependent. Previous studies have 
also found that activation of membrane-bound mamma-
lian PLD requires sodium oleate (Taki & Kanfer, 1979). 

A pH of 7.2 is assumed to be physiological for plas-
matic membranes. Chalifa et al. (1990) found the opti-
mal pH for oleate-activated PLD in rat brain membranes 
to be near neutral. The peak PLD activities at pH 7.2 
determined in our experimental model agree with those 
findings.

The optimal parameters in our assay were: 25 μg of 
the RBC, 50 μg of the RBA and 50 μg of the HP pro-
tein in a reaction volume of 200 μL, pH = 7.2, and 2 
min of the enzymatic reaction. Lecithin at 0.5 mM was 
in excess in the reaction mixture.  

The use of the fluorometric approach in the assess-
ment of phospholipase D provides a convenient method 
that is easy to apply in the laboratory. Our studies indi-
cate that the method can also be used in other biological 
materials from human and rat (Krzystanek et al., 2002; 
2003; 2004; 2006; 2007). The fluorometric method is not 
time consuming, and the results are comparable to those 
obtained using the radiometric method. Furthermore, the 
method is inexpensive. The use of this method to assay 
oleate-activated PLD in rat brain may contribute to fur-
ther elucidation of the role the enzyme plays in various 
cells.
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